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Abstract

Objectives: To investigate the influence of adding alccofine and nano-silica as
an additive on the behavior of concrete at elevated temperatures. Methods:
Concrete specimens with and without nano-silica and alccofine were heated to
temperatures of 200°C to 1000°C for 4, 8, and 12hours. In this study, relative
compressive strength and ultrasonic pulse velocity were investigated. Using
regression analysis, a relation between compressive strength and temperature
was derived and compared with other relations. Findings: The outcomes
demonstrated that elevated temperatures degraded the microstructure of
concrete and reduced the relative compressive strength and ultrasonic pulse
velocity. The percentage of degradation was higher in nano-silica and alccofine
concrete at 1000°C. The proposed relation was found accurate compared to
other relations. Novelty/Applications:As the temperature increases above
600°C, control mixes performed better than the concrete mixes using nano-
silica and alccofine.

Keywords: concrete; alccofine; nanosilica; fire resistance; ultrasonic pulse
velocity

1 Introduction

The destruction of life or property is caused by fire in buildings and infrastructure .
Since ordinary concrete is regarded as the primary material in buildings and structures
all over the world, there is a significant need to fully comprehend the impact of flame on
concrete V), Many authors have examined and recorded the action of concrete against
fire, and it has been discovered that concrete is fire resistant®. Concrete behavior at
high temperatures is determined by its material properties, heating intensity, and high
temperature. During several heating situations, the key damaging factors are C-S-H gel
degradation, the thermal imbalance between the cement paste and aggregate, and pore
water pressure inside the concrete mix®). Understanding the morphology and chemical
processes of the hardened concrete produced by the hydration of cement is critical for
ensuring the best use of additives in concrete . Concrete buildings need to be assessed
after intense fire®.
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Furthermore, wholly evolved fires trigger structural part expansion, leading to strains and stresses that should be avoided . The
goal of a post-fire exploration is to figure out how much damage there was and how dense the fire-damaged concrete is still. Even
then, after a severe fire, evaluation of the overall safety condition is needed to make the best judgment on the structural fixing,
reconstruction, or strengthening plan to be used as an option to demolition *”). Most building elements subjected to elevated
temperatures resulting from the fire have deteriorated; it might or might not be noticeable®. The assessment of damaged
concrete can be done in two ways. The first one is the direct method by determining the residual compressive strength. The
indirect method uses ultra-sonic pulse velocity (UPV) test and microstructural analysis to know the quality of the fire-damaged
concrete. The use of assumed tests for compressive strength of concrete employing NDT tests is preferred in terms of structure
protection in fire and the ease with which data concerning the fire situation can be collected®. Numerous nondestructive
techniques are often used to evaluate concrete loss and degradation after subjected to a fire, but UPV and rebound hammer
(RH) tests can be effectively used to measure residual strength after fire 1!V The ultrasonic approach is widely used to assess
the durability of concrete buildings in place !>!, Chemical changes and physical changes in concrete morphology under such
scenarios significantly impact its mechanical characteristics !>, Even though the precision of predicting compressive strength
via UPV is not high, a relative decrease in UPV, regularly assessed in a concrete specimen exposed to elevated heating, can be
used to identify the occurrence of defects in concrete 117,

It is essential to understand the strength and decomposition properties of concrete using additives subjected to elevated
temperatures in order to assess the reaction of those structures during and after susceptibility to high temperatures!®), The
current paper examines the characteristics of concrete using nano-silica and alccofine at elevated temperatures, focusing on the
compressive strength, ultrasonic pulse velocity, and derivation of relation between compressive strength and temperature.

2 Materials and Methods

2.1 Cement

Ordinary Portland cement of 53 grade was procured from local suppliers. The standard consistency of cement is 32 percent,
and the initial setting time and final setting time are 56 and 259 minutes. The properties of cement are shown in Table 1.

Table 1. Physical properties of Cement

Standard Consistency ~ Specific gravity ~ Final setting time  Initial setting time ~ Fineness Soundness  (Le  Chatelier
method)

(%) - (min) (min) (m?/kg) (mm)

32 3.15 259 56 300 1.2

2.2 Fine aggregate (FA) and coarse aggregate (CA)

Sand confirming to Zone -II was used as fine aggregate, and additional materials, if any, are removed from sand by passing
it through a sieve size of 4.75mm. Crushed stone of 20mm size is used as coarse aggregate. Fine and coarse aggregates were
brought from local suppliers. Physical characteristics of fine and coarse aggregates are given in Table 2.

