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Abstract

This investigation includes an experimental study of the changes in compressive
strength, splitting tensile strength, modulus of rupture and static modulus of elasticity after
exposure to high temperature ranging between 250 to 750°C of plain and steel fiber
reinforced concrete (SFRC) in comparison with ordinary temperature (25°C). Hooked and
straight steel fibers with aspect ratio of 60 and two different percentages by volume
(0.5% and 1%) were used.

Each group of specimens was heated to a specified temperature and kept at that
temperature for one hour before being gradually cooled to room temperature, and then they
were tested. The results show an appreciable decrease in compressive strength, splitting
tensile strength, modulus of rupture and elastic modulus after exposure to temperature
higher than 350°C of both plain and SFRC. The inclusion of fibers very slightly affects the
compressive strength of concrete at temperature below 350°C, while the loss in compressive
strength for SFRC is lower relative to plain concrete after exposure to temperature higher
than 350°C. The results also show that the loss in splitting tensile strength and modulus of
rupture for SFRC is appreciably lower in comparison with that of plain concrete for all
heating temperatures up to 750°C. The volume content of fiber slightly affects the
compressive strength of concrete; also the type and volume content of fibers slightly affect
the elastic modulus of concrete at elevated temperature, while the type and volume content
of fibers have appreciable effect on tensile strength and modulus of rupture of concrete.

Generally, the results show that SFRC resists high temperature more than plain
concrete and SFRC with 1% hooked end fibers has a superior behaviour after exposure to
high temperature.
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1. Introduction

Concrete structures may be exposed to high temperatures at which deterioration of
concrete occurs. Exposing concrete to high temperature causes strength deterioration, increase
in drying shrinkage, reduction in bond strength with reinforcement ' and increase in the risk
of reinforcement corrosion due to high permeability and cracks.

Previous studies ® indicate that the mechanical properties of concrete deteriorate at
high temperatures. The amount of residual strength depends on many factors such as:
temperature level, heating duration, method of recooling, type of aggregate and
cement-aggregate ratio. Recent interest has been shown in the use of SFRC since the tensile
strength of the composite is higher than that of plain concrete and the use of fibers may lead
to reduction in the amount of cracking under serviceability conditions.

Little investigations have been noticed to provide experimental results about the effect
of fibers on the properties of concrete at high temperature ! so it becomes necessary to
make additional studies on the effect of elevated temperature on properties of SFRC using
different types of steel fibers. In this study an investigation is carried out on the effect of high
temperature on the compressive strength, splitting tensile strength, modulus of rupture and
static modulus of elasticity of different types and volume contents of SFRC.

2. Experimental Work

2-1 Materials

140



Journal of Engineering and Development, Vol. 10, No. 2, June (2006) ISSN 1813-7822

The materials used in this investigation were, ordinary Portland cement which conforms
to the provisions of Iragi Specification No.5-1984, natural sand brought from Al-Ukhaider
region which conforms to Iraqi Specification N0.45-1984, its grading lying in zone 2 and
gravel of maximum size 10mm, used to avoid undue interference between the aggregate and
the fibers and thus a more uniform distribution of fibers was obtained. The gravel confirms to
Iraqi Specification N0.45-1984.

The mix used was 1: 1.5: 2.5 of cement: sand: gravel by weight with water-cement ratio
of 0.47. Two types of steel fibers were used: straight steel fibers of 0.4mm diameter and
24mm length with aspect ratio = 60, and hooked end steel fiber of 0.5mm diameter and 30mm
length with aspect ratio = 60 with volume fraction (0.5% and 1%) considered for the straight
and hooked end fibers.

