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The residual mechanical properties of concrete after a fire depend on the high temperatures to which the material was
subjected and the nature of the fire extinguishing process used. Knowledge of these properties is of the utmost
importance in an evaluation of the residual load-bearing capacity of reinforced concrete elements and their repair
after fire. This paper presents the results of an assessment of the residual mechanical properties of ordinary concrete
after fire. Concretes comprising granite and calcareous aggregates were studied as they are commonly used around
the world in civil engineering construction. The study considered different loading levels (0-3f.4 and 0-7f), different
cooling processes (cooling in air and by water jet) and varying maximum temperatures of concrete exposure (20, 300,
500 and 700°C). The mechanical properties of the concretes (residual compressive strength, direct and splitting tensile
and flexural strengths and modulus of elasticity) after being subjected to high temperatures were studied. High
temperatures and sudden cooling of the concrete showed a negative effect on its residual mechanical properties. This

effect was more significant for the residual compressive strength than for the other mechanical properties.

Notation

d diameter

E. mean value of modulus of elasticity at ambient
temperature

E.r mean value of residual modulus of elasticity of the
concrete after being subjected to temperature 7’

e compressive strength of the concrete at ambient
temperature
f. mean value of compressive strength of the concrete at

ambient temperature

S design value of compressive strength of the concrete at
ambient temperature

for  residual compressive strength of the concrete after
being subjected to temperature T

for mean value of residual compressive strength of the
concrete after being subjected to temperature 7’

fat direct tensile strength of the concrete at ambient
temperature

S mean value of direct tensile strength of the concrete at
ambient temperature

far residual direct tensile strength of the concrete after
being subjected to temperature 7

far  mean value of residual direct tensile strength of the
concrete after being subjected to temperature 7°

I flexural strength of the concrete at ambient temperature

ft mean value of flexural strength of the concrete at
ambient temperature

fer  residual flexural strength of the concrete after being
subjected to temperature 7

fer mean value of residual flexural strength of the concrete
after being subjected to temperature 7’

fst splitting tensile strength of the concrete at ambient
temperature
fu mean value of splitting tensile strength of the concrete

at ambient temperature

fgr  residual splitting tensile strength of the concrete after
being subjected to temperature T’

fur mean value of residual splitting tensile strength of the
concrete after being subjected to temperature 7'

h height
standard deviation

Introduction

Reinforced concrete structures are known to have enhanced fire
resistance due to their low thermal conductivity and high heat
capacity. However, according to Abrams (1983) and Schneider
(1988), such structures can be affected to a greater or lesser degree
depending on the fire severity. An increase in temperature causes a
reduction in the load-bearing capacity of the elements due to
degradation of the mechanical properties of the concrete and steel.
This degradation in mechanical properties is not uniform in a
reinforced concrete element due to the large thermal gradient
through its cross-section. On the other hand, internal thermal
stresses develop in a concrete matrix, resulting in cracking and/or
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spalling that can also reduce the load-bearing capacity of an
element after fire (Harmathy, 1995; Hertz, 2003; Poon et al., 2001;
Santos et al., 2009).

When subjected to high temperature, the mechanical and thermal
properties of concrete change according to the ambient conditions
and the concrete composition. Among the ambient conditions, the
two main factors that influence concrete properties are the heating
rate and the maximum temperature attained. These factors lead to
changes in the chemical composition and physical structure of
the concrete, resulting in the appearance of microcracks, typically
at temperatures greater than 300°C (Hertz, 2005).

Khoury (1992) and Noumowé (1995) showed that higher heating
rates are responsible for greater reductions in the residual com-
pressive strength of concrete. Higher heating rates lead to higher
water vapour and pore pressure inside the concrete matrix,
resulting in higher values of fracture energy and increasing the
risk of spalling. On the other hand, high temperatures result in
important physical and chemical changes in the cement paste and
aggregates and thermal incompatibility between them, leading to
microcracking and concrete degradation (Aitcin, 2003; Bazant
and Kaplan, 1996; Castellote ef al., 2004; Chan et al., 1999;
Georgali and Tsakiridis, 2005; Janotka and Nurnbergerova, 2005;
Sakr and El-Hakim, 2005; Schneider, 1992; Ye et al., 2007). The
mechanical and thermal properties of concrete at high tempera-
tures are well documented (Hager, 2004; Harmathy, 1970;
Husem, 2006), but the same cannot be said about the residual
properties after fire exposure.

