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We evaluated the “residual” thermal conductivity of Portland cement concretes (with charac-
teristic compressive strength at 28 days, fck, of 20 MPa and 50 MPa) at room temperature after
heat-treating at 180 °C, 300 °C and 600 °C. The description of the geometry of the structure was
carried out using mercury intrusion porosimetry and nitrogen sorption. The results showed a
decreasing tendency of residual thermal conductivity, which we attributed to heat-induced concrete
degradation. Furthermore, the results from mercury intrusion porosimetry and nitrogen sorption
tests showed that a coarser pore structure is produced with the raise of heat-treatment temperatures.
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1. Introduction

In spite of high-strength concrete being a relatively new
material, its use has increased significantly in recent years.
A greater understanding of its behavior under different
environmental conditions will improve confidence in its
use.

As the use of high-strength concrete becomes common,
the risk of exposing it to high temperatures also increases.
It is essential that the material properties of high-strength
concrete subjected to high temperatures become clearly
understood, in order to predict the response of concrete
structures during and after exposure to high temperature1.
In the 1960s and 1970s, the requirements of the Structural
Fire Design2 promoted both the testing and the modeling
of concrete subjected to high temperatures, but attention
was limited to normal strength concretes. As a result, while
exhaustive information on thermo-mechanical properties
of normal strength concretes is available, scanty informa-
tion is available on high-strength concretes, with reference
not only to thermal shocks and progressive heating, but also
to sustained temperatures2.

Moreover, high temperature properties of concretes
have been studied mainly considering of its behavior while
heated. As a consequence, there is a poor knowledge on the
residual behavior of concretes (which is evaluated after
cooling down to room temperature)3. However, from the
engineering viewpoint, the after cooling properties of con-
cretes are of high relevance, since the decision either to
strengthen or to pull down the structure can change signifi-
cantly the cost of rehabilitation. As a matter of fact, rein-
statement of fire-damaged structures is normally preferred
to demolishing and rebuilding, as the latter requires greater
capital expenditure and time4. Furthermore, the problem of
the residual properties of a concrete after a thermal cycle at
high temperature or after a severe thermal accident is even
more important whenever the thermally-damaged structure
is required to bear a significant share of loads after cooling
down to room temperature, as may occur, for instance, in
the secondary-containment shell of a nuclear power plant2.

Prestressed concrete pressure vessels are massive con-
crete structures, and are designed to withstand the reactor
coolant gas pressure and to act as radiation shield as well.
There are cooling systems at the inner face of the vessel in
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order to prevent the high gas-coolant temperature (which
is 400 °C for the Wylfa spherical vessel) from raising the
inside concrete temperature excessively. A steel liner at the
inner face of the vessel, designed to prevent the leakage of
coolant gas through the concrete and construction joints,
serves also to seal the concrete effectively from loss of
internal moisture5. From inside to outside (direction of heat
flow), the basic arrangement of the thermal protection of
the prestressed concrete pressure vessels consists of the
insulation, the leak-tight liner and the cooling system. The
insulation limits the heat flow, the liner ensures the leak-
tightness of the vessel and drains the heat flow to the
cooling tubes, and the cooling system finally evacuates the
heat flow that trickles through the insulation. The cooling
has necessarily to be behind the insulation6.

Prestressed concrete reactor vessels have recently re-
ceived keen attention as a means of improving the capabil-
ity of sustaining hypothetical core disruptive accidents in a
liquid metal fast breeder reactor. This concept considers the
prestressed concrete reactor vessels as a secondary-con-
tainment shell and the main energy absorption barrier7.
Certain failure conditions may cause an unrestricted core
heatup in a nuclear power plant, with temperatures as high
as 500 °C to 700 °C at the inner surface of the prestressed
concrete reactor vessel after 24 h, while 200 °C to 300 °C
are to be expected at inner surface of the secondary-con-
tainment shell2,8. It is assumed that following such failure,
the exposed concrete will be maintained at the unscheduled
temperature for some time before the reactor is shut down9.
Apart from that, the concrete of these structures is generally
exposed to continuous high operating temperatures of
about 120 °C10.

This study is motivated by the need of gathering data
on residual properties of thermally damaged Portland ce-
ment concretes, in order to infer correctly the durability of
those concretes. The main objective of this research is to
study the effect of transient high temperatures on the resid-
ual thermal conductivity and on the pore structure of nor-
mal strength concrete and high-strength concrete.