Table 2. Physical characteristics of fine and coarse aggregates

Properties FA CA
Fineness modulus 3.18 7.6
Specific gravity 2.65 2.79
Bulk-density (kg/m?) 1520 1416

2.3 Nano silica and alccofine

Nano silica of average particular size 17nm was procured from Asstra chemicals, Chennai, India. Alccofine of size 4-6um was
obtained from local dealers. The properties of nano-silica (Ns) and alccofine (Al) are given in Table 3.
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Table 3. Chemical and physical properties of materials

Item Ns Al
Calcium oxide 0.06% 32.1-34.3%
Silicon dioxide 99.88% 33-35%
Aluminum oxide 0.01% 18.0-20.0%
Ferric oxide 0.00% 1.8-2%
Magnesium oxide - 8.0-10.0%
Sulfur trioxide - 0.30-0.70%
Avg. particle size 17nm 4-6um

2.4 Superplasticizer and water

Conplast SP430 DIS, with brand name Fosroc, is a brown liquid that is immediately soluble in water and is based on Sulphonated
Naphthalene Polymers to improve the workability of concrete. It is combined with water and added to the concrete.

3 Research methodology

Mix design of three concrete grade M40, M50, & M60 was done using according to the 1510262:2019 and IS 456:2005. In this
study, the comparison of control mixes and mixes using nano-silica and alccofine was made. The percentage of nano-silica and
alccofine is taken as 15% and 3%. The mix proportions of all the mixes are given in Table 4. A total of 324 cubic samples of size
150mm were cast and cured in water for 28 days, with three samples from each mix. Then all the samples were removed from
the curing tank, dried, and then subjected to room temperature, 200, 400, 600, 800, & 1000 °C temperatures for the fire period
of 4, 8, & 12 hrs electric furnace as shown in Figure 1. After that, the samples were allowed to cool in the open air until they
reached room temperature. The heating & cooling rate details are presented in Figure 4. All the samples were first measured
for ultrasonic pulse velocity using the ultrasonic pulse velocity test apparatus shown in Figure 2. Then same samples were put
in the compression testing system shown in Figure 3 to determine compressive strength. The relative compressive strength and
derivation of relation between relative compressive strength and temperature were done. The flowchart of the experimental
procedure is shown in Figure 5.

Table 4. Mix proportions (for 1 m3) and notations of different mixes

Mix SCM Nota- Water Cement Fine agg. (FA) Coarse agg. (CA)  Alccofine (AL) Nano silica (NS)  w/c
tions (Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3)
M40 O M4 160 400 667 1248 - - 0.4
AL+Ns M4AINs 160 328 667 1248 60 12 0.4
M50 O M5 159 440 642 1243 - - 0.36
AL+Ns M5AINs 159 360.8 642 1243 66 13.2 0.36
M60 O M6 158 527 596 1218 - - 0.3
AL+Ns M6AINs 158 432.2 596 1218 79 15.8 0.3

Fig 1. Samples placed in electric furnace
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Fig 2. Compression testing machine

Fig 3. Ultrasonic pulse velocity measurement of concrete samples
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Fig 5. Flowchart of the experimental procedure

4 Results and Discussion

4.1 Relative compressive strength

Relative compressive strength (RCS) is the ratio of compressive strength at a particular temperature to compressive strength at
room temperature. Relative compressive strength values of the concrete blends at different temperatures and fire durations are
demonstrated in Figures 6, 7 and 8. At 200°C after 4 & 8 hours of heating, the RCS was greater than 1, indicating an increase in
strength for both control and Al+Ns mixes. If the temperature rises, water from the binder structure evaporates, improving the
cement paste and increasing concrete strength. Thus, Al+Ns mixes with dense microstructures have a relatively low increase in
strength due to less vaporization of water and increased pore pressure !”). The M4 and M6 mix showed the highest RCS of 1.15
at 200°C. The vaporization of water from the voids reduced RCS from 1 to 0.89 at 400°C as fire length increased from 4 to 8
hours. The control mixes M4, M5, and M6 have an RCS of 1 to 0.93, and M4AINs, M5AINs, and M6AINs mixes with an RCS
of 0.98 to 0.89. The coeflicients of thermal expansion of cement paste and aggregate also play a role in the loss of strength with
temperature (20),
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Fig 6. Relative compressive strength Vs. temperature for 4hrs fire duration
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Fig 8. Relative compressive strength Vs. temperature for 12hrs fire duration