Several authors have investigated the influence of loading on the
residual compressive strength of concrete after being subjected to
high temperatures. The results indicate that the loading level,
when not high, had a positive effect on the residual compressive
strength since specimens subjected to a certain loading showed a
lower reduction in this mechanical property than unloaded speci-
mens. This may be due to densification of the concrete cementi-
tious matrix with a limitation on cracking (Hager, 2004; Kodur
and Harmathy, 2002).

Abrams (1971) studied the influence of loading level (25-55% of
the compressive strength at ambient temperature) on the compres-
sive strength of ordinary concretes (siliceous, carbonate and sand
lightweight aggregate concretes) at high temperatures and the
residual strength after heating and cooling. Abrams observed that
loading had a positive effect during the heating/cooling process,
with loaded specimens presenting a higher compressive strength
than unloaded specimens. It was also observed that the residual
compressive strength was smaller than the strength at high
temperatures. The carbonate and sand lightweight aggregate
concretes showed similar behaviour at high temperatures, both
with higher strengths than the siliceous aggregate concretes.
Khoury (1992) also reported that the application of pre-loading
reduced the loss of concrete strength at high temperatures due to
compression of the concrete and restrained crack development.

Diederichs et al. (1995), Kodur and Sultan (1998) and Phan and
Carino (1998) found that high-strength concretes began to suffer
a loss in compressive strength at temperatures lower than for
ordinary concretes. Up to 300°C, high-strength concrete was
reported to lose nearly 30% of its original value, while ordinary
concrete retained its original strength or even presented a slight
strength increase. In the temperature range 400-800°C, both
concrete types lost most of their initial strength, especially for
temperatures higher than 600°C. At 800°C, the compressive
strength was almost zero for both concretes.

The type of aggregates used and the mix proportions of the
concrete constituents may affect its residual compressive strength
after fire. Abrams (1983) showed that siliceous aggregate con-
cretes presented a greater decrease in residual compressive
strength than calcareous aggregate concretes, although this
difference vanished for temperatures above 400°C.

Schneider and Nagele (1989) found that the fire extinguishing
process is also an important factor in the residual compressive
strength of concrete after fire exposure. They reported that
concrete cooled with water suffered a greater loss in residual
compressive strength than concrete cooled in air.

The residual tensile strength of concrete has been studied by
Thelandersson (1971), Noumowé (1995) and Pimienta (1998).
The results of tests carried out in these studies showed that there
is a relation between the degradation of residual compressive and
tensile strengths of concrete after a heating and cooling process.
For temperatures above 300°C, it was verified that concretes of
higher compressive strength presented a higher degradation of
residual tensile strength. Schneider (1988) showed that the
residual tensile strength of concrete after fire is influenced by the
type of aggregates used and the concrete composition. It was
found that, at a temperature of 500°C, concretes made with
calcareous aggregates had lower residual tensile strength than
those made with granite aggregates.

Several studies have indicated that the residual modulus of
elasticity of concrete decreases with temperature (Hager, 2004;
1995; Pimienta, 1999; Xiao and Konig, 2003).
Schneider and Nagele (1989) found that quartzite aggregate
concretes presented a decrease in residual modulus of elasticity
of about 40% and 85% after being exposed to temperatures of
300°C and 600°C respectively.

Noumowe,

The mechanical properties of concrete at high temperatures are
thus already well known, but knowledge of the residual mechani-
cal properties of concrete after fire is not well consolidated and
the results of experimental tests carried out by different research-
ers present some inconsistencies. Research on this theme was
therefore conducted at the University of Coimbra with the aim of
assessing the residual mechanical properties of calcareous aggre-
gate concrete (CC) and granite aggregate concrete (GC), with
and without fibres, after fire.
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Materials and methods

The influence of temperature, loading level and cooling process
on the residual mechanical properties of GC and CC after fire
was investigated. The properties assessed were residual compres-
sive, tensile and flexural strengths and modulus of elasticity.