2. Experimental

2.1. Materials 

We used in this work concretes with characteristic
compressive strengths (fck) at 28 days of 20 MPa and
50 MPa. These concretes are classified on the basis of their
compressive strengths as C20 and C50, where the numbers
denote the specified fck in MPa11,12. The test specimens
consisted of cylinders with 10 cm in diameter and 20 cm in
length, which were cast according to the NBR-5738 Bra-
zilian Standard Test Method13. The materials used in the
fabrication of both concretes were: tap water; 19 mm

maximum size granite-gneiss as the coarse aggregate; river
sand with finesses modulus of 2.7 as the fine aggregate, and
Brazilian CP V ARI PLUS (ASTM Type III) Portland
cement. We also used a water-reducing admixture sulfon-
ated naphthalene superplasticizer (1.0% by weight of ce-
ment) and a calcareous filler with finesses modulus of 1.6
and 2.4 mm maximum size in the normal strength concrete.
We used a sulfonated melamine superplasticizer in the
high-strength concrete (0.4% by weight of cement) as
water-reducing admixture. Sixteen percent of the cement
was replaced by silica fume in the high-strength concrete.
Table 1 presents the concrete mix proportions. Twenty-four
hours after casting, the specimens were demolded and
immediately subjected to moist curing for 28 days. The
cure of all specimens was stopped after 28 days, and then
they were placed in a room with temperature and humidity
controlled at 25 °C and 65%, respectively.

2.2. Heat-treatments

In a prestressed concrete reactor vessel the concrete is
heated with different heating rates, depending on the loca-
tion of a certain volume element of concrete in the struc-
ture. Furthermore, the heat transport simultaneously causes
a moisture transport, such that layers of different moisture
contend, which additionally changes with time14. There-
fore, in order to study the effects of a single high-tempera-
ture cycle, after cooling down to room temperature, we heat
treat the samples at 180 °C, 300 °C and 600 °C in an open
to air oven. The 180 °C test temperature represents possible
“raised” service condition. The 300 °C and 600 °C test
temperatures represent accident conditions15. The speci-
mens were exposed to elevated temperatures under un-
sealed conditions, where the water content could freely
evaporate during heating. The unsealed specimen condi-
tion can be taken to represent the concrete near the liner
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Table 1. Concrete mix proportions.

Materials fck = 20 MPa fck = 50 MPa

Cement (kg/m3) 335.4 513.9

Natural sand (kg/m3) 614.6 1,027.8

Calcareous filler (kg/m3) 406.3 -

Coarse aggregate (kg/m3) 1,245.8 1,284.7

Superplasticizer (kg/m3) 3.4 2.6

Water (kg/m3) 237.8 266.0

Silica fume (kg/m3) - 83.3

w/c rate 0.71 -

w/(c + sf) rate - 0.45

Slump (mm) 45 20

Proportion (by weight) 1:1.832:1.211:3.71 1:2:2.5



and the top-cap region of the prestressed concrete reactor
vessel, as there are numerous paths for moisture vapor to
escape9. The heating rates selected for the tests were 6 °C/h
for the service condition and 30 °C/h for the accident
conditions15. The maximum test temperature for the service
condition was maintained for a period of 48 h, and for the
accident condition for a period of 2 h (in order to attain a
steady condition at the center of the specimen). The cooling
rate selected was 10 °C/h15. Three cylindrical specimens
were tested in each heat-treatment and three reference
specimens were left non heat-treated as controls. After the
heat-treatments, the specimens were left to rest for 6 to 8
weeks at ambient conditions (25 °C and 65% R.H.) before
being tested, in order to reach a minimum strength situ-
ation16.

2.3. Thermal conductivity

Thermal conductivity tests were conducted using
KEMTHERM QTM-D3 equipment. The specimens were
tested at room temperature (25 °C) and under ambient
moisture (65% relative humidity). The KEMTHERM
QTM-D3 equipment makes the measurement of conductiv-
ity simply by keeping a probe, based on the transient hot
wire method, on any reasonably flat sample face for 60 sec.
The measurable test temperatures of KEMTHERM QTM-
D3 equipment range from –10 °C to 200 °C. The estimated
values of standard deviation (σ) and coefficient of variation
(CV) for thermal conductivity are 0.2 W.m-1.K-1 and 11%,
respectively.

