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Abstract

In this study, the effect of colloidal nano-silica replacing a fraction of cement and recycled concrete fine aggregate replacing
natural sand on the post-fire mechanical features and durability of concrete was explored. To achieve this goal, 189 concrete
samples were manufactured in total, with key variables being the volume of fine aggregate at 0, 50, and 100% replacing
natural fine aggregate, the volume of nano-silica at 1.5, 3, 4.5, and 6% replacing the cement weight, and the exposure tem-
perature at 20, 300, and 600 °C. Parameters selected for consideration in the concretes consisted of compressive capacity,
splitting tensile capacity, elastic modulus, ultrasonic pulse velocity (UPV), and weight loss. Furthermore, using scanning
electron microscopy (SEM) imaging, the microstructural condition of different sample groups was investigated. According to
the findings, as the content of the recycled fine aggregate (RFA) replacing natural fine aggregate increased, the compressive
capacity of the unheated and heated concretes declined, and the rate of this drop became greater as the replacement volume
increased. On the other hand, the presence of the nano-silica and an increase in its content replacing the cement content in
recycled aggregate concrete improved the compressive strength relative to the reference concrete for all the exposure tem-
peratures, with the greatest improvement for the replacement percentage of 4.5%. In addition, the heat-induced compressive
capacity drop was more pronounced at higher replacement levels of nano-silica. With a rise in the exposure temperature of
the samples with only the recycled fine aggregate, fewer microcracks formed compared with the samples containing both
recycled fine aggregate and nano-silica. The maximum weight loss occurred in the recycled sample containing the highest
contents of nano-silica and recycled aggregate. Afterward, it was attempted to estimate the mechanical features of concrete by
developing several empirical formulas as a function of temperature and volume fractions of recycled fine aggregate and nano-
silica. These formulas were evaluated against the test data of this study and others, which showed an acceptable correlation.
Finally, the findings of the tests were evaluated against the predictions of ACI 216, EN 1994-1-2, EN 1992-1-2, and ASCE.
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is accumulating in landfills, leading to many problems for
the environment [3]. Reusing old concrete waste in fresh
concrete as recycled aggregates leads to the preservation
of mineral resources, reduces the use of natural aggregates,
protects the environment, lowers energy consumption, and
cuts construction costs [4]. Recycled aggregates have old
mortar stuck to them and thus, are generally less dense
and resistant than natural aggregates, but their porosity is
higher than natural aggregate [5]. Nevertheless, a number of
researchers have explored the properties of recycled concrete
aggregates. Solyman [6] reported that in comparison with
natural fine aggregate (NFA), recycled fine aggregate (RFA)
is more angular, irregular, and porous. Evangelista and De
Brito [7] obtained higher values for the water absorption of
RFA than NFA. The literature has shown that RFA is larger,
more heterogeneous, and porous than NFA and has higher
water absorption. Studies have also been done on the physic
mechanical features of concrete with RFA. Solyman [6]
demonstrated that the RFA quality affects the concrete com-
pressive capacity, and the removal of mortar stuck to the pri-
mary natural aggregates in waste concrete can enhance the
RFA quality. Also, according to the test results, the splitting
tensile capacity of the samples declined by 19% at the RFA
replacement percentage of 70%. Moreover, Nam, et al. [8]
stated that the compressive and tensile capacities of RFAC
were 10 and 26% less than concrete containing natural fine
aggregate (NFA), respectively. Akono, et al. [9] studied the
microstructure of concrete with RFA and reported that the
porosity of C-S-H gel in RFA concrete was 56% of the total
porosity. Pedro, et al. [10] observed that the compressive
strength of recycled concrete compared to that of concrete
containing natural aggregates declined by 5.4% (when 100%
of natural aggregate was replaced with recycled aggregates),
10% (when 100% of natural fine grain was replaced with
recycled fine grain) and 15% (when 100% of natural fine
grain and coarse grain were replaced). This can be a use-
ful solution to environmental problems due to the disposal
of such waste. According to the above studies, using RFA
in concrete lowers its the mechanical and physical features
[11]. Thus, increasing the RFAC resistance is essential [12].
A number of strategies have been put forward to improve
the capacity loss in RFAC, including an increase in the
cement content and adding mineral additives [13]. There-
fore, pozzolans can be used as cement additives to improve
the mechanical and physical properties of concrete [14].
Using pozzolans to replace a fraction of the cement weight
in recycled concretes improves the structure of concrete by
enhancing the cement paste—aggregate interface transition
zone (ITZ) [15]. This occurs as a result of the conversion of
calcium hydroxide to calcium-silicate-hydrates gel (C-S—H)
with the help of reactive silica, and also the reduction of the
size and volume of weak calcium hydroxide (CH) crystals
at the cement paste and aggregate interface [16]. Nowadays,
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practitioners working in the concrete technology field are
becoming increasingly interested in using nanoparticles as
new high-tech materials with minute particle sizes [17].
Nano-silica is one such material that increases the rate of
the pozzolanic reaction and fills the nanometer-sized poros-
ity of concrete because of its very small size and very high
specific surface area relative to other pozzolanic materials
[18]. Amin and Abu el-Hassan [19] explored how various
nanomaterials affected mechanical properties of high-capac-
ity concrete and found that substituting 3% of cement weight
with nano-silica as the optimal volume fraction significantly
improved the mechanical features of concrete. Palla, et al.
[20] focused on the concrete mechanical features by add-
ing 0.5-3% silica nanoparticles substituting for the cement
waste at water/binder ratios of 0.23, 0.25, and 0.3. It was
found that the mechanical features and durability of nano-
silica-containing concrete improved by 20-30% compared to
reference concrete. Sravanti and Sreeparvathy [21] examined
how concrete capacity was affected by the incorporation of
nano-silica. Nano-silica was used at 1, 2, 3, and 4% substi-
tuting for the cement weight. Their results showed that the
addition of nano-silica increased the compressive and tensile
capacity by 6-13% and 44-83%, respectively, with the high-
est amount of concrete containing 2% nano-silica.