After being subjected to different temperatures (300, 500 and
700°C) the concrete specimens were cooled to ambient tempera-
ture and tested for the different mechanical properties. Tests were
also carried out at ambient temperature (around 20°C) to obtain
reference values of the mechanical properties of the concretes.
The cooling processes tested were cooling in air, to simulate a
fire that died naturally, and cooling with water jets to simulate a
fire extinguished by firefighters.

In the compressive strength tests, during the heating and cooling
processes, the concrete was subjected to compressive loading that
attempted to simulate the loading conditions of concrete in real
structures. The loading levels used were a percentage of the
design value of the compressive strength of the concrete at
ambient temperature (i.e. 0-3f;q and 0-7f;q). The specimens used
for assessing other mechanical properties were heated and cooled
without loading before being mechanically tested.

Concrete compositions

Two concrete compositions were tested, one with calcareous
aggregates (CC) and one with granite aggregates (GC). The
mixes comprised Portland cement type II/AL 42-5 R (with sulfur
trioxide =<4% and chlorine =<0-10%; compressive strength
20 MPa (2 d) and 42-5 MPa (28 d)), superplasticiser (SP) SIKA
(Sikament 195R) and four types of aggregate — fine sand (Al),
coarse sand (A2) and crushed stone (12-7 mm (B1) and 19-1 mm
(B2)). The mix compositions are shown in Table 1.

Specimens

The specimens prepared for residual compressive and direct
tensile strength tests were cylinders of diameter d = 75 mm and
height 4 =225 mm (d/h = 1:3). These dimensions were deter-
mined taking into account the dimensions of the electric tube
oven available for the tests and d/h ratio according to the
recommendations of RILEM TC 200-HTC (2005). The tempera-
ture of the specimens was recorded at five locations using type K
thermocouples. The position of the thermocouples was also
defined following RILEM TC 200-HTC (2005): three points on
the surface and two points along the central axis of the specimen
as shown in Figure 1(a).

The specimens used for residual splitting tensile strength and
modulus of elasticity tests were cylinders of 150 mm diameter
and 300 mm height (Figure 1(b)) (CEN, 2003; RILEM TC 129-
MHT, 2004). For the modulus of elasticity tests, strain gauges
(TMLs PFL-30-11) set at angles of 120° to each other were used
to measure strains. The specimens for the residual flexural
strength tests were prisms of 150 mm X 150 mm X 600 mm
(Figure 1(c)) (CEN, 2009).

The positions of the thermocouples in the specimens used to test
residual splitting tensile strength, modulus of elasticity and
flexural strength followed the same philosophy as the residual
compressive strength tests (i.e. RILEM TC 200-HTC (2005)
recommendations) (Figure 1(b) and 1(c)). They were also type K
thermocouples.

Test plan

The prepared specimens were cured in a vapour-saturated cham-
ber (relative humidity RH > 98%, temperature 20°C) for 28 d.
They were then removed and left in the laboratory at an ambient
temperature of 18—20°C and RH = 40—50%. The specimens were
tested at a minimum age of 3 months.

The test plan shown in Table 2 shows the characteristics of the
specimens, the loading level and the maximum temperatures to
which the specimens were subjected. For each combination of
parameters, at least three tests were carried out.

Residual compressive strength tests

The experimental setup for the residual compressive strength tests
comprised a universal tensile/compression machine of 600 kN
capacity and an attached electric tube oven to heat the specimens
(Figure 2(a)). The oven had internal dimensions of d = 125 mm
and #=300mm and a maximum working temperature of
1200°C. The two cooling processes adopted in the tests were
realised either by opening the oven and leaving the specimen
inside to cool slowly in air (Figure 2(b)) or by spraying with
water after opening the oven and pushing it to the rear (Figure
2(c)). In the water cooling process, the flow was around
3-9 X 10~* m3/s and pressure was 3-5 X 10° Pa.