2.4. Mercury intrusion porosimetry

Mercury intrusion porosimetry tests were conducted
using an AutoPore III 9420 (Micromeritics) porosimeter
capable to produce pressures up to 414 MPa and to measure
pore diameters ranging from 0.005 µm to 360 µm. The
assumed mercury density, surface tension, and contact
angle were 13.5335 cm3/g, 485 dyn/cm and 140.5, respec-
tively. The condition of the samples was either in cylindri-
cal shape or in small pieces. The latter condition had their
aggregates removed. The samples were dried before testing
in an oven at 100 °C for 24 h. We used penetrometers of
16.2440 cm3 and 19.1390 cm3 for the samples in pieces and
in cylindrical shape, respectively. The size of the samples
ranged from 14 g to 18 g for pieces and from 23 g to 27 g
for cylinders. The maximum stem volume used ranged
from 25% to 90%. The estimated values of standard devia-
tion (σ) for median pore diameter, critical diameter, reten-
tion factor and total intrusion volume are 0.004 µm,
0.0001 µm, 3.2% and 0.003 cm3/g, respectively. The esti-
mated values of coefficient of variation (CV) for median
pore diameter, critical diameter, retention factor and total

intrusion volume are 5.2%, 0.1%, 4.9% and 6.9%, respec-
tively.

2.5. Nitrogen sorption

Nitrogen sorption tests were conducted using an
Autosorb 1 (Quantachrome Corporation) equipment. The
samples were used as powders and they were outgassed at
120 °C for 12 h. The sample mass ranged from 0.7 g to 1 g
and the analysis time ranged from 195 min to 320 min. The
estimated values of standard deviation (σ) for median pore
radii and total pore volume are 0.2 nm and 0.003 cm3/g,
respectively. The estimated values of coefficient of vari-
ation (CV) for median pore radii and total pore volume are
2.6% and 11%, respectively.

3. Results and Discussion

Table 2 shows the results of thermal conductivity tests.
Each value is presented with its standard deviation. The n-1
degrees of freedom and the confidence interval of the
population mean are presented as well. The results showed
a decreasing tendency of the residual thermal conductivity,
measured at room temperature, with the raise of heat-treat-
ment temperatures, for the two concretes studied. We at-
tributed the decrease in residual thermal conductivity to the
coarsening of cracks formed at elevated temperatures. For
the concrete with fck of 50 MPa, heat-treated at 600 °C, only
53 percent of the original non heat-treated thermal conduc-
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Table 2. Residual thermal conductivity.

Residual thermal conductivity

fck = 20 MPa fck = 50 MPa

Non
heat-treated

x = 1.8 W.m-1.K-1 x = 1.9 W.m-1.K-1

σ = 0.3 W.m-1.K-1 σ = 0.3 W.m-1. K-1

n - 1 = 11 n - 1 = 9

(1.8 ± 0.2) W.m-1.K-1 (1.9 ± 0.2) Wm-1K-1

180 °C

x = 1.8 W.m-1.K-1 x = 1.8 W.m-1.K-1

σ = 0.3 W.m-1.K-1 σ = 0.5 W.m-1.K-1

n - 1 = 11 n - 1 = 11

(1.8 ± 0.2) W.m-1.K-1 (1.8 ± 0.3) W.m-1.K-1

300 °C

x = 1.7 W.m-1.K-1 x = 1.3 W.m-1.K-1

σ = 0.3 W.m-1.K-1 σ = 0.3 W.m-1.K-1

n - 1 = 11 n - 1 = 11

(1.7 ± 0.2) W.m-1.K-1 (1.3 ± 0.2) W.m-1.K-1

600 °C

x = 1.2 W.m-1.K-1 x = 1.0 W.m-1.K-1

σ = 0.1 W.m-1.K-1 σ = 0.2 W.m-1.K-1

n - 1 = 11 n - 1 = 11

(1.2 ± 0.07) W.m-1.K-1 (1.0 ± 0.1) W.m-1.K-1



tivity is left. On the other hand, 67 percent of the original
non heat-treated thermal conductivity is left for the con-
crete with fck of 20 MPa, heat-treated at 600 °C. Based on
these results, we believe that the temperature dependent
destruction of cement paste is harsher for the high-strength
concrete mix.

Figure 1 shows the intruded Hg volume vs. pore diame-
ter curves and incremental intrusion vs. pore diameter
curves, obtained from mercury intrusion porosimetry tests
of non heat-treated reference concrete specimens, for con-
cretes with fck of 20 MPa and 50 MPa. Figures 2, 3 and 4
show the intruded Hg volume vs. pore diameter curves and
incremental intrusion vs. pore diameter curves, obtained
from mercury intrusion porosimetry tests, for concretes
with fck of 20 MPa and 50 MPa, heat treated at 180 °C,
300 °C and 600 °C, respectively.