1.2 Temperature

The load-carrying and mechanical characteristics of con-
crete elements will alter if a fire occurs in a structure as
a possible phenomenon during its lifetime. To design and
analyze nonlinear concrete members and study how the
structure responds to high temperatures, it is necessary to
assess the concrete mechanical features. Degradation of
mechanical and physical properties and change in cracking
behavior of heated concrete are caused by microcracks and
internal stresses, and the decomposition of chemical com-
pounds in cement paste [22]. In concrete, there is no sharp
drop in capacity at temperatures below 300 °C; thus, through
rehydration, the lost amount of capacity is partially restored,
but if the temperature exceeds 300 °C, the high capacity of
concrete is gone, and will not be restored [23]. The literature
shows that recycled concrete has less cracking and less dam-
age due to high porosity in the structure of concrete pores
than ordinary concrete. In other words, the fire resistance
in concretes containing recycled aggregate is higher than in
ordinary concrete. This is because of the release of the water
vapor pressure from the porosity of the recycled aggregate
during the heating process, and the result is less damage
to concrete [24]. Tanyildizi and Coskun [25] investigated
the contribution of microsilica incorporation to the post-
fire splitting tensile capacity and compressive capacity of
lightweight concrete. According to the results, an increase in
temperature lowered the compressive and tensile capacities
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of the samples. Also, test results demonstrated that for all
temperatures, the highest values of compressive and tensile
capacities occurred in lightweight samples with 20% micro-
silica. Liu, et al. [26] explored the mechanical features of
thermally insulated concrete incorporating recycled parti-
cles after experiencing high temperatures and reported that
with a rise in temperature, the residual compressive capacity
and elastic modulus of the concrete decreased significantly.
However, the compressive capacity and elastic modulus val-
ues of concrete with recycled aggregate were always greater
than conventional concrete. Baradaran-Nasiri and Nematza-
deh [27] examined the impact of temperature on the durabil-
ity and mechanical features of concrete containing recycled
aggregate. Per the results, after passing the temperature of
800 °C, the samples containing recycled aggregate experi-
enced a greater compressive capacity relative to the sample
of ordinary concrete; thus, strength of the sample with 100%
recycled particles was about twice that of the sample of nor-
mal concrete. Bui, et al. [28] investigated the effects of tem-
perature on the mechanical features of samples incorporating
recycled aggregate. It was reported that the heated recycled
concretes had higher residual compressive capacity values
compared with other samples at 20 °C.