Furthermore, as the fire duration at 600°C increased, the RCS of M4, M5, and M6 mixes ranged from 0.95 to 0.72. While
M4AINs, M5AINs, and M6AINs mixes ranged from 0.78 to 0.59. At 800°C, the RCS of all the concrete mixes was less than 0.6.
And the RCS subsequently decreased to 0.24 for the Al+Ns mix and 0.32 for the control mix at 12 hours. The dense morphology
is mainly impervious, which is harmful at high temperatures. It prevents water from escaping, contributing to the development
of pore water pressure and thereby leading to microcrack formation, resulting in rapid degradation of RCS V. At 1000°C, the
RCS was between 0.48 and 0.27 after 4 hours. When the fire duration increased to 8 hours, the values were half of what they
were after 4 hours. As fire duration increased to 12 hours, the strength was between 0.15 & 0.08 because of the increase in
microcracks, as shown in Figure 9. Beyond 400°C, the M4AINs, M5AINs, and M6AINs mixes were the most affected by fire,
and this degradation may be attributed to the decomposition of C-S-H hydrates. As a result, it can be concluded that RCS of
M4AINs, M5AINs, and M6AINs mixes was less compared to M4, M5, and M6 at all temperatures due to the pore water pressure
development in compact morphology Al+Ns mixes?!).

ek’ gl *

800°C 1000°C

Fig 9. Visual appearance of samples exposed to temperatures of 200°C, 400°C, 600°C, 800°C, &1000°C
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4.2 Ultrasonic pulse velocity

Ultrasonic Pulse Velocity test is one of the most powerful and versatile indirect techniques used for assessing the damage level
in concrete subjected to fire, regarding the loss of strength and durability?. Because of its flexibility in gathering data about
the fire situation, using the UPV test for estimating the compressive strength of concrete is recommended. Figures 10, 11 and 12
shows UPV test results of concrete specimens subjected to a temperature of 200°C to 1000°C. Due to higher temperatures, the
micro-structures of the concrete specimens used in the investigation deteriorated, resulting in reduced UPV values. The quality
of concrete specimens in terms of internal flaws, cracks, and uniformity can be evaluated with the help of guidelines given in IS
13311 (Part 1): 1992. When exposed to a fire for 4 & 8 hours at 200°C, except for M6 and M6 AINs mixes, which showed improved
UPV values, all concrete mixes had UPV values greater than 4.5 even after reduction. As a result, the concrete quality remained
excellent, consistent with compressive strength results, which showed an increase in strength at 200°C from Fig. 7, 8. UPV values
were between 3.5 and 4.5 Km/sec at 200°C for 12 hours and 400°C for 4 and 8 hours, suggesting that the concrete was of good
quality and signaling a decrease in strength and change in microstructure. At 600°C, UPV values decreased by 63 to 69 percent.
The reduction was relatively similar for all concrete mixes except M4, which showed a lower reduction, and M6AINs showed a
higher reduction. And as the fire duration rose to 8 and 12 hours, the percent reduction increased further by 4 to 8% and 8 to
17%, respectively. The UPV values were reduced by 92 to 99% at 800°C with increased fire duration. The reduction percentage
was higher for M4AINs, M5AINs, and M6AINs mixes due to the more porous structure generated by CSH gel disintegration.
From Fig. 10, 11, & 12, the further increase in temperature and fire duration, UPV values decreased dramatically and finally
reduced to zero at 1000°C. As the rapid rise in temperature triggers dehydration of calcium silicate hydrate(C-S-H), significant
changes in porosity and permeability of concrete occurs and leads to the development of microcracks > in concrete which
causes a reduction in transmission speed of sound waves passing through concrete specimens 24),
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Fig 10. Ultrasonic pulse velocity at different temperature for 4hrs fire duration
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Fig 12. Ultrasonic pulse velocity at different temperature for 12hrs fire duration

