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CONCRETE WITH SILICA FUME AT ELEVATED TEMPERATURES

Eva Lubldy, L. Gydrgy Balazs, Olivér Czoboly, Béla Harman, Nehme Salem Georges
Budapest University of Technology and Economics, Department of Construction Materials and Engineering
Geology

ABSTRACT

The composition and structure of hardened cement paste have an important influence on the
properties of concrete exposed to high temperatures. In case of UHPC the application of silica fume
is often necessary. :

Characteristics of concrete during and after the heating process depend mainly on: the type of
cement, the type of aggregate and the interaction of them.

An extensive experimental study was carried out at the Budapest University of Technology and
Economics to analyse the post-heating characteristics of concrete with silica fume subjected to
temperatures up to 1000°C. Major parameters of our experimental study were the silica fume
content of cement, water-cement ratio and water-binder ratio.

During fire, the heated surface region of concrete loses its moisture by evaporation from the surface.
In case of high strength concrete the evaporation of moisture often causes spalling of the concrete
cover, and due to high temperatures, the structure and chemical composition of the concrete
changes.
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Abstract

The composition and structure of hardened cement paste have an important influence on the
properties of concrete exposed to high temperatures. In case of UHPC the application of silica
fume is often necessary.

Characteristics of concrete during and after the heating process depend mainly on: the type of
cement, the type of aggregate and the interaction of them.

An extensive experimental study was carried out at the Budapest University of Technology
and Economics to analyse the post-heating characteristics of concrete with silica fume
subjected to temperatures up to 1000°C. Major parameters of our experimental study were the
silica fume content of cement, water-cement ratio and water-binder ratio.

During fire, the heated surface region of concrete loses its moisture by evaporation from the
surface. In case of high strength concrete the evaporation of moisture often causes spalling of
the concrete cover, and due to high temperatures, the structure and chemical composition of
the concrete changes.



1 INTRODUCTION

Studies on the performance of silica fume in concrete began in the 1950s [1, 2]. Silica fume is
a by-product resulting from the reaction of high-purity quartz with coal in electric arc
furnaces in production of ferro-silicon alloys and silicon metal [3]. It is well known that silica
fume improve the mechanical properties and durability of concrete. The high amount of
amorphous silicon dioxide and very fine spherical particles are the main reasons for its
puzzolanic activity [2]. The silica fume is the most well known additive material in high-
strength concrete.

The application of concrete with silica fume in the future is an important assignment for
engineers. For high rise buildings the concrete grade is especially important. In case of UHPC
the application of silica fume is often necessary. For example: South Wacker Drive 311 was
built by application of 16 m:% silica fume (Figure 1), W-Comfort Towers (Tokyo) was built
with silica fume [4] (Figure 2), Burj Dubaj (Dubaj Tower) was built with silica fume too [5]
(Figure 3).In case of high rise buildings the fire resistance is very important.
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Figure 1: Figure 2: Figure 3:
South Wacker Drive 311 W-Comfort Towers [4] Burj Dubaj [5]

Several research projects [6, 7, 8, 9] were directed to study the behaviour of concrete with
silica fume after exposure to elevated temperatures. The main aim of these studies was to test
the risk of explosive spalling in case of high strength concrete with silica fume.

Phan and Carino [7] reported that concretes containing 10 m.% silica fume showed better
performance than normal strength concrete at 100°C and 200°C, but higher relative strength
losses were observed in concretes containing silica fume after subjected to temperatures of
300°C and 450°C.

Saad et all [8] made experiments with 10 m.%, 20 m.% and 30 m.% silica fume. The water to
cement ratio was 0.4. They concluded that concrete specimens with 10 m.% silica fume
produced lower porosity values at all temperatures of heat treatment than specimens without
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silica fume. Concrete specimens made with 10 mc% silica fume produced the highest
compressive strength values at all temperatures of thermal treatment while more CSH was
formed with stronger internal binding and sufficient thermal stability.

