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Abstract

This paper presents new results of the research of the influence
of individual input components done on the behaviour of cement
based composite materials exposed to high temperatures. A
new approach of this research lies in combining a fraction of
basalt fine aggregate and an aggregate base on expanded clay
for a composite material with lower volume weight and higher
strengths and a resistance to high temperatures. In the field of
dispersed reinforcement, new polypropylene fibers treated by
low temperature plasma were tested. Degradation of the struc-
ture of designed mixtures was evaluated by comparing density
changes, mechanical and acoustic properties before and after
exposure to high temperatures. An optical microscope was used
Jfor determining the width of cracks caused by a thermal load.
The contribution of this research was the use of non-destructive
methods for diagnostics of quality and properties of designed
concrete mixtures exposed to high temperatures.
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1 Introduction

Fire safety of buildings has become more important in soci-
ety recently because of more frequent acts of terrorism, arson
and war operations as well as an increasing number of natural
disasters and risks caused by industrial production and traffic
accidents. Fires endanger human health, wildlife, personal and
public property and cause incalculable environmental damage.
Fire safety of buildings has to ensure a safe evacuation of peo-
ple from the burning building and effective operations of a fire
brigade; plus, to prevent the fire from spreading out of a build-
ing and between individual sections of a building. Therefore,
an appropriate design of such structures of a building is very
important, with respect to the use of optimal fire-resistant mate-
rials ensuring the maximum possible resistance of the structure
to the negative impact of the fire. The aim is the development
of optimal cement based composite materials applicable for the
construction of buildings endangered by increased risk of pos-
sible fire: in particular road and railway tunnels, atomic power
plants, high rise buildings and more and more frequently - car
park buildings.

Concrete proves to be a suitable material from the point
of view of fire resistance - it is non-flammable and it has low
thermal conductivity. However, concrete which is not designed
with respect to fire-resistance shows considerable explosive
spalling caused by the combination of increasing pressure in
inner pores and inner pressure tensions caused by different
thermal expansion of input materials. As a result, the cross-sec-
tion of the structure can be weakened, and, in the case of fire-
reinforced concrete, even reinforcement bars can be exposed to
temperatures higher than critical levels. This closely correlates
to the loss of mechanical properties at higher temperatures,
which is considerably affected by the selection of individual
components of the concrete (type of aggregate, cement, admix-
tures or fibers).

The paper is focused on the research of the influence of indi-
vidual components of cement based concrete on the behaviour
of these materials exposed to a higher thermal load. In particu-
lar, the study of the influence of the selection of the type of
cement, the aggregate and reinforcement fibers with the aim
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of the development of an optimal mixture of concrete resistant
to fire. Knowledges of the behaviour of concrete with specific
input materials are very important for the prediction and sub-
sequent verification of the behaviour of concrete with modified
composition, particularly with the addition of nanoparticles to
the cement matrix. Experiments performed and described in
this article are an important input for verifying the character-
istics of cement composites using the same raw materials and
the addition of nanoparticles, which are covered in our subse-
quent research works. The addition of nanoparticles can greatly
increase the resistance of cement composites to high tempera-
tures [1], [2].

2 Experimental preparation

Based on the determined aim of experimental research
work, 9 mixtures of cement based concrete were designed with
respect to the study of the behaviour of these materials exposed
to a thermal load. The design of the composition of concrete
was based on the experience with the problem of fire-resistant
cement based composite materials, and on the results of literary
search of technical literature [3], [4], [5], [6], [7], [8]

2.1 Selection of aggregate

An aggregate, just like almost all solid substances, expands
with increasing temperature. Therefore, thermal expansion is
a very important characteristic of an aggregate from the point
of view of its reaction to increased temperature. Mineralogi-
cal composition decides on the total thermal distortion of the
aggregate, because all minerals are different as regards to the
value of thermal conductivity. Apart from thermal deformation,
metamorphic changes of minerals can also occur. For example,
quartz aggregate at the temperature of 573 °C and pressure 0.1
MPa increases its volume by as much as 4.7 %, carbonaceous
aggregate decomposes CaCO, approximately about 800 °C
(depending on the composition of aggregates) to CaO and CO,,
moreover, when CaO from the aggregate is cooled down, it can
hydrate again and increase its volume by as much as 40 %.
Based on this knowledge, the efforts aimed at using an aggre-
gate with low thermal expansion and low thermal deformation,
as is recommended in literature [9], [10], [11], [12]. Mineral-
ogical composition and internal texture also affect the physical
and mechanical properties of rocks which may also have an
impact on thermal behaviour of natural aggregates [13].

