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Fig. 1. Changes in mechanical properties of concrete at elevated
temperatures according to Euro Code 2
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Chemical Portland Weight % sili
Compound ortlan ica
P Cement Fly Ash Fume
SiO, 20.8 33.8 94.6
AlO; 5.24 8.5 1.3
F6203 3.6 0.6 0.9
CaO 64 39 0.3
MgO 1.63 10.5 0.2
Other <5 <8 <5

Table 1. Chemical compositions of cement, silica fume, and fly
ash according to the manufacturer
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Fig. 2. Aggregate grading

o 2oz LI lag b Y J s

Mass per cubic meter (kg)

No. Mix ID Water Cement 187111::12 Fly Ash Agg;g;z te Agl;ilel;ate HRWR
1 1 190 380 0 0 1008 767 3.8
2 2 190 292 0 0 1008 855 2.9
3 3 190 543 0 0 1008 604 54
4 1-SF10 190 342 38 0 1008 767 3.8
5 1-FA20 190 304 0 76 1008 767 3.8
6 1-SF10-FA10 190 304 38 38 1008 767 3.8
7 1-SF15 190 323 57 0 1008 767 3.8
8 1-SF5 190 361 19 0 1008 767 3.8
9 1-FA10 190 342 0 38 1008 767 3.8
10 1-FA30 190 266 0 114 1008 767 3.8
11 1-SF10-FA30 190 228 38 114 1008 767 3.8
12 3-SF5 190 516 27 0 1008 604 54
13 3-SF10 190 489 54 0 1008 604 54
14 3-SF15 190 461 81 0 1008 604 54
15 3-FA10 190 489 0 54 1008 604 54
16 3-FA20 190 434 0 109 1008 604 5.4
17 3-FA30 190 380 0 163 1008 604 5.4
18 3-SF10-FA10 190 434 54 54 1008 604 54
19 3-SF10-FA30 190 326 54 163 1008 604 5.4

Table 2. Concrete mixture designs
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Cycle ID Operations
- Reaching 200 degrees
- Maintaining 200 degrees for 2 hrs
- Shut down
- Reaching 200 degrees
- Maintaining 200 degrees for 12 hrs
- Shut down
- Reaching 200 degrees
- Maintaining 200 degrees for 12 hrs
- Shut down for 12 hrs
- Reaching 200 degrees
- Maintaining 200 degrees for 12 hrs
- Shut down
- Reaching 400 degrees
- Maintaining 400 degrees for 2 hrs
- Shut down
- Reaching 400 degrees
- Maintaining 400 degrees for 12 hrs
- Shut down
- Reaching 400 degrees
- Maintaining 400 degrees for 12 hrs
- Shut down for 12 hrs
- Reaching 400 Degrees
- Maintaining 400 degrees for 12 hrs
- Shut down
- Reaching 600 degrees
- Maintaining 600 degrees for 2 hrs
- Shut down
Table 3. Details of heating cycles
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Fig. 5. Appearance of SF-5-1 specimens after heat exposure
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Fig. 4. Compressive and splitting tensile strengths before heat
exposure
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Fig. 7. Compressive strength retention after exposure to 400-
degrees heating cycles
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Fig. 6. Compressive strength retention after exposure to 200-
degrees heating cycles
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Fig. 9. Splitting tensile strength retention after exposure to 200-
degrees heating cycles
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Fig. 8. Compressive strength retention after exposure to 600-
degrees heating cycles
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Fig. 11. Splitting tensile strength retention after exposure to
600-degrees heating cycles
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400-degrees heating cycles
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Fig. 12. Relationship between residual compressive and tensile
strengths
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Fig. 13. Effect of silica fume on compressive (top) and tensile
(bottom) strength retention for specimens with w/c=0.35
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Abstract

A significant number of engineering structures around the world are exposed to fire on a daily basis.
The most important effect of fire on the structure is elevated temperatures, which may reach more than
1000 degrees Celsius and cause not only thermal stresses and deformations but also diminished
mechanical properties of materials comprising the structure. Fire-related collapses have been observed
in numerous structural fires. However, many reinforced concrete structures exposed to fire do not
demonstrate notable apparent damage and survive despite having experienced elevated temperatures
before the fire is put out. Estimating the residual strength of such structures is of critical importance
when deciding whether such structures can be safely used after fire. Moreover, in many industrial
applications, there is a need to concrete that can withstand repeated long-term cycles of elevated
temperatures without diminished mechanical properties. The objective of this paper is to investigate
the effects of silica fume and fly ash as two widely used supplementary cementitious materials on the
residual strength of concrete exposed to elevated temperatures and evaluate while such materials can
be of benefit in improving the strength retention in case of heat exposure. Using 19 mix designs, a
series of 570 concrete cylinders was fabricated using different water to cement ratios (0.35, 0.5, and
0.65), silica fume replacement ratios (0, 10, and 15 percent), and fly ash replacement ratios (0, 10, 20,
and 30 percent). The specimens were cured in water for 56 days, after which they were placed in a rate-
controlled large-scale electrical furnace, and their residual compressive and tensile strengths were
measured before heat, and after heat exposure for 2-, 12-, and 24-hour heating cycles with temperatures
reaching 200, 400, and 600 degrees Celsius. To eliminate the risk of explosive spalling, all specimens
were preheated at a temperature of 100 degrees for 24 hours before the main heating cycle. Results
showed that the compressive and tensile strengths did not reduce noticeably after exposure to 200
degrees but demonstrated a significant drop after exposure to 400- and 600-degree cycles. In many
cases, the residual compressive and tensile strengths of specimens were found to be smaller than those
predicted in previous studies. The square root equation widely used in the literature was found to
provide a reasonable lower-bound estimate of the residual splitting tensile strength of concrete from
the residual compressive strength; however, a linear trend was identified to provide a more accurate
estimate for the results of this study. Moreover, due to less scatter, the splitting tensile strength was
found to be a better indicator of heat damage in the structure than the compressive strength. The use of
silica fume did not result in a meaningful trend in the residual compressive strength but reduced the
residual tensile strength of specimens. Fly ash, on the other hand, could increase the residual
compressive strength of the specimens but reduces the residual tensile strength. The results suggest that
generally, and with few exceptions, these two supplementary cementitious materials are not
recommendable choices for improving the strength retention of concrete in case of heat exposure.
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