Mixing was carried out according to ACI Committee 544 recommendation for FRC [,
All materials were proportioned by weight. After casting the specimens were demoulded after
24 hours, cured in water for 28 days and then dried in oven at temperature of 60°C for at least
48 hours before testing to avoid the explosive spalling %!,

2-2 Details of the Tests
An electric furnace was used for heating the specimens; the maximum furnace
temperature was 1000°C. The temperature was controlled by an electronic controller. The
specimens were exposed to different temperatures of 250, 350, 450, 550 and 750°C. They
were heated to the test temperature, allowed to remain at that temperature for one hour then
allowed to cool gradually in air at room temperature for a period of 24 hours before being
tested. The following tests at each temperature level were carried out:
1. Three 100mm cubes were heated to evaluate the residual compressive strength.
2. Three cylinders of 100x200mm were heated and their residual splitting tensile strengths
were evaluated.
3. Three prisms of 100x100x400mm were heated to determine the residual modulus of
rupture and static modulus of elasticity.

3. Results and Discussion

3-1 Effect of Temperature on Compressive Strength

Table (1), Table (3) and Fig.(1) shows the relationship between temperature and the
residual compressive strength in relation to the original strength prior to heating of plain
concrete and SFRC. Generally, it can be seen that all mixes whether plain or steel fiber mixes
exhibited compressive strength loss as temperature increases. There is a considerable decrease
in compressive strength as the temperature increases above 350°C, this is due to the loss of
cement paste plasticity at high temperatures ™.

SFRC at 25°C exhibited slightly higher compressive strength relative to plain concrete;
the enhancement was greater when hooked steel fiber was used in comparison with straight
steel fiber. This is due to the fact that the presence of steel fibers increases strainability in
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compressive failure 2, and hence the compressive strength increases. It can be observed that
fiber content has no effect on the residual compressive strength after exposure to temperature
below 350°C; On the other hand the incorporation of steel fiber has a significant effect on
residual compressive strength as the temperature increases above 350°C. The residual strength
for all mixes was (80 to 82%) of the corresponding initial strength when the concrete was
heated to temperature of 250°C. As the temperature was increased to 550°C the residual
strength for reference concrete was about 11%; On the other hand the residual strength for
hooked end steel fiber reinforced concrete (HSFRC) with volume fraction (0.5 and 1%) was
about (34 and 37%), while for straight steel fiber reinforced concrete (SSFRC) with volume
content (0.5 and 1%) was about (27 and 32%) respectively. Beyond 550°C the strength
continued to drop and at 750°C the residual strength for reference concrete was about 7%,
while for HSFRC with volume fraction of (0.5 and 1%) the residual strength was about
(31 and 32%). On the other hand for SSFRC with volume content of (0.5 and 1%) the values
were about (20 and 21%) respectively.

Table (1) Effect of high temperature on compressive and splitting
tensile strengths of FRC (hooked end steel fiber)

Compressive strength | Splitting tensile strength
Temperature xggiirgﬁ (fc) (fv)
°C % fe Residual fq Residual
N/mm? (Fo) % N/mm? (f) %
0 35.1 100 3 100
25 0.5 39.9 100 4 100
1 38.7 100 4.7 100
0 28.1 80.1 2.1 70
250 0.5 32.5 81.5 3.5 87.5
1 31.6 81.7 45 95.7
0 16.9 48.1 1.75 58.3
350 0.5 15.9 39.8 3.2 80
1 17.8 46 417 88.7
0 4.8 13.7 15 50
450 0.5 14.2 35.6 2.5 62.5
1 15.3 39.5 3.8 80.9
0 3.9 11.1 0.96 32
550 0.5 13.7 34.3 2 50
1 14.2 36.7 3.5 74.5
0 2.31 6.6 0.43 14.3
750 0.5 12.2 30.6 1.33 33.2
1 125 32.3 3.2 68.1