Two types of aggregate were selected for this experiment
based on the available data and characteristics. It was basalt
from Bilcice (fractions 0/4 mm and 4/8 mm), volume weight
3027-3035 kg.m?, thermal conductivity 1.67 W.m.K"!, and
light weight aggregate based on expanded clay with excellent
thermo-insulating properties (fraction 0/4 mm and 4/8 mm),
volume weight 925-1150 kg.m, specific mass 500-600 kg.m
3, thermal conductivity 0.09 W.m™'.K-".

A lightweight aggregate was used with a view of application

for the reconstruction of load-bearing walls so that the load of
the structure could be reduced. This line of research was fol-
lowed based on previous experience and results of other spe-
cialists [14], [15], [16], [17].

2.2 Selection of cement

Heating of cement causes evaporation of free and chemi-
cally bound water present in the material. Water gradually
releases; first the free water leaves through capillaries, then the
chemically bound water. However, if mastic cement is heated
in an enclosed and humid environment (so-called internal auto-
claving) hydrothermal reaction can occur, which can cause
considerable changes of the microstructure both physically and
chemically [4], [10].

Concrete resists heat more if it is made from cement, which
releases less Ca(OH),. Portlandite decomposes to water vapour
H,0 and CaO when exposed to heat (500 °C).

Ca(OH), — CaO+H,0 T

When the fire is being extinguished, water is sprayed onto
the surface of the structure, which causes expansive reaction
(hydrating of lime), which damages concrete:

CaO+H,0 — Ca(OH),

This causes an increase in the volume of the concrete, which
spalls at the fire. The least appropriate hydraulic binder is pure
Portland cement, which contains a high proportion of Port-
land clinker and decomposes after a loss of chemically bound
water in hydration products. Therefore it is more advisable to
use blended cements, which contain less Portland clinker and
more additions based on fly ash. This is the effect of blending
cement, which is proved in researches of Nasser and Marzouk
and Collepardi [18, [19] and other researchers [20], [21], [22]
showing lower production of calcium monoxide as a result
of dehydration in the heat of fire, if fly ash and blast furnace
slag were used. However, Nasser and Marzouk [18] also point
out that these materials are not primarily used in practice for
increasing resistance of concrete to high temperatures. Experi-
mental work of Sobhan and Peterson [23] prove the fact, that
concrete exposed to fire show better behaviour when cement
with a low amount of portlandite Ca(OH), is used. Decomposi-
tion of portlandite can cause production of water vapour, which
evaporates and calcium monoxide CaO is formed at the tem-
perature of 512 °C. From this point of view, concrete with blast
furnace slag, metakaoline or pozzolanic cement can work bet-
ter than concrete with Portland cement. For example, profes-
sor Hertz [19] examined concrete containing silica fume with
the aim of proving increased resistance of such concrete when
exposed to an extreme thermal load. It was found that concrete
with the content of 10% of silica fume by the total amount of
cementitious components showed considerable improvement
compared to concrete without this addition. However, opinions
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of many specialists [18], [23] focusing on this topic imply, that
it is not recommendable to rely solely on these studies, which
are carried out mainly in laboratory furnaces only and real con-
ditions of fires of concrete structures are not achieved.

For the purpose of this research, three different types of
cement commonly available in the Czech Republic were used
based on the above mentioned knowledge. These were Port-
land cement CEM II/B-S 32.5 R, which is characterized by
increased resistance to aggressive environment, then Portland
blended cement CEM II/B-M (S-LL) 32.5 R and blast furnace
cement CEM III/B 32.5 N-SV, characterized by slow develop-
ment of strength, slow development of hydration heat and high
resistance to aggressive environment [25], [26].

2.3 Selection of appropriate fibers

Fibers are added into concrete generally for the purpose of
changing and improving physico-mechanical properties. Their
use limit formation of shrinking cracks and increases resistance
of concrete in the event of high temperatures; in particular, it
limits the process of explosive spalling [27], [28], [29], [30].