The heating process followed RILEM TC 200-HTC (2005)
recommendations. The specimen was first loaded to the required
level (0-3fcq or 0-7fcq) and then the temperature was increased at
a rate of 3°C/min until the desired temperature (300, 500 or
700°C) was reached. In some cases, specimens ruptured during

Cement: kg/m3  Water: dm3/m*®  SP: dm3/m3 A1: kg/m? A2: kg/m? B1: kg/m? B2: kg/m?  wic ratio
CcC 300 166 3-30 364 495 505 377 0-56
GC 320 165 3-20 310 511 617 459 0-52

Table 1. Compositions of calcareous aggregate concrete (CC)
and granite aggregate concrete (GC)
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Figure 1. Specimens and location of thermocouples;
(a) compressive and direct tensile strength tests; (b) splitting
tensile strength and modulus of elasticity tests; (c) flexural
strength tests; dimensions in mm
Test Specimen Dimensions: mm Load level: kN Temperature: °C
CcC GC
Compressive strength Cylinder d=75,h=200 30-8 28-0 20, 300, 500, 700
Cylinder d =75, h=200 71-8 65-3
Direct tensile strength Cylinder d =75, h=200 — — 20, 300, 500, 700
Splitting strength Cylinder d =150, h=300 — — 20, 300, 500, 700
Flexural strength Prism b =150, h=600 — — 20, 300, 500, 700
Modulus of elasticity Cylinder d =150, h=300 — — 20, 300, 500, 700

Table 2. Test plan

Figure 2. Residual compressive strength testing: (a) test setup;
(b) cooling in air; (c) cooling with water jets
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heating before reaching the desired temperature. In this scenario,
subsequent specimens in the series were heated to an intermediate
temperature (for example, tests were carried out at 600°C when
specimens in a series had collapsed before reaching 700°C). On
the other hand, for specimens withstanding the 700°C test series
without problem, tests were also carried out at 900°C. The initial
applied load was kept constant during the entire heating/cooling
process.

The target specimen temperature was considered to have been
achieved when the average temperature recorded by the three
superficial thermocouples on the specimen matched the oven
temperature. The maximum axial temperature differences be-
tween the superficial temperature readings could not exceed 1°C
at 20°C, 5°C at 100°C and 20°C at 700°C. The specimen was then
kept at that temperature for 1 hour to stabilise, according to
RILEM TC 200-HTC (2005). The specimen was then cooled (in
air or with water jets) to ambient temperature and when the
temperature reached ~20°C the compressive strength test was
carried out soon after. The load was increased at a rate of
0-25 kN/s up to rupture of the specimen.

Residual tensile strength tests

Residual tensile strength was determined through direct tensile
and tensile splitting tests (Figure 3). The heating and cooling
processes were similar to those used for residual compressive
strength tests, but the specimens were not subjected to loading
during heating/cooling. The oven used to heat the specimens in

(a)

Figure 3. Residual tensile strength tests: (a) direct tensile test;
(b) tensile splitting test

the direct tensile tests was the same as that used for compressive
strength tests. For the splitting tensile tests, an oven with a
prismatic chamber of internal dimensions 135 X 140 X 250 mm
and a maximum working temperature of 1200°C was used. As in
the compressive strength tests, some specimens were cooled in
air and others by water jets. The specimens were tested soon after
heating and cooling. The time taken between the first and the last
test of each series was nearly 1 week and, during this time, the
specimens waiting for testing were left in the ambient tempera-
ture and humidity conditions of the laboratory.

For the direct tensile strength tests, the specimens were tested
under direct tensile load in a universal tensile/compression
machine with a maximum load capacity of 200 kN. The load was
increased at a rate of 0-25 kN/s until rupture of the specimen. A
special set of steel pull-rods that allowed free rotation of the
specimen at its ends was built for these tests (Figure 3(a)).