4.3 The proposed relationships between compressive strength & temperature

Developing a mathematical relationship for calculating concrete residual compressive strength at higher temperatures is a
valuable technique for designing concrete structures®”). Since the majority of the relationships were based on cylindrical
residual compressive strength, regression methods were used to create a relationship between relative cylindrical compressive
strength and temperature for various concrete mixes. The cylindrical compressive strength was calculated by multiplying cube
compressive strength with 0.8 according to BS 1881: Part 120:1983 ). Furthermore, since most of the relationships derived
were based on a constant fire period of 30 minutes to 4 hours, the proposed relation was developed for concrete specimens
subjected to a fire duration of 4 hours in this study (1®?1?728)_ The proposed equations in the polynomial form shown in Table 6
& Figures 13, 14 and 15 are established to evaluate the residual compressive strength at various temperature exposures. The
proposed equations showed acceptable reliability since correlation coefficient R? is between 0.89 to 0.98 for all the concrete
mixes ?”). Table 5 summarizes the relations developed by others researchers to calculate residual compressive strength at
different temperatures. The proposed relation was compared to the relation proposed by Eurocode and various types of relations
formed by other researchers, such as 1, 2, and 3-degree polynomial relations.
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Fig 13. Correlation between temperature and f,.«7/f.«p7 for M4 & M4AINs mix
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Fig 15. Correlation between temperature and f.-7/f.«o7 for M6 & M6AINs mix

Table 5. Relations from code of practice and other researchers

Source Relations

Eurocode et al. 27) for =f, T <100 oC
f.op =f. x (1067 — 0.00067 x T) > 0, 100 < T < 400 oC
foor = fc x (1.44 — 0.0016 x T) > 0, T > 400°C

Raza et al. (19 f.p = . (-3E-06x2 + 0.0014x + 0.9365), 25 < T < 800°C
Li and Purkiss et al. @%) for = foo x (0.00165 x (155)° — 0.03 X (755)% + 0.025 X (755) + 1.002)
Hassan et al. 0 f.p = (20731.45 x £« + 11.76 x T1708) / (20731.45 + T1798) 20 < T < 800°C

https://www.indjst.org/ 1655


https://www.indjst.org/

Ashwini & Rao / Indian Journal of Science and Technology 2021;14(20):1647-1660

Table 6. Proposed Relations for different concrete mixes

Concrete mix Relation R2

M4 fop/fon7 = -9E-07T2 + 6E-05T + 1.0571 0.9452
M4AINs fop/fan7 = -1E-06T2 + 0.0004T + 1.0359 0.9369
M5 f.p /07 = -9E-07T2 + 0.0001T + 1.0374 0.9771
M5AINs f.p/fa07 = -9E-07T2 + 0.0003T + 1.0414 0.8912
Me6 f.p/fo07 = -9E-07T2 + 0.0001T + 1.0302 0.9833
M6AINs f.p/fo7 = -1E-06T2 + 0.0004T + 1.0315 0.9575

Compared to other relations, Figures 16, 17, 18, 19, 20 and 21 showed that the proposed relation’s values were approximately
equal to experimental values. The values obtained from Raza et al. 1) relation was approximately comparable to predicted values
up to 600°C, with the amount of similarity was more remarkable for the M4AINs, M5AINs M6AINs mixes. At 200°C, all other
relations except Raza et al. 1) relation showed a decrease in residual compressive strength for all the concrete blends. The values
determined using the existing Eurocode relation ®” for all the concrete blends were lower than predicted, and experimental
values and a decrease in residual compressive strength were observed at 200°C.
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Fig 16. Compressive strength calculated from different relations w.r.t temperature for M4 mix
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Fig 18. Compressive strength calculated from different relations w.r.t temperature for M5 mix

Fig 19. Compressive strength calculated from different relations w.r.t temperature for M5AINs mix

Fig 20. Compressive strength calculated from different relations w.r.t temperature for M6 mix
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Fig 21. Compressive strength calculated from different relations w.r.t temperature for M6AINs mix