The formation of micro-cracks can be expected in any con-
crete, however, their number and size is very important. Classic
steel reinforcement is capable of preventing formation of cracks
only to a limited extent; fibers dispersed as reinforcement can
help eliminate the problem partially. If the micro cracks are
created, the fibers (in the direction across the crack) take tensile
stress. Another positive effect of fibers is self-curing of con-
crete; most fine fibers bind mixing water, which is released in
the course of time and concrete is gradually hydrated. More-
over, at the temperature of around 170 °C the polypropylene
fibers melt out of the matrix of the cement based composite
material. Evaporated fibers created a porous system inside the
structure of the concrete, which helps escaping water vapour
and explosive spalling caused by high water vapour pressure
is eliminated. Cellulose fibers have a similar effect — high tem-
perature causes decarbonation of fibers.

For the purpose of experimental work, the following types

of fibers were used:

*  Polypropylene fibers, length 12 mm, diameter 28 pm;

*  Polypropylene fibers, length 12 mm, diameter 28 pm
treated by low temperature plasma, length of action of
discharge 5 s [29];

»  Steel fibers from carbon steel, length 25 mm, diameter
0.5 mm.

The trend of using polypropylene fibers for fire resistant con-
crete is generally accepted, however, there are still areas of fur-
ther research. The authors examined the trend of behaviour of
polypropylene fibers with surface treated by low-temperature
plasma (new technology). Moreover, many teams of scientists
solve the problem of the necessary amount of these fibers (from
0.8 to 2 kg.m?) [27], [28], [29], [31]. Another direction worth
researching is the use of modified polypropylene fibers with

a high Melt Flow Index MFI 2500. Polypropylene fibers with
MEFI 2500 start to melt in the range 147 °C — 150 °C. Standard
polypropylene fibers have MFI 25 and start to melt at 160 °C
[32], [33].

2.4 Preparation of concrete

Composition of individual mixtures is stated below in Table
1. Mixtures CEM I1I-B/Bas-PF to CEM III-B/Bas-PF-Plas are
mixtures with different types of fibers; mixture CEM III-B/
Bas is reference for these mixtures. Mixtures CEM I11-B-M/
Bas - CEM 1II-B and CEM III-B-M/LWA - CEM III-B/LWA
are designed with various dosages and types of cement, various
types and proportions of fractions of the aggregate.

For the manufacturing of the concrete, water from the mains
was used and super plasticizer Mapefluid N200. Mapefluid
N200 is a 40% water solution of active polymers, specific grav-
ity 1.20 + 0.02 kg.I'" at + 20 °C.

Concretes made from mixtures stated in Table 1 were mixed
in a mixer with forced circulation. All input materials were
weighed on scales with the exception of the lightweight aggre-
gate, which was dosed by volume. After mixing the concrete,
the test of consistency was carried out in accordance with
the standard EN 12350-2 Testing of fresh concrete - Part 2:
Slump-test. The concrete mix was placed in forms treated with
a release agent and compacted on a vibration table. The next
day, the test specimens were taken out of the forms and placed
in a humid environment for 90 days.

The water cement ratio was identical for all test specimens
with basalt aggregate and various types of fibers (CEM II1-B/
Bas-PF, CEM I11-B/Bas-SF, CEM I1I-B/Bas-PF-Plas, CEM
II-B-M/Bas, CEM II-B-S/Bas, CEM I1I-B/Bas): w = 0.5. The
water cement ratio was identical for all test specimens with
a lightweight aggregate: w = 0.33. The lightweight aggre-
gate was soaked with water before mixing. The differences of
pore structure of test specimens with basalt aggregate and test
specimens with lightweight aggregate are caused by the dif-
ferent production technology. The concrete with a lightweight
aggregate is in practice used, for example, for reconstructions
because of reduction load of the reconstructed structure. In such
cases, it is advisable to evaluate and compare the behaviour of
concrete with various types of aggregate. This line of research
was followed based on a previous experience and results of
other specialists [14], [15], [16], [17].
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Table 1 Overview of testing mixtures [kg.m]