For the splitting tensile strength tests, testing was carried out
according to EN 12390-6 (CEN, 2003) (the Brazilian test or
indirect tensile test). The test setup was built and mounted
according to this standard in a tensile/compression machine of
600 kN capacity (Figure 3(b)).

Residual flexural strength tests

The heating/cooling process and conditioning of the specimens
were similar to those used in the residual splitting tensile tests.
The specimens were then subjected to flexural testing, in the
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600 kN tensile/compression machine, using a special device for
this type of test. The load was increased at a rate of 0-05 MPa/s
until rupture of the specimen. The procedure used corresponded
to EN 12390-5 (CEN, 2009) (Figure 4).

Residual modulus of elasticity

The heating/cooling process and conditioning of the specimens
again followed the procedures for the prior tests. The residual
modulus of elasticity tests were carried out according to RILEM TC
129-MHT (2004). The specimens were subjected to cyclic loading
in the 600 kN tensile/compression machine. The loading cycles
were between 0-5 MPa and £./3. A special set of rings for determin-
ing the modulus of elasticity was used. Strain gauges bonded onto
the surface of the specimen allowed measurement of the strains for
indirect determination of the modulus of elasticity (Figure 5).

Results

Residual compressive strength

To allow a more comprehensive analysis of the results of the
compressive strength tests, Tables 3 and 4 summarise the values
registered and statistical analysis for CC and GC respectively.

Figure 4. Test setup for residual flexural strength tests

Figure 5. Test setup for residual modulus of elasticity tests

Figure 6(a) shows, for a loading level of 0-3fq and the two
cooling processes, the variation of residual compressive strength
of CC and GC in relation to the values at ambient temperature as
a function of the maximum temperature to which the concretes
were subjected. The figure shows that both CC and GC experi-
enced a reduction in residual compressive strength with an
increase in temperature. Furthermore, for both types of cooling,
the reduction in residual compressive strength was greater for CC
than for GC. Cooling with water jets led to higher strength
reductions in the temperature range 20—800°C. The values of
residual compressive strength of the water-cooled GC tended to
those of the air-cooled samples and both were zero for tempera-
tures of nearly 800°C.

The residual compressive strengths of CC and GC for a loading
level of 0-7f.q and both cooling processes are shown in Figure
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Cooling/load level ~ Temperature:  fc or fcr: foor for: o ?cr/?c
°C MPa MPa
20 36:67 37-75 110 1-00
38-86
37-71
Air cooling
0-3fyq 300 33-88 32-05 2:40 0-85
32-93
29:-33
500 20-16 20-93 0-67 0-55
21-34
21-30
700 — TS — 0-00
0-7fyq 300 3214 32-25 0-65 0:85
31-65
32-94
500 27-55 27-55 — 0-73
STS
STS
700 — H 0-00
Water jet cooling
0-3fyq 300 19-30 21-45 3:04 0-57
23-60
STS
500 11-25 11-28 0-05 0-30
11-32
STS
700 — C — 0-00
0-7fy 300 — C —  0-00

Table 3. Residual compressive strength of CC: TS, specimen rupture during
temperature stabilisation; STS, specimen rupture at start of temperature stabilisation;
H, specimen rupture during heating phase; C, specimen rupture during cooling phase

6(b). In the case of cooling in air, for temperatures up to 300°C,
GC showed higher values of residual compressive strength than
CC. However, for higher temperatures, the opposite trend was
found: GC showed a sharp decrease in residual compressive
strength to zero at around 400°C while at the same temperature
CC still showed nearly 80% of the compressive strength value at
ambient temperature.

Comparison of Figures 6(a) and 6(b) indicates that the loading
level seems to affect GC more than CC. The improved perform-
ance of GC in relation to CC disappears at the higher loading
level. For air-cooled GC for a loading level of 0-3fy4, the
compressive strength at 400°C was still about 95% of the value at
ambient temperature, but the strength was zero at this tempera-
ture for a load of 0-7f,q. The same is not true for CC: for a
temperature of 400°C and cooling in air, the compressive strength
of CC was about 70% and 80% of its value at ambient tempera-
ture for loading levels of 0-3f;q and 0-7f;4 respectively. The CC
presented zero residual strength only for temperatures of 700°C

and 650°C for 0-3f;q and 0-7f.q respectively. A similar behaviour
was observed in the case of cooling by water jets.