The percentage difference between experimental and predicted values is determined for each of the concrete blends
mentioned in Tables 7 and 8. The negative sign of % error indicates that predictive values are higher than experimental values,
while the positive sign indicates that predictive values are lower than experimental values. M4, M5, and M6 had a percent error
of -34 to 7%, while M4AINs, M5AINs, and M6AINs had a percent error of -20 to 34%. For temperatures up to 600°C, the percent
error was between -8 and 8, with the percent error being lower for M6 and M6AINs. Therefore, the proposed relations can be
used to determine the residual compressive at different temperatures.

Table 7. Error analysis for control mixes

Temp. M4 M5 M6

O Exp.values  Pred. val- % Error Exp. Pred. val- % Error Exp. Pred. val- % Error
ues values ues values ues

27 40.94 42.82 -5% 46.95 49.24 -5% 54.80 57.08 -4%

200 47.08 44.05 6% 53.01 50.02 6% 63.22 58.72 7%

400 40.82 42.41 -4% 46.42 47.77 -3% 53.90 56.53 -5%

600 38.81 37.50 3% 44.66 42.13 6% 50.77 49.95 2%

800 24.25 29.31 -21% 24.68 33.12 -34% 31.06 38.99 -26%

1000 18.38 17.85 3% 22.31 20.72 7% 19.53 23.65 -21%

Table 8. Error analysis for Al+Ns mixes

Temp. M4AINs M5AINs MG6AINs

<) Exp.values Pred. val- % Error Exp. Pred. val- % Error Exp. Pred. val- % Error
ues values ues values ues

27 52.80 55.87 -6% 56.56 58.79 -4% 66.15 68.28 -3%

200 58.45 54.55 7% 60.72 57.77 5% 70.40 67.09 5%

400 51.98 49.48 5% 55.31 52.79 5% 64.00 61.27 4%

600 41.32 40.61 2% 42.78 43.74 -2% 51.11 50.68 1%

800 23.25 27.94 -20% 26.80 30.62 -14% 33.03 35.34 -7%

1000 17.30 11.46 34% 15.29 13.43 12% 18.97 15.23 20%
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5

Conclusion

The conclusions are being drawn based on the findings in the present research. The relative compressive strength was greater
than 1 at 200°C after 4 and 8 hours, indicating an increase in strength for both control and Al+Ns mixes. But as the temperature
and fire duration increased, the relative compressive strength decreased. M4AINs, M5AINs, and M6AINs mixes had the lowest
relative strength of 0.08 to 0.09 at 1000°C for 12 hours. The relative compressive of M4AINs, M5AINs, and M6AINs mixes was

less

compared to M4, M5, and M6 at all temperatures. As exposed to a fire for 4 and 8 hours at 200°C, all concrete mixes had UPV

values greater than 4.5, indicating excellent quality. The ultrasonic pulse velocity reduced as the temperature and duration of

the

fire increased, with the percentage decrease being greater for M4AINs, M5AINs, and M6AINs mixes at all temperatures. The

dramatic decrease in the ultrasonic pulse velocity values of all concrete mixes beyond 400°C clearly showed a rapid degradation

int

he physical state of the concrete specimens. At 1000°C, the ultrasonic pulse velocity values were reduced to zero for all

concrete mixes due to increased porosity. The proposed equations in polynomial form had a correlation coefficient R? almost

equ

al to 1 for all the concrete mixes, and it showed acceptable reliability compared to other relations.

Limitations

As the temperature rose above 600°C, the efficiency of Al+Ns mixes decreased compared to the control mixes.

Future scope

Since lightweight aggregates have a lower heat conductivity, in future research, we can study the performance of concrete using
lightweight aggregates, alccofine, and nano-silica at high temperatures.

Nomenclature
RCS Relative compressive strength
Al Alccofine
Ns Nano-silica
Al+Ns mix Concrete using alccofine and nano-silica
UPV Ultrasonic Pulse Velocity
for Cylindrical compressive strength at temperature “T”
fr07 Cylindrical compressive strength at temperature 27°C’
f, Cylindrical compressive strength at room temperature
T Temperature
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