Composition /
Mixture

CEM I11-B/Bas-PF
CEM I111-B/Bas-SF
CEM I11-B/Bas-PF-Plas
CEM II-B-M/Bas
CEM II1-B-S/Bas
CEM I11-B/Bas
CEM II-B-M/LWA
CEM II-B-S/LWA
CEM I1I-B/LWA

CEM III/B 32.5

N-SV 350 350 350 —

350 - - 375
CEM 1I/B-M

(S-LL)32.5R

CEM I1I/B-S

325R 35 -

Aggregate Basalt

Bilcice 0/4 1070 1070 1070 1070 1070 1070 500

500 500
Aggregate Basalt

Bilcice 4/ 1050 1050 1050 1050 1050 1050 - - -

Light weight

- - - - - 12 12 12
aggregate 0/4 0 0 0

Light weight

aggregate 4/8 B 240

240 240

Polypropylene
fibers *

Steel fibers ** — 50 — - — _ _ _ _

Polypropylene
fibers*, - - 1 - - - - - -
plasma Ssec

Super plasticizer

Mapeftuid N200 35 35 35 35 35 35 45 45 45

Water 175 175 175 175 175 175 125 125 125

*The polypropylene fibres constitute 0.11% of the total volume of concrete.
**The steel fibres constitute 0.64% of the total volume of concrete.

3 Experimental methods
3.1 Mode of thermal load

Concrete test specimens after 90 days were loaded at tem-
peratures 200 °C, 400 °C, 660 °C and 800 °C. Thermal loading
was carried out in muffle furnaces in accordance with standard-
ized thermal curve ISO 834 with following thermal develop-
ment: Rate of thermal increase was set at 11 °C.min"', thermal
dwell 30 minutes at the set temperature and then gradual cool-
ing down of test specimens to the temperature of the laboratory.

3.2 Parameters observed on test specimens before
and after thermal load

Concrete test specimens after 90 days and after thermal load

were subjected to the following tests:

*  Compressive strength of concrete in accordance with
EN 12390-3 Testing hardened concrete — Part 3: Com-
pressive strength of test specimens;

*  Flexural strength in accordance with EN 12390-5 Test-
ing hardened concrete - Part 5: Flexural strength of test
specimens;

e Density in accordance with EN 12390-7 Testing hard-
ened concrete - Part 7: Density of hardened concrete;
«  Ultrasonic pulse velocity and dynamic Young’s modu-
lus of elasticity (see chapter 3.3);
*  Formation of cracks on the surface of test specimens
(see chapter 3.4);
¢ Determination of maximal width of cracks after thermal
load (see chapter 3.5).
The aim was to observe the level of degradation of proper-
ties of concrete with selected types of cement, aggregate and
fibers exposed to high temperatures.

3.3. Determination of ultrasonic pulse velocity and
dynamic Young’s modulus of elasticity

Ultrasonic pulse method is a non-destructive acoustic
method used for testing materials. It is used for construction
materials mainly for determining the propagation velocity of
the ultrasonic pulse and dynamic Young’s modulus of elas-
ticity. These parameters are used for evaluating the elasticity
characteristics of the material being examined as well as for
evaluating changes in its structure. For testing concrete with
the ultrasonic pulse method, probes with natural frequency
from 40 kHz to 150 kHz are used. The method is based on the
emission of repeated ultrasonic pulses by a transducer into the
material and receiving pulses on the other side of the specimen;
the time of passage of the ultrasonic pulse through measured
specimen is measured. Failures in the inner structure of the
material (micro-cracks, pores and other imperfections) prolong
the time of passage of the ultrasonic pulse [34], [35].

Determining the propagation velocity of the ultrasonic pulse
was based on the provision of EN 12504—4 [36] and Young’s
elasticity modulus was determined in accordance with the pro-
cedure stated in CSN 731371 [37].

Measurements were carried by means of direct sounding
along the length of the test specimen with the apparatus TICO
with natural frequency of probes 150 kHz (natural frequency
of probes was selected so that the ratio of wavelength (A) to the
smallest dimension in the direction of sounding (d ) <1, so
that possible reduction of the velocity of the ultrasonic pulse
was eliminated. Time of passage of ultrasonic pulse was meas-
ured with accuracy 0.1pus.