From Fig. 1, it appears that the intruded Hg volume vs.
pore diameter curve of concrete with fck of 20 MPa is
slightly bent and its inflection point (associated with the
critical pore diameter) is shifted to the larger pores region.
On the other hand, the intruded Hg volume vs. pore diame-
ter curve of concrete with fck of 50 MPa can be divided in
two distinct parts: the first corresponding to the filling of

coarse pores with an entrance pore radius of 0.1 µm to
1.0 µm and the second corresponding to the filling of very
fine pore with an entrance pore radius of about 0.029 µm -
and its inflection point is shifted to the fine pores region.
These results are consistent with those found in litera-
ture17,18,19. The incremental intrusion vs. pore diameter
curves presented in Fig. 1 show that the pore-size distribu-
tions are not monomodals, with several maxima appearing
in the distribution functions.

The pore-size distributions presented in Figs. 2 to 4
show that the heat-induced concrete degradation is signifi-
cantly increased with the raise of heat-treatment tempera-
tures, resulting in coarser pore structure. The inflection
point of the intruded Hg volume vs. pore diameter curves
moves towards the larger pores region, mainly above
300 °C, as shown in Fig. 3 and Fig. 4. Moreover, the
incremental intrusion vs. pore diameter curves show high
porosity above 0.1 µm for concretes heat-treated at 600 °C.
Figure 4 show the pore-size distribution results for the
high-strength concrete mix as bimodal, with one peak
corresponding to mesopores (pores with radii between
0.002 µm and 0.05 µm) and the other to macropores (pores
with openings exceeding 0.05 µm in radius).
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Figure 1. Intruded Hg volume vs. pore diameter curves and incremental intrusion vs. pore diameter curves, obtained from mercury intrusion porosimetry
tests of non heat-treated concrete specimens: (a) fck of 20 MPa; (b) fck of 50 MPa.



Table 3 shows the results of median pore diameter -
which is defined as the point that match 50% of a pore size
distribution curve20 - measured by mercury intrusion
porosimetry. A fundamental difference in microstructure
between concretes of normal strength and high-strength
lies in the compactness of the matrix. In normal strength
concretes, the matrix is more open, whereas in high-
strength concretes the densification of the mortar is the

most conspicuous feature18. This is consistent with the

results obtained in this work, which show that the concrete

with fck of 20 MPa presents bigger values of median pore

diameter than the fck of 50 MPa mix. This holds true even

above 300 °C, when occurs a considerable raise of median

pore diameters, for the two concretes studied, as a result of

the detrimental effect of high temperature.
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Figure 2. Intruded Hg volume vs. pore diameter curves and incremental intrusion vs. pore diameter curves, obtained from mercury intrusion porosimetry
tests of specimens heat-treated at 180 °C: (a) fck of 20 MPa; (b) fck of 50 MPa.

Figure 3. Intruded Hg volume vs. pore diameter curves and incremental intrusion vs. pore diameter curves, obtained from mercury intrusion porosimetry
tests of specimens heat-treated at 300 °C: (a) fck of 20 MPa; (b) fck of 50 MPa.



Figure 3. (Cont.)

Figure 4.  Intruded Hg volume vs. pore diameter curves and incremental intrusion vs. pore diameter curves, obtained from mercury intrusion porosimetry
tests of specimens heat-treated at 600 °C: (a) fck of 20 MPa; (b) fck of 50 MPa.

Table 3. Median pore diameter measured by mercury intrusion poro-
simetry.

Median pore diameter (µm)

fck = 20 MPa fck = 50 MPa

Non heat-treated 0.17 0.08

180 °C 0.17 0.09

300 °C 0.22 0.08

600 °C 0.42 0.14

Table 4. Critical diameter measured by mercury intrusion porosimetry.

Critical diameter (µm)

fck = 20 MPa fck = 50 MPa

Non heat-treated 0.23 0.09

180 °C 0.24 0.09

300 °C 0.30 0.09

600 °C 1.45 1.44
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Table 4 shows the results of critical pore diameter -
which is suggested to correspond to the smallest pore
diameter of the subset of the largest pores that creates a
connected path through the sample and to the inflexion
point on the intruded Hg volume versus pore diameter
curve or the maximum of the incremental intrusion vs. pore
diameter curve21 - measured by mercury intrusion
porosimetry. The concrete with fck of 50 MPa presents
smaller values of critical diameter, confirming its fine
porosity. At 600 °C there is a steep raise of critical diameter
for the two concretes studied, pointing to a raise of larger
pores amount (coarser pore structure).

Table 5 shows the results of retention factor - defined
as the ratio of retained volume of mercury after the first
cycle of intrusion-extrusion to the total intrusion volume of
mercury and usually ranging from 33% to 59%22,23 - calcu-
lated from mercury intrusion porosimetry tests data. One
can note that the bigger values of retention factor are those
of the concrete with fck of 50 MPa. These results showed
that the heat-treatments did not influence significantly the
quantity of inkbottle pores.