Table (3) Effect of high temperature on compressive and splitting
Tensile strengths of FRC (straight steel fiber)
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Compressive strength | Splitting tensile strength
Volume (fo) (f9)
Temperature . c t
o fraction - - -
C % fe Residual fq Residual
N/mm? (o) % N/mm? (f) %
0 35.1 100 3 100
25 0.5 36.8 100 3.5 100
1 35.9 100 3.8 100
0 28.1 80.1 2.1 70
250 0.5 29.7 80.7 3.1 88.6
1 29.3 81.6 3.5 92.1
0 16.9 48.1 1.75 58.3
350 0.5 16 43.5 2.66 76
1 16.8 46.8 3.35 88.2
0 4.8 13.7 15 50
450 0.5 11.9 32.3 2.13 60.9
1 12.6 35.1 2.72 71.6
0 3.9 11.1 0.96 32
550 0.5 9.78 26.6 1.36 38.9
1 11.52 32.1 1.97 51.8
0 2.31 6.6 0.43 14.3
750 0.5 7.2 19.6 0.88 25.1
1 7.65 21.3 1.36 35.8
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Figure (1) Relationship between residual compressive strength
and temperature of plain and SFRC
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Figure (2) shows the variation in compressive strength ratio (i.e: strength of SFRC mix
to strength of plain mix for the same temperature level) with temperature. It can be observed
that the compressive strength ratio is the same as that of plain concrete at temperature below
350°C. The compressive strength ratio for SFRC significantly increases at temperature higher
than 350°C. The volume content of the fiber very slightly affects the compressive strength
ratio. At temperature 750°C the compressive strength ratio was 5.3 and 5.4 for HSFRC, while
for SSFRC the compressive strength ratio was 3.1 and 3.3 as volume content of fiber
increased from (0.5 to 1%) respectively.
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Figure (2) Compressive strength ratio versus temperature of SFRC

3-2 Effect of High Temperature on Splitting Tensile Strength

The relationship between the temperature and the residual splitting tensile strength of
plain concrete and SFRC is shown in Fig.(3), Table (1) and Table (3). The splitting tensile
strength clearly decreases with temperature for all mixes and the percentage of reduction
increases as the temperature increased. Generally, it can be seen that the fiber significantly
increases the residual tensile strength after exposure to high temperature. At temperature of
750°C the residual tensile strength for plain concrete was 14%, while for SSFRC with volume
content of (0.5 and 1%) was about (25 and 36%) respectively. On the other hand the residual
tensile strength for HSFRC with volume fraction (0.5 and 1%) was about (33 and 68%)
respectively. This is attributed to the role of fibers in controlling crack propagation which
begins only after matrix cracking ¥ and the excellent mechanical anchorage of hooked end
steel fibers at their ends which leads to high fiber matrix bond strength compared with that
reinforced by straight steel fiber 2451,
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Figure (3) Relationship between residual splitting tensile strength
and temperature of plain and SFRC

Figure (4) shows the relationship between the splitting tensile strength ratio and
temperature. Generally, it can be seen that volume content of fiber at temperature below
450°C slightly affects the splitting tensile strength ratio. At temperature above 450°C the
hooked end steel fibers with 1% volume content significantly increase the strength ratio. It
can be observed that after exposure to 750°C the splitting tensile strength ratio of SSFRC with
volume content 0.5% and 1% was 2 and 3.2, while of HSFRC with volume content 0.5% and
1% the strength ratio was 3.1 and 7.4 respectively.
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Figure (4) Splitting tensile strength ratio versus temperature of SFRC
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3-3 Effect of High Temperature on Modulus of Rupture

Table (2), Table (4) and Fig.(5) shows the residual modulus of rupture for plain
concrete and SFRC as a function of the maximum temperature. Similar to compressive and
splitting tensile strengths of plain concrete and SFRC, the modulus of rupture decreases with
temperature. It can be seen that SFRC has higher residual modulus of rupture relative to plain
concrete after exposure to high temperature, hooked end steel fibers appear to have much
greater influence on improving the modulus of rupture than straight steel fiber. This is
because the modulus of rupture is influenced by the geometry of the fiber, and these fibers as
mentioned before, have excellent mechanical anchorage at their ends ***l. This leads to high
fiber matrix bond strength compared with that reinforced by straight steel fibers. Also it can
be noted that fiber content has a significant effect on the residual modulus of rupture after
exposure to high temperature. The residual modulus of rupture after exposure to 750°C for
plain concrete was about 4%, while it was about 14% and 20% for SSFRC with volume
content 0.5% and 1% respectively. On the other hand the residual modulus of rupture for
HSFRC with volume fraction 0.5% and 1% was about 20% and 33% respectively.