On the basis of transit time and previously known length of
measuring base, there will be the calculation of the ultrasonic
pulse velocity according to relation (1) of EN 12504-4 [36]:

L
V—? (1)

Where:

V  ultrasonic pulse velocity [km.s™]

L length of measuring base [mm)]

T transit time [ps].

On the basis of the ultrasonic pulse velocity and density of
the hardened concrete, there will be a calculation of dynamic
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Young’s modulus of elasticity related to the tested material
according to relation (2) from CSN 731371 [37]:
Where:

E, dynamic Young’s modulus of elasticity [MPa]

1
E =V?D.—
v k

)
V  ultrasonic pulse velocity [km.s™]

D  density of hardened concrete [kg.m™]

k ambient dimensionality ratio.

3.4 Determination of occurrence of cracks on the
surface of test specimens

The surfaces of test specimens after a thermal load were
photographed with a digital camera. The images were trans-
ferred into the AutoCAD software. Cracks in the images were
zoomed to the maximal size resolution and then the cracks on
the surface of test specimens were marked red as individual
areas. By means of the AutoCAD software, the cumulative area
of cracks related to the total area of test specimen was calcu-
lated. This method is based on the knowledge from paper by
Xing et al. [12]. In this paper, the authors described a study of
the area of cracks and measuring their widths in concrete with
various types of aggregate [12]. Because cracks were observed
only on specimens loaded at 660 °C and 800 °C, this method
was applied only on specimens loaded at these temperatures.
Another method is monitoring the presence of cracks inside
the concrete using micro X-Ray Computed Tomography. Micro
X-Ray Computed Tomography is more exact but requires
expensive equipment and is time consuming [38].

3.5 Determining maximum width of cracks after
thermal load

Determining the maximum width of cracks was carried out
on test specimens after thermal loads at the temperatures of
660 °C and 800 °C. After a thermal load at lower temperatures,
no measurable cracks formed on the surface of the concrete.
Cracks on test specimens were observed and photographed by
means of optical microscope Nikon with TV camera Sony. The
picture was transmitted into PC by means or software equip-
ment LIM Elements (LUCTA). Test specimen was placed under
optical microscope with digital output and by means of a built-
in scale; maximum widths of cracks on the surface of test spec-
imens were read. The specimens were magnified 100x.

4 Results and discussion

Test specimens with dimensions 40 mm x 40 mm x 160 mm
were subjected to determination of above mentioned charac-
teristics before and after the thermal load. These values were
compared and changes of individual characteristics of tested
cement based composites were calculated according to Eq. (3).

Prti - Prref
APROP =——=-.100

Prref

3)

Where:
APROP
Pr, value of property after thermal load

property difference [%]

Pr . value of property before thermal load.
4.1 Influence of thermal load on density of hardened
concrete

The density of hardened concrete before and after the ther-
mal load and evaluation of their changes are stated in Table 2
below and in Figure 1.

Table 2 Determined density before and after thermal load [kg.m™]

Mixture
Thermal
Load [°C]
CEM I11-B/Bas-PF
CEM I11-B/Bas-SF
CEM I11-B/Bas-PF-Plas
CEM I1-B-M/Bas
CEM II-B-S/Bas
CEM I11-B/Bas
CEM II-B-M/LWA
CEM II-B-S/LWA
CEM III-B/LWA

200 2440 2450 2440 2560 2540 2560 1700 1640 1700

400 2450 2420 2450 2520 2540 2560 1690 1640 1680

660 2420 2430 2470 2550 2540 2550 1650 1690 1680

Before thermal
load [kg.m?]

800 2440 2420 2460 2540 2540 2550 1720 1670 1630

200 2390 2410 2390 2470 2480 2490 1583 1520 1560

400 2360 2360 2370 2420 2441 2450 1540 1450 1430

660 2330 2360 2350 2430 2440 2440 1470 1470 1470

After thermal
load [kg.m?]