2 Objective of present research

The increasing volume of municipal waste, especially from
the demolition of buildings and worn-out urban fabric, has
created many problems in large cities, and the recycling of
this construction waste helps to protect the environment.
On the other hand, extensive research has been done on
the mechanical and physical features of recycled concrete
containing pozzolans, while limited research is available on
the effect of temperature on the durability and mechanical
features of concrete containing recycled fine aggregate and
nano-silica pozzolan. Thus, the objective of this work was
to address the effect of RFA (0, 50, and 100% as volumet-
ric substitutes for sand) and colloidal nano-silica (1.5, 3,
4.5, and 6% as weight substitutes for cement) on the post-
heat mechanical features of recycled concrete (20, 300 and
600 °C). For this purpose, 189 concrete samples divided
into 7 test groups were manufactured, and parameters con-
sisting of the compressive capacity, pulse velocity, splitting
tensile capacity, elastic modulus, and weight loss of samples
were assessed. Then, it was attempted to predict the post-fire
mechanical features of concrete with RFA and nano-silica by
developing experimental formulas. Furthermore, the labora-
tory results for the mechanical features of heated concrete
were compared with the predicted values of ACI 216, EN
1994—-1-2, EN 1992-1-2, and ASCE. Finally, a microstruc-
tural analysis was performed to describe the microscopic

properties of concrete components using SEM spectroscopy
techniques.

The goals considered in the present research (innovation
of the research) are as follows:

1. Evaluation of the post-heating mechanical properties
of environmentally friendly concrete containing recycled
fine aggregate as a partial replacement for natural sand
and nano-silica as a partial replacement for cement.

2. Performing the ultrasonic pulse velocity (UPV) test in
addition to the conventional mechanical tests (compres-
sive strength, modulus of elasticity, tensile strength, etc.)
and providing a prediction model for the compressive
strength of heated and unheated concrete based on the
UPYV results.

3. Conducting scanning electron microscopy (SEM)
imaging to evaluate the condition of the microstructure
of heated and unheated concrete.

4. Determining the optimal percentage of nano-silica to
replace cement in improving the mechanical properties
of heated and unheated concrete.

5. Providing prediction models for different properties
of heated concrete as a function of the studied variables.
These models were proposed for parameters including
compressive strength, tensile strength and modulus of
elasticity. In order to confirm the models, the predicted
values of the presented models were compared with the
experimental results of the present research and other
research.

6. The results of the mechanical properties of heated con-
crete were compared against the predictions of the com-
mon codes of practice including ACI 216, EN 1994-1-2,
EN 1992-1-2, and ASCE.