Benhood and Ziari [9] suggested that the dosage of silica fume has no significant effect on the
relative compressive strength at 100°C and 200°C. In their tests above 300°C the amount of
silica fume had significant effects on the residual compressive strength.

2 EXPERIMENTAL PROGRAMME

Present study is directed to the analysis of simultaneous effects of high temperatures as well
as silica fume in concrete. It is an important study because high temperatures produce changes
of the structure and chemical composition of concrete.

Test variables were in case of concrete specimens: silica fume content (0, 3, 9 m.%), water-
binder ratio (0.35; 0.33; 0.30), water-cement ratio (0.35; 0.36; 0.38) and maximum
temperature (20°C; 50 C; 150°C, 300°C, 500°C, 1000°C). The tested concrete compositions
are given in Table 1. Studied characteristics were: surface cracking, reduction of compressive
strength and reduction of flexural strength.

Table 1: Constituents of tested concrete mixes (kg/m3)

Mix1 Mix2 Mix3 Mix4 Mix5 Mix6
cement (CEM 1 42.5N) 400 400 400 436 400 400
silica fume - 12 36 - 12 36
water 140 140 140 153 144 153
aggregate 0-4 mm 755 748 736 728 841 730
aggregate 4-8 mm 472 468 460 455 467 456
aggregate 8-16 mm 661 655 644 637 560 639
plastificator 5 5 4.48 4.6 4.8 3
w/c 0.35 0.35 0.35 0.35 0.36 0.38
w/b 0.35 0.33 0.30 0.35 0.35 0.35
binder=cement+k*silica fume
where k=1

After removing the specimens from the formwork they were stored in water for 7 days then
kept at laboratory conditions until testing. The specimens were 28 days old by testing.

In case of experiments with high temperatures the temperature history and the time of testing
are very important. Our heating curve was similar to the standard fire curve (according to
Eurocode) for buildings up to 1000°C. After the heating process the specimens were kept for
two hours at maximum temperatures (20°C; 50°C; 150°C; 300°C; 500°C; 1000°C). Then the
specimens were slowly cooled down to laboratory conditions. Specimens were tested at room
temperature. In present study 6 different mixes were tested.
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3 TEST RESULTS

Main purpose of our experimental study was to determine the influence of silica fume content
on post-heating characteristics of concrete.

3.1 Visual observation before compressive tests

Results indicated that the risk of spalling was higher for specimens in form of prisms
compared to specimens in form of cylinders (Figure 4). That could be explained by the
different layout of isotherm lines caused by the different shapes of the specimens. Mix1: (0
m.% silica fume) two prisms exploded; Mix2: (3 m% silica fume) of one prism spalled;
Mix3: (9 m.% silica fume) the prisms did not crack; Mix4 (0 m.% silica fume) only one prism
exploded; Mix5 (3 m:% silica fume) two prims spalled; Mix6 (9 m:% silica fume) the prisms
did not crack.

These observations indicate that increased silica fume content reduced the risk of spalling
within the standard range of replacement of up to 10 m.%.

“'-.‘. L "
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Figure 4: Speciemens after 1000°C temperature loadmg
3.2 Compressive strength

Average compresswe strength of reference concrete (Mix1) was 57 4 N/mm?. Average
compresswe strengths of concrete mixes Mix2 to Mix6 were 68.0 N/mm®, 72.9 N/mm®, 55.8
N/mm?, 72.8 N/mm®, 61.0 N/mm®, respectively.

Figure 5 indicates the measured relative residual compressive strength values of different
concrete mixes as a function of maximal temperature up to 1000°C.

- A strength valley seems to appear (observed also by other researchers [10]) for
relatively low values of maximal temperatures, i.e. a small strength decrease then small
increase between 20°C to 300°C. This valley might be explained by the relatively high
pore water content of tested concrete specimens at the age of 28 days.
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- The strength valley ends up at 300°C with a relative compressive strength 1.23 in case
of Mix1; 1.4 in case of Mix2; 0.83 in case of Mix3; 1.01 in case of Mix4; 0.86 in case
of Mix5 and 1.00 in case of Mix®é.