The cooling process, especially cooling by water jets, for a load
of 0-7f,q seems to have a significant influence on the residual
compressive strength of the concrete.

Residual tensile strength

Direct tensile strength

Tables 5 and 6 show the residual direct tensile strengths of CC
and GC respectively, along with statistical analysis. The results
are also plotted as a function of the maximum temperature to
which the concrete was subjected in Figure 7.

Figure 7 shows that GC in general showed better performance
than CC for both cooling processes, presenting smaller reductions
in residual direct tensile strength as a function of temperature.
Considering the two processes used, it seems that, regardless of
aggregate type, the concretes were less affected by air cooling
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Cooling/load level ~ Temperature:  fc or fer: fc or for: o fa/fe
°C MPa MPa
20 21-96 23-73 1-81 1-00
23-65
25-59
Air cooling
0-3fyq 300 26-07 24-61 3.48 1-04
20-64
27-13
500 20-50 20-28 0-27 0-85
19-99
20-35
700 8-97 9-62 0-92 041
9-21
10-67
900 — H — 0-00
0-7fyq 300 24-32 24-95 0-90 1-05
25-59
TS
500 — H — 000
Water jet cooling
0-3fyq 300 17-02 15-28 2-17  0-64
12-84
15-98
500 9-90 10-97 1-10 046
10-93
12-09
700 6-80 6-98 1-10 0-29
6-98
7-18
900 — H — 0-00
071y 300 — TS _ 0-00

Table 4. Residual compressive strength of GC: H, specimen rupture during heating
phase; TS, specimen rupture during temperature stabilisation

12 - —e— CC, air cooled
—a— GC, air cooled
1-0 4 =& CC, water cooled
- GC, water cooled
0-8 4
[y
(55 06 1
S
0-4 -
024
0 T r - r
0 200 400 600 800

Temperature: °C

(a)

0 200 400

600 800 1000
Temperature: °C

(b)

Figure 6. Residual compressive strength of CC and GC for loading levels of (a) 0-374 and (b) 0-774
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Temperature:  fg Of fgr:  far OF Farr o far/fa Temperature:  fg OF fgr:  far OF Farr: o faur/Fat

°C MPa MPa °C MPa MPa

20 2-29 2-28 0-36 1-00 20 1-95 1-94 0-54 1-00
191 1-39
264 248

Air cooling Air cooling

300 1-22 1-25 0-03 0-55 300 091 1-26 0-32 0-65
1-28 1-32
1-24 1-54

500 017 018 0-02 0-08 500 0-46 0-46 0-06 0-24
017 0-52
0-19 0-40

700 0-03 0-03 0-005 0-01 700 0-19 0-16 0-02 0-08
0-02 0-15

C 0-14

Water jet cooling Water jet cooling

300 0-51 0-57 0-09 0-25 300 1-28 1-04 0-24 0-53
0-68 1-03
0-53 0-80

500 0-35 0-46 0-13 0:20 500 072 0-56 021 0-29
0-60 0-33
0-44 0-62

700 017 018 0-02 0-08 700 0-42 0-44 0-04 0-23
8?8 Table 6. Residual direct tensile strength of GC

Table 5. Residual direct tensile strength of CC: C, specimen

rupture during cooling phase

127 —o— CC, air cooled

than water cooling for temperatures up to about 500°C. The
opposite was observed above 500°C: cooling in air gave a greater
reduction in residual direct tensile strength for both concretes.
The reduction in residual tensile strength of the concrete can be
explained by dehydration of the clinker in the cement paste,
especially calcium hydroxide, and the thermal incompatibility
between the cement paste and the aggregates (Thelandersson,
1971).