800 2350 2340 2330 2410 2450 2450 1500 1500 1460

——1=200°C

~&=t=400°C

—de=t=660°C

Difference Density [®o]

=pie={=800 °C

-6

Fig.1 Comparison of changes of density depending on the composition of the
concretes and the extent of the thermal load

In general, it can be stated that as the temperature increased, the
decrement of density was larger. The density of various concrete
specimens differed depending on aggregate used. The density
of concrete with basalt aggregate after 90 days was 2420-2560
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kg.m?, density of concrete with lightweight aggregate after 90
days was 1630-1720 kg.m?. Concrete with dispersed reinforce-
ment and concrete with basalt aggregate showed after the thermal
load the lowest density changes. Mixture CEM I11-B/Bas-SF with
steel fibers showed the lowest density change: 3.3 %. Concrete
with a lightweight aggregate showed the highest loss of density;
this was caused by the fact that the aggregate was added into the
mix saturated with water and measured by volume.

4.2 Evaluation of influence of the effect of the
thermal load on strength of concrete

The results of determination of compressive strength of test
specimens before and after thermal load (200 °C, 400 °C, 660
°C and 800 °C) are in Table 3 and Figure 2 below.

Table 3 Determined compressive strength before and after thermal load [MPa]

E
= B E 7} < <«
ﬂld @ ] < 2 2] <
: f e £ 2 &2 2 2 2
£ Thermal & 2 g =2 4 & = & =
£ 1 A 8 @2 @& 2 2L LA T
H oad 4 L X I £ E 2 I =
= =i = =) = et =] = —
E [OC] — — i E E 2 = - E
Z 2 Z £ 8568z &8 &
o O E o C g o ©
Q
& 23 37.7 277 27.7 31.6 302 30.5 33.0 268 28.8
=)
.2 g 200 47.2 40.1 39.5 39.0 383 444 28.0 248 24.1
5
%;‘ 400 347 30.5 31.3 309 345 37.8 21.7 20.0 21.1
E =
8%0 660 262 20.8 20.7 279 27.7 238 16.0 182 164
@ 800 220 159 152 175 174 147 12.0 12.1 10.1
».f'?" N o
._\':‘ -.\?‘l
> \,‘Q:'
-..!\\\
g
g
v
z —p=t=2010) °
é
=
z ~W=t=400 °C
]
E =30 = t=0060 “C
g
£ .5 —t=R00 20
-
=

Fig. 2 Comparison of changes of compressive strength depending on the com-
position of the concretes and the extent of the thermal load

Based on the analysis of the results of measurement of com-
pressive strength depending on the thermal load, the following
facts were found:

e After thermal load of 200 °C, compressive strength
of concrete with basalt aggregate and various types of
cement increased (CEM III-B/Bas-PF, CEM III-B/Bas-
SF, CEM III-B/Bas-PF-Plas, CEM 11I-B-M/Bas, CEM
II-B-S/Bas, CEM I11-B/Bas).

* According to Hager, Zhang et al., and Wittmann [40],
[41], [41] this is caused mainly by evaporation of free
and partly physically bound water, which contributes
to partial increasing of strength, and by non-hydrated
nuclei of cement, which have positive influence on com-
pressive strength. The results were the same as stated
by Zhang and their team, who observed an increase of
compressive strength after thermal load [41], [41].

*  As the temperature of thermal load increased, compres-
sive strength gradually decreased. The most marked
changes of compressive strength were observed on
recipes CEM II-B-M/LWA to CEM III-B/LWA - mix-
tures with a lightweight aggregate. On the contrary, the
lowest changes of compressive strength 800 °C were
observed on recipe CEM I1I-B/Bas-PF: 41.6 %.

Then, flexural strength of concrete exposed to the thermal

load was observed. Test results are given in Table 4 and Figure
3 below.

Table 4 Overview of flexural strength before and after the thermal load [MPa]

3
I~ o [ @ < <
5 % £ & & 3 5 =2 £
< o A S = as) S = a
2 Themal @ @ 2z = @ @ 3 @ 3
= load f E g E E EI ﬂ’:—" /A =
= [0 = = I 2 s s = £ S
= 2 = 2 2 8 3 z %
S © z © © c © “
&
= 23 62 56 48 63 68 51 74 65 64
£
— E 200 66 60 53 64 62 56 57 52 60
5 Z
£C 400 48 46 39 42 58 37 48 35 42
=2 660 33 24 22 25 36 21 16 31 34
=]
“n

800 30 20 18 17 25 15 07 24 03

Based on the analysis of the results of the flexural strength
measurement, depending on the thermal load, the following
facts were found:

After a thermal load of 200 °C, the development of flexural
strength of concrete was similar to the development of com-
pressive strength. Concrete with a lightweight aggregate shows
more considerable reduction of strength after exposure to 200
°C. This corresponds to more expressed changes of density of
the concrete with a lightweight aggregate. This type of concrete
contains a higher amount of water because of different produc-
tion technology compared to standard concrete.