Table (2) Effect of high temperature on modulus of rupture and static
modaulus of elasticity of FRC (hooked end steel fiber)

Volume |Modulus of rupture (f,) [ Modulus of elasticity (Es)
Temperature - - -
°C % fr , Residual E.Gpa Residual
N/mm (fr) % s (Es) %
0 5.5 100 30 100
25 0.5 9.36 100 32.8 100
1 9.32 100 39.4 100
0 3.5 63.6 26.6 88.7
250 0.5 6.8 72.6 29.3 89.3
1 7.7 82.6 32.4 82.2
0 1.35 24.5 22.8 76
350 0.5 2.91 31.1 25.7 78.4
1 5.37 57.6 26.75 67.9
0 0.82 14.9 16.7 55.7
450 0.5 2.42 25.9 19.3 58.8
1 4.2 45.1 16.7 42.4
0 0.3 5.5 8.17 27.2
550 0.5 2.26 24.1 10.5 32
1 3.63 38.9 14.2 36.1
0 0.22 4 3.14 10.5
750 0.5 1.84 19.7 6.77 20.6
1 3.1 33.3 12.57 31.9
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Figure (5) Relationship between residual modulus of rupture
and temperature of plain and SFRC

Figure (6) shows the variation in modulus of rupture ratio with temperature. From this
Figure it can be seen that the modulus of rupture for SFRC is higher than that of plain
concrete for all temperature levels. There is a very considerable increase in the modulus of
rupture ratio at temperature above 450°C especially for HSFRC with volume content 1%. The
modulus of rupture ratio at temperature 750°C was 5.3 and 7.1 for SSFRC while for HSFRC
it was 8.4 and 14.1 as volume fraction of fiber increased form 0.5% to 1% respectively.

— - 0% fiber
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Figure (6) Modulus of rupture ratio versus temperature of SFRC
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3-4 Effect of High Temperature on Static Modulus of Elasticity

Table (2), Table (4) and Figure (7) shows the residual modulus of elasticity of plain
concrete and SFRC as a function of the maximum temperature. Similar to the strengths,
elastic modulus was decreased with the increase in temperature. It can be observed that fibers
slightly affect the elastic modulus after exposure to high temperature and it is clear that the
elastic modulus is independent of fiber content at all exposed temperatures.

Table (4) Effect of high temperature on modulus of rupture and static
modulus of elasticity of FRC (straight steel fibre)

Volume | Modulus of rupture (f) | Modulus of elasticity (Es)
Temperature fraction - -
°C o fr Residual E.Goa Residual
® N/mm? () % sop (Eo) %
0 5.5 100 30 100
25 0.5 8.1 100 335 100
1 8 100 40.2 100
0 3.5 63.6 26.6 88.7
250 0.5 5.1 63 28.98 86.5
1 6.15 76.9 36.3 90.2
0 1.35 24.5 22.8 76
350 0.5 2.2 27.2 24.96 74.5
1 3.95 49.4 31.6 78.6
0 0.82 14.9 16.7 55.7
450 0.5 1.8 22.2 19.6 58.5
1 2.6 325 24 59.7
0 0.3 5.5 8.17 27.2
550 0.5 1.47 18.1 12 35.8
1 2.23 27.9 14.9 37.1
0 0.22 4 3.14 10.5
750 0.5 1.16 14.3 5.63 16.8
1 1.56 19.5 7.5 18.7
100 1q — - 0% fibre
—&— 0.5 % hooked fibre
90 4 T 05 %0 aaight i
°\° -- O -- 1% straight fibre
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Figure (7) Relationship between residual static modulus of elasticity
and temperature of plain and SFRC
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4. Conclusions

1. The compressive strength, splitting tensile strength, modulus of rupture and static
modulus of elasticity of plain concrete and SFRC are reduced by an amount depending
on the exposed temperature.

2. The behaviour of SFRC at elevated temperature is similar to that of the plain concrete.

3. Steel fibers very slightly affect the residual compressive strength of concrete after
exposure to temperature below 350°C.

4. The residual compressive strength of SFRC is higher than that for the plain concrete at
all heating temperatures above 350°C.

5. The residual splitting tensile strength and modulus of rupture of SFRC are higher than
that of plain concrete for all heating temperatures up to 750°C.