Tensile splitting strength

The residual tensile splitting strength results are shown in Tables
7 and 8 and Figure 8. For both types of concrete, the behaviour
was similar for the two cooling processes used. There was not a
marked difference between air cooling and water cooling, both
leading to quite similar reductions in residual tensile splitting
strength.

For temperatures up to 300°C, all the concretes studied presented
similar behaviour. Above this temperature, GC showed greater
reductions in residual tensile splitting strength than CC. For both
cooling processes, the residual tensile splitting strength of GC
was zero at 500°C while, at the same temperature, CC strengths
were still around 20% and 30% of the ambient strength values for
water cooling and air cooling respectively. All GC specimens

=& GC, air cooled
-® - CC, water cooled

-= - GC, water cooled

0 200 400 600 800 1000
Temperature: °C

Figure 7. Residual direct tensile strength of CC and GC

submitted to temperatures greater than or equal to 500°C
collapsed during the heating process (Table 8). This can be
explained by the low porosity of GC compared with CC (Sims
and Brown, 1998).

The residual direct tensile strength results were, to some extent,
different to the residual tensile splitting strength results: the
decrease in strength with temperature was greater for the direct
tensile strength tests. A conclusion from this is difficult to draw
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_ _ o 1-2 7 —o— CC, air cooled
Temperature: feor fgr:  fs or fur: o fsr/fst —=— GC, air cooled
°C MPa MPa 1-01 - CC, water cooled
084 - GC, water cooled
20 3:015 3-003 0-333 1-00 5
2-664 :\} 061
. 3:330 0-4 1
Air cooling
300 1.922 1-902 0-076  0-63 0-2 1
1-819 0
1:967 0 200 400 600 800 1000
500 0-807 0-886 0-085 0-30 Temperature: °C
0-977
0.874 Figure 8. Residual splitting tensile strength of CC and GC
700 0-327 0-274 0-057 0-09
0-280
0-213 because, apart from the fact that the two types of tests were
Water jet cooling different, the specimens used for the residual direct tensile
300 1-751 1-829 0-077 0-61 strength tests were cylinders of 75 mm diameter and 225 mm
1.905 height while those used for residual splitting tensile tests were
1-830 cylinders of 150 mm diameter and 300 mm height.
500 0-949 0-941 0-044  0-31
0-980 Residual flexural strength
0-892 The results of residual flexural strength for CC and GC are listed
700 0-355 0-365 0-046 0-12 in Tables 9 and 10 and presented graphically in Figure 9. The
0-415 results indicate a decrease in residual flexural strength with
0-325
Table 7. Residual tensile splitting strength of CC Temperature: fror fir fsor fer: o fer /fs
°C MPa MPa
20 3914 5-213 1-32 1-00
6-566
5-160
Air cooling
Temperature:  fq or fari  fs; OF far o four/fst 300 3-076 3-232 0-16 0-62
°C MPa MPa 3-394
3-226
20 2:922 2:922 0-12 1-00 500 0-994 1-135 0-15 0-22
3-039 1-292
2-805 1-120
Air cooling 700 0-198 0-186 0-01 0-04
300 2-606 2-295 0-27 0-79 0-180
2-102 0-180
2:178 Water jet cooling
500 — H 0-00 300 2-060 1-917 043 0-37
700 — H — 2-256
Water jet cooling 1-436
300 1-572 1-746 0-15 0-60 500 1-210 1-112 0-13 0-21
1-826 0-964
1-841 1-162
500 — H 0-00 700 0-240 0-222 0-06 0-04
700 — H — 0-276
0-150
Table 8. Residual tensile splitting strength of GC: H, specimen
rupture during heating phase Table 9. Residual flexural strength of CC
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Temperature: °C ffor fi:  fror fer: o fir/fs
MPa MPa
20 5-388 5-130 0-43 1-00
5-370
4-632
Air cooling
300 4-100 4-199 0-14 0-82
4-298
5-388
500 — H — 0-00
700 — H - -
Water jet cooling
300 2-844 2-596 0-40 0-51
2-814
2-130
500 — H — 0-00
700 — H - -