Recipe CEM I1I-B/Bas-PF also showed the lowest percent-
age of change of flexural strength after thermal load of 800
°C, -51.6 %. On the contrary, the highest change of flexural
strength was observed on mixture CEM I1I-B/LWA -95.3 %.
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Fig. 3 Comparison of changes of flexural strength depending on the composi-

tion of the concretes and the extent of the thermal load

4.3 Evaluation of the influence of the thermal load
on ultrasonic pulse velocity and dynamic Young’s
modulus of elasticity

< < <7 ™
& R $ < v
F oF o F & F ooy \\7'2\ &7
7§ D T DN oY
7S D ¥ D QT hy
é\\\\ ‘b\\\ é\\\‘ ﬁ\\\' @\\' @\\\ @“' &S
PSS FFSES
0.
3
- ——1=200°C
v
g ——t=400 °C
o
£ =660 °C
a8
——t=800 °C

=60 -

Fig 4 Comparison of changes of ultrasonic pulse velocity depending on the

composition of the concretes and the extent of the thermal load

Table 6 Dynamic Young’s modulus of elasticity before (E, ) and after the

thermal load (E, )

Test results of measurements by ultrasonic pulse method are 2
. . =y = = A @ <
stated in Tables 5 and 6. Apart from the values of ultrasonic S & = = & & 3 E § §
. . R .. = 8 g - S £ =2 2 23
pulse velocity and dynamic Young’s modulus of elasticity £ '§ g g g = 2 g = @ S
. . . . . = - ] ! E Clﬂ ! = I A :
determined for individual types of concrete, the differences of é—‘ é = E & = E ; g L =
. )
the values before and after thermal load calculated according E E E ;‘ E % 5 E E E
. . O ©
to formula (3) are also stated in percentages. The Figure 4 and o o « c ©
Figure 5 give an evaluation of differences of ultrasonic pulse
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Fig. 5 Comparison of changes of dynamic Young’s modulus of elasticity de-
pending on the composition of the concretes and the extent of the thermal load
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Based on the analysis of the measurement results by ultra-
sonic pulse method, the following facts were found:

Parameters measured by ultrasonic pulse method decrease
proportionally to increasing temperature to which the concrete
was exposed. The reason for this decrease is changes in the
internal structure of the concrete.

Level of decrease of ultrasonic pulse velocity and dynamic
Young’s modulus of elasticity was different and depended on
the components of individual mixtures.

The influence of the components of the concrete on ultra-
sonic pulse velocity and dynamic ultrasonic pulse velocity and
dynamic Young’s modulus of elasticity was lowest at tempera-
ture 200 °C: differences of values of ultrasonic pulse velocity
before and after the thermal load were between -6 % and -12
%, the differences for dynamic Young’s modulus of elasticity
were -14 % to -26 %. For the temperature 400 °C, the differ-
ences of values of ultrasonic pulse velocity before and after the
thermal load were between -19 % and -33 %, the differences
for dynamic Young’s modulus of elasticity were -40 % to -57
%. After the thermal load of 660 °C, the differences of values
of ultrasonic pulse velocity before and after the thermal load
were between -33 % and -46 %, the differences for dynamic
Young’s modulus of elasticity were -40 % to -57 %. After the
thermal load of 800 °C, the differences of values of ultrasonic
pulse velocity before and after the thermal load were between
-35 % and -55 %, the differences for dynamic Young’s modulus
of elasticity were -59 % to -80 %.

Influence of the components of the concrete (type of
cement, dense natural aggregate, light-weight ceramic aggre-
gate, various fibers) was marked particularly at higher tempera-
tures (T > 660°C).

Concrete with basalt aggregate and with the addition of fib-
ers showed the lowest decrease of ultrasonic pulse velocity and
dynamic Young’s modulus of elasticity.