6. The type and volume content of fiber slightly affect the elastic modulus of concrete after
exposure to a high temperature.

7. The type and volume content of fiber have a significant effect on splitting tensile
strength and modulus of rupture at all exposed temperatures.

8. Steel fiber reinforced concrete resists high temperature more than plain concrete, SFRC
with 1% hooked end fibers has a superior behaviour after exposure to a high
temperature.

5. References

1. Fahmi, H. M., Ahmed, H. K., and Khalil, W. |., “Influence of High Temperatures
on Bond Strength Between Steel Bars and Concrete”, Al-Mohandas Journal,
No. 131, 1997, pp. 48-62.

2. Abrams, M. S., “Compressive Strength of Concrete at Temperature to 1600F”,
ACI Special Publication, Sp-25, 1971, pp. 33-58.

3. Weigler, H., and Fischer, R., “Influence of High Temperatures on Strength and
Deformations of Concrete”, ACIl Special Publication, Sp-34, Vol. 1, 1972,
pp. 481-493.

4. Harada, T. J., Yamane, S., and Furumura, F., “Strength, Elasticity and Thermal
Properties of Concrete Subjected to Elevated Temperature”, ACI| Special
Publication, Sp-34, Vol. 1, 1972, pp. 377-406.

5. Mohamedbhai, G. T. C., “Effect of Exposure Time and Rate of Heating and
Cooling on Residual Strength of Heated Concrete”, Magazine of Concrete
Research, Vol. 38, No. 136, 1986, pp. 151-158.

149



Journal of Engineering and Development, Vol. 10, No. 2, June (2006) ISSN 1813-7822

6. Purkiss, J. A., “Steel Fiber Reinforced Concrete at Elevated Temperatures”, The
International Journal of Cement Composites and Lightweight Concrete, Vol. 6,
No. 3, 1984, pp. 179-184.

7. Faiyadh, F. I., and Al-Ausi, M. A., “Effect of Elevated Temperature and Method
of Recooling on the Compressive Strength of Plain and Fiber Reinforced
Concrete”, Third RILEM International Symposium on Developments in Fiber
Reinforced Cement and Concrete, Sheffield, UK, July 1986, pp. 225-230.

8. Faiyadh, F. 1., and Al-Ausi, M. A., “Effect of Elevated Temperature on Splitting
Tensile Strength of Fiber Concrete”, The International Journal of Cement
Composites and Lightweight Concrete, Vol. 11, No. 3, 1989, pp. 175-178.

9. ACI Committee 544-2R-89, “Measurements of Properties of Fiber Reinforced
Concrete”, ACl Manual of Concrete Practice, Part 5, 1990.

10. Suhaendi, S. L., “Residual Strength and Permeability of Hybrid Fiber
Reinforced High Strength Concrete Exposed to High Temperature”, Proceedings
of the Japan Concrete Institute, Vol. 26, No. 1, July 2004, Kochi, Japan,
pp. 315-320.

11. Ravindrarajah, R. S., Lopez, R., and Reslan, H., “Effect of Elevated
Temperature on the Properties of High-Strength Concrete Containing
Cement Supplementary Materials”, 9™ International Conference on Durability of
Building Materials and Components, Brisbane, Australia, 17-20" March 2002.

12. Hannant, D. J., “Fiber Cement and Fiber Concrete”, Wiley-Interscience
Publication, 1978.

13. Swamy, R. N., “Fiber Reinforcement of Cement and Concrete”, RILEM
Materials and Structures, Vol. 8, No. 45, 1975, pp. 235-254.

14. Swamy, R. N., and Mangat, P. S., “Influence of Fiber Geometry on the
Properties of Steel Fibrous Concrete”, Cement and Concrete Research, Vol. 4,
No. 3, 1974, pp. 451-465.

15. Swamy, R. N., and Jojaha, A. H., “Impact Resistance of Steel Fiber Reinforced
Lightweight Concrete”, Journal of Cement Composites and Lightweight Concrete,
Vol. 4, No. 4, 1982, pp. 209-220.

150