Table 10. Residual flexural strength of GC: H, specimen rupture
during heating phase

1-2 —o— CC, air cooled
—=— GC, air cooled
1:01 -o CC, water cooled
0-8 - GC, water cooled
Ty
X 06+
I
0-4 4
0-2 1
0 T T T T 1
0 200 400 600 800 1000

Temperature: °C

Figure 9. Residual flexural strength of CC and GC

temperature that is more pronounced above 300°C. Again, it
seems that cooling by water jets influenced this property more
than cooling in air. An interesting result was registered for
temperatures above 500°C in that CC presented a similar reduc-
tion in residual flexural strength independently of the cooling
process. At 500°C, GC specimens presented zero residual flexural
strength while the CC specimens still had around 20% of their
strength at ambient temperature.

Residual modulus of elasticity

Tables 11 and 12 and Figure 10 present the results of the residual
modulus of elasticity for the concretes tested. The modulus of
elasticity clearly decreased with temperature, showing a value of
zero at 500°C for GC and around 10% of the reference value for
CC. The concretes showed similar behaviour for temperatures up

Temperature: °C E.: GPa Ecr/Ec
20 55-91 1-00
Air cooling

300 2013 0-36
500 7-53 0-13
700 426 0-08
Water jet cooling

300 17-10 0-31
500 4-55 0-08
700 3-05 0-05
Table 11. Residual modulus of elasticity of CC
Temperature: °C E.: GPa E/E
20 5317 1-00
Air cooling

300 2163 0-41
500 H 0-00
700 H —
Water jet cooling

300 16-59 0-37
500 H 0-00
700 H —

Table 12. Residual modulus of elasticity of GC: H, specimen
rupture during heating phase

1-2 1
—e— CC, air cooled
10 A == GC, air cooled
-a CC, water cooled
0-8 - - GC, water cooled
Ty’
= 06 1
I
04 1
02 -
0 . . — . .
0 200 400 600 800 1000

Temperature: °C

Figure 10. Residual modulus of elasticity of CC and GC

to 400°C for both cooling processes. Above 400°C, however, GC
was more affected by the heating process than was CC. The
results from these tests indicate that the cooling process does not
seem to have a great influence on the residual modulus of
elasticity as the values obtained for cooling in air were similar to
those obtained from water cooling.
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Conclusions

This paper has presented the results of research carried out to
assess the residual mechanical properties (residual compressive
and tensile (direct and splitting) strengths and modulus of
elasticity) of ordinary calcareous aggregate concrete (CC) and
granite aggregate concrete (GC) after exposure to high tempera-
tures. Two loading levels (0-3fq and 0-7f,q) and two cooling
processes (cooling by water jets and cooling in air) were tested.
The following conclusions can be drawn from the study.

(a) The cooling process influenced the reduction of residual
concrete compressive strength. For the concretes cooled using
water jets, for a loading level of 0-3f;4, CC showed a greater
strength reduction than GC. For a loading level of 0-7/.4, both
concretes suffered large decreases in residual compressive
strength with increases in exposure temperature.

(b) Loading level positively influenced the residual compressive

strength of the concretes for temperatures up to slightly above

300°C and for cooling in air because loading can limit some
internal cracking in concrete. The results also showed that,
the higher the loading level, the greater was the influence of
the cooling process (especially for cooling by water jets) on
reducing the residual compressive strength.

The residual tensile strength of concretes also decreased with

exposure temperature, but the cooling process had less

(c

~

influence on this property than on residual compressive
strength. The reduction in residual tensile strength of CC was
similar for both direct tensile and splitting tensile tests and
for both cooling processes. The same is not true for GC, in
which the reduction after 300°C was more marked for
splitting tensile strength.

(d) The residual flexural strength also decreased as a function of
exposure temperature, this reduction being more pronounced
in GC. Cooling by water jets had more effect on this
mechanical property than air cooling.

(e) The residual modulus of elasticity showed a similar decrease
with exposure temperature, independently of the type of
aggregate or the cooling process used.
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