- This valley is followed by decrease of compressive strength at higher values of maximal
temperatures.

- The relative residual compressive strength value at 1000°C was 0.07 for Mix1; 0.09 for
Mix2; 0.1 for Mix3; 0.096 for Mix4; 0.12 for Mix5 and 0.09 for Mix6, respectively.
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Figure 5: Relative residual compressive strength for the different concrete mixes as a function
of maximal temperature (every point is an average of 3 measurements).

Figure 6: The specimens after the compressive strength measurement

(©=60 mm, h=120 mm)
a) 20°C b) after temperature loading up to 1000°C

Page 5



Figure 6 indicates failure modes in compression at 20°C and after 1000°C, temperature
loading, respectively. 20°C the cracks were almost parallel and some aggregates cracked
through. After 1000°C temperature loading the specimens failed into pieces owing to the
considerable reduction of internal binding forces. The chemical changes of concrete at high
temperatures are also reflected by the changes in colour.

At laboratory temperature (20°C) some of the aggregates were cracked because the cement
paste had higher strength than the aggregates. (Figure 5. a). There is a significant difference in
case of the compressive tests after 1000°C temperature loading. The failure was caused by the
cement paste while the aggregates did not crack. (Figure 5. b). It can be explained by the
strength loss of the cement paste at elevated temperature.

3.3  Flexural strength

In Figure 7 test results are presented up to 500°C maximum temperature, because the
specimens completely failed between 500°C and 1000°C.
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Figure 7: Relative flexural strength for the different concrete mixes as a function of maximal
temperature (every point is an average of 3 measurements)

Relative flexural strength values are presented in Figure 5 according to maximal temperature
values (150°C, 300°C, 500°C) for the various mixes (Mix1, Mix2, Mix3, Mix4, Mix5, Mix6).
Observed flexural strength values are rather similar to 0 m.% and 9 m.% silica fume contents,
however somewhat better for 3 m.% silica fume content.
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34 Visual observation after flexural tests

Figure 8 presents cracked surfaces of prisms after flexural failure. Clear differences in colour
can be observed. Section of specimens after 1000°C temperature loading shows light grey
colour compared to the normal colour of concrete at 20 °C temperature.

In case of the tests at laboratory temperature (20°C) some of large aggregates cracked through
owing to the relatively high strength of cement paste (Figure 8. a). On the other hand Figure
8. b indicates debonded aggregates without cracking of the aggregates.

Cracked

aggregate
Debonded
aggregate

Figure 8: Cracked surface of flexural specimens after failure (70*70%250 mm)
2):20°C b) after temperature loading up to 1000°C

4 CONCLUSIONS

Main purpose of our experimental study was to determine the influences of silica fume
content on post-heating characteristics of concrete.

Test variables were silica fume content (0, 3, 9 m%), water-cement ratio (0.35; 0.36; 0.38),
water-binder ratio (0.35; 0.33; 0.30) and maximum temperature (20, 50, 150, 300, 500,
1000°C). Studied characteristics were: surface cracking, spalling, residual compressive
strength and residual flexural strength.Cylinder specimens (@=60 mm, h=120 mm) were used
for the measurement of compressive strength. The flexural strengths were measured on prisms
(70 x 70 x 250 mm).

The increase of the silica fume content decreased the risk of the explosive spalling of the
concrete specimens.

The risk of spalling was higher for prisms than for cylinders. That could be explained by the
different shape of the specimens.

Considering flexural strength, the highest value was observed by using relatively low amount
(3 m%) of silica fume.
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Silica fume content did not necassary result in higher residual strength after high
temperatures. For some compositions even reduction of residual strength was observed.
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