4.4 Evaluation of presence of cracks and
determination of their width

Based on the evaluation of the quality of the surface of test
specimen after the thermal load it can be stated, that no cracks
were formed after thermal load at 200 °C and 400 °C. Because
visible cracks were formed on test specimens only after a ther-
mal load at 660 °C and 800 °C, analysis was carried out only
on these specimens.

It is clear from the images that mixture CEM II-B-M/Bas
showed the lowest amount of cracks after thermal load 660 °C:
0.0 %, mixture CEM II-B-S/LWA showed the highest amount
of cracks: 0.47 %. Mixture CEM II-B-M/Bas showed the low-
est amount of cracks after thermal load 800 °C: 0.90 %, mixture
CEM II-B-S/Bas showed the highest amount of cracks: 1.48 %.

Based on the evaluation it can be stated that mixture with a
lightweight aggregate showed more cracks than mixtures with
basalt aggregate from Bilcice. Corners of test specimens with

lightweight aggregate flaked off after thermal load of 660 °C;
this phenomenon was observed on test specimens with basal
aggregate Bilcice only sporadically on one specimen of mix-
ture CEM I11-B/Bas after thermal load of 660 °C. Comparisons
of formation of cracks on test specimens after 660 °C and 800
°C are given in Table 7 below.

Table 7 Comparison of formation of cracks on test specimens / Area of cracks

Area of cracks [%]

Mixture

660 °C 800 °C

CEM I11-B/Bas-PF 0.012 0.037
CEM 111-B/Bas-SF 0.017 0.040
CEM I11-B/Bas-PF-plas 0.170 0.841
CEM II-B-M/Bas 0.000 0.032
CEM 1I-B-S/Bas 0.003 1.483
CEM 111-B/Bas 0.290 1.097
CEM II-B-M/LWA 0.435 1.279
CEM II-B-S/LWA 0.469 1.227
CEM III-B/LWA 0.155 1.129

Figure 6 below shows cracks of mixture CEM II-B-M/Bas
after thermal load.

660 °C

800 °C

Fig. 6 Structure of mix-design CEM II-B-M/Bas after thermal load, determina-
tion of width of cracks

5 Conclusions

Research work focused on the study of the influence of
individual components of cement based composite materials
on the behaviour of these composites at higher temperatures.
The aim was the development of a suitable composition of con-
crete which would be applicable for construction of structures
endangered by higher risk of fire.

Prepared test specimens made from individual mixtures
were subjected to tests in order to determine basic physical and
mechanical properties before and after a thermal load. These
measurements were complemented with non-destructive test-
ing by means of ultrasonic pulse method and examination of
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the amount of cracks and their width by means of electron
microscopy. Based on the evaluation of the behaviour of testing
mixtures before and after a thermal load, it can be said:

(1) Density gradually decreases with increasing tempera-
ture. From this point of view, the use of dispersed reinforce-
ment and basalt aggregate seemed to be the optimal solution
for designing fire-resistant concrete. No major influence of
cement was observed.

(2) Dispersed reinforcement, particularly with polypropyl-
ene fibers, has a positive influence on mechanical properties.
Some of the mixtures showed partial increase of strength after
exposition to 200 °C, which was caused by evaporation of free
and partly physically bound water. Using a lightweight aggre-
gate resulted in the degradation of mechanical properties and
the highest changes of mechanical properties before and after
the thermal load.

(3) Parameters from acoustic measurements decreased with
increasing thermal load. However, the level of their changes var-
ied and depended on the components used for the manufactur-
ing of the concrete. The lowest decrease of parameters of tested
concrete measured by ultrasonic pulse method was observed on
mixtures with an addition of dispersed reinforcement.

(4) Microscopic examination of the concrete structure was
indicated recipe CEM II-B-M/Bas as a suitable from the point
of view of formation of micro-cracks; cracks were observed
only after exposing the test specimen to the temperature of 800
°C. However, test specimens with dispersed reinforcement also
showed very good properties.

The aim of future research is the optimization of composi-
tion of cement composites with basalt and dispersed reinforce-
ment. Other possible properties of concrete will be studied
so that the degradation of concrete exposed to a thermal load
could be described more precisely, for example the thermal
conductivity of the permeability of concrete.
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