The specific surface area of pores of the cement paste
matrix, measured by nitrogen sorption tests, usually de-
creases after exposure to 50 °C to a third of its original
value at room temperature24. The gel porosity (pores with

openings not exceeding 0.01 µm in diameter) reduces upon
heating to 50 °C and the capillary porosity (pores with

diameter between 0.01 µm and 100 µm) increases24. In-
creasing the temperature above 50 °C, the gel porosity
reduces further and the capillary porosity shifts to larger
radii24. In order to infer the effect of the heat-treatment
temperatures on the concrete porosity we used the t-
method. A t-plot is a plot of the quantity of gas adsorbed
vs. the statistical thickness of the adsorbed film. The equa-
tion that describes the thickness of nitrogen adsorbed layer
(t), as function of relative pressure is20:

t = [ 13.99
−log (P⁄P0) + 0.034

] 
1⁄2 (1)

Table 5. Retention factor obtained from mercury intrusion porosimetry.

Retention factor (%)

fck = 20 MPa fck = 50 MPa

Non heat-treated 46.3 58.4

180 °C 46.5 64.5

300 °C 51.8 58.6

600 °C 48.2 63.6

Figure 5. Adsorbed N2 volume vs. thickness of N2 adsorbed layer curve and the best fit line, for low pressure values, of adsorbed N2 volume vs. thickness
of N2 adsorbed layer curve, obtained from nitrogen sorption tests for concrete with fck of 20 MPa: (a) non heat-treated reference specimens; (b) specimens
heat-treated at 600 °C. 
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where P/Po is the relative vapor pressure. The unit of t is Å.
Figure 5 and Fig. 6 present the adsorbed N2 volume vs.

thickness of adsorbed N2 layer curves and the best fit line
for low pressure values, obtained from nitrogen sorption
tests for concretes with fck of 20 MPa and 50 MPa, respec-
tively. The first linear region of the t-plot curves presented
in Fig. 5, shows that both non heat-treated reference con-
crete specimens and specimens heat-treated at 600 °C ex-
hibit positive intercepts, which characterizes the presence

of micropores (pores with radii not exceeding 0.002 µm).
Also, the intercept of non heat-treated concrete sample is
bigger than the intercept of the sample heat-treated at
600 °C. By looking at the first linear region of the t-plot
curves presented in Fig. 6, obtained from nitrogen sorption
tests for concrete with fck of 50 MPa, we noticed that the
curve for the non heat-treated specimen exhibited positive
intercept but, on the other hand, the best fit line of concretes
heat-treated at 600 °C can be extrapolate to the origin

Figure 6. Adsorbed N2 volume vs. thickness of N2 adsorbed layer curve and the best fit line, for low pressure values, of adsorbed N2 volume vs. thickness
of N2 adsorbed layer curve, obtained from nitrogen sorption tests for concrete with fck of 50 MPa: (a) non heat-treated reference specimens; (b) specimens
heat-treated at 600 °C.

Figure 7. Residual thermal conductivity vs. median pore diameter curve obtained from mercury intrusion porosimetry tests: (a) fck of 20 MPa; (b) fck of
50 MPa.
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(which characterizes a mesoporous material). These results
evidence a decreasing tendency of micropores with the
raise of heat-treatment temperatures.

Figure 7 presents linear plots of residual thermal con-
ductivity vs. median pore diameter, obtained from mercury
intrusion porosimetry. Figure 7 shows a linear relationship
between median pore diameter (from mercury intrusion
porosimetry) and residual thermal conductivity for con-
crete with fck of 20 MPa - correlation coefficient (r) is 0.999
- and a rough linear relationship between median pore
diameter and residual thermal conductivity for concrete
with fck of 50 MPa - correlation coefficient (r) is 0.74. One
can also be observe that bigger values of residual thermal
conductivity are obtained for concretes with smaller me-
dian pore diameter and the median pore diameter values
rise with increasing temperature of heat-treatments.

4. Conclusion

The comparative study of the residual behavior of nor-
mal strength concrete (fck of 20 MPa) and high-strength
concrete (fck of 50 MPa) showed some similarities. We
observed a decrease of residual thermal conductivity,
measured at room temperature, with the raise of the heat-
treatment temperatures, as a result of thermal degradation.
The mercury intrusion porosimetry and nitrogen sorption
results showed that the heat-treatment temperatures pro-
duce coarser pore structure for both concrete compositions.
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