3 Experimental study
3.1 Materials

Here, the coarse aggregate was crushed gravel with a max.
nominal diameter of 12.5 mm and water absorption of 0.3%,
and a density in saturated surface dry (SSD) mode of 2.68.
Also, crushed sand in two recycled and natural states was
used as fine aggregates with a modulus of softness of 3.1
and 2.8, specific density of 2.45 and 2.59 in SSD mode,
water absorption of 8.6 and 1.9%, and the maximum nomi-
nal size of 4.75 mm, respectively. The percentage of aggre-
gate passing through the sieves is shown in Table 1, and the
gradation of the natural coarse, natural sand, and recycled
sand is demonstrated in accordance with ASTM C33 [29] in
Fig. 1. Type II Portland cement was used here with a density
of 3.14, and also, nano-silica was used in different mixes
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Table 1 Grading of aggregate

Sieve size Fine agg. Coarse agg.
Regulation limit (ASTM Passing level (%) Allowable limit (ASTM Passing
C33) Min—Max C33) Min—Max percentage

Sand agg Recycled fine agg (%)

3/4 in. (19 mm) 100 - 100 100

1/2 in. (12.5 mm) 100 - 90-100 99

3/8 in. (9.5 mm) 100 100 100 40-70 66

No. 4 (4.75 mm) 95-100 99.28 100 0-15 34

No. 8 (2.36 mm) 80-100 86.5 94.6 0-5 1.15

No. 16 (1.18 mm) 50-85 67.58 55.42 - -

No. 30 (0.6 mm) 25-60 43.16 29.43 - -

No. 50 (0.3 mm) 5-30 19.42 13.28 - -

No. 100 (0.15 mm) 0-10 2.34 0.34 - -

Fig.1 Gradation of coarse and
fine aggregate

— — Regulations limit of sand

Gradation curve of natural fine aggregate

------ Regulations limit of gravel

Gradation curve of natural coarse aggregate

Gradation curve of recycled fine aggregate
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with replacement ratios of 1.5, 3, 4.5, and 6% by weight
of cement. The physicochemical features of nano-silica and
cement are presented in Table 2. Here, to achieve concrete
flowability of interest, a 3rd generation superplasticizer (SP)
based on polycarboxylate ether with a density of 1.1 was
poured into the mix to reach a high slump.

3.2 Mixing ratios and sample preparation

Mixing design ratios are presented in Table 3 per 1 m? of
concrete based on ACI 211.1R [30]. In this study, 7 series
of mixing schemes were considered with a water/cement
ratio of 0.5. Here, different percentages of recycled sand
were used separately and simultaneously with colloidal

@ Springer
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nano-silica in the concrete mix. To select experimental
groups and concrete mixes, first, RFA with three different
contents (0, 50, and 100%) was added to the concrete mix as
a volume percentage of natural fine aggregate, leading to 3
mixing designs. Then, nano-silica pozzolan with 4 different
percentages (1.5, 3, 4.5, and 6%) replacing cement weight
was incorporated in mixes containing the highest content of
recycled fine particles (100%), which resulted in 4 different
mixing designs. Therefore, the number of considered mixing
schemes reached seven.

The method of mixing the materials was in accordance
with previous research [31, 32]. After the mixes were pre-
pared, the slump test was performed per ASTM C143 [33]
to determine the performance of fresh mixes, with the results
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Table 2 Physicochemical properties of cementitious materials

Compound Cementitious material (%)
Portland cement Nano-silica
Sio, 20.6 98.8
AL O, 4.86 0.076
Fe,04 3.37 0.293
CaO 63.56 0.392
MgO 2.18 0.05
SO, 23 0.185
Na,O 0.33 0.328
K,O 0.54 0.08
TIO, - 0.064
P,0; - 0.129
ZnO - 0.021
CuO - 0.02
Physical properties
Specific gravity (gr/cm?) 3.14 14
Specific surface (m?/gr) 0.305 193
Initial setting time (min) 140 -
Final setting time (min) 190 -
Table 3_ Concrete mix Mix ID W/B Mix proportions (kg/m?>) SP (%)* Slump
proportion — . (mm)
Water Cement Nano- silica Fine agg Coarse agg
Recycled Natural
RFAONSO 0.5 215 430 0 0 845.8  865.3 0 120
RFA50NSO 0.5 215 430 0 397.9 4229 8653 0 100
RFAIOONSO 0.5 215 430 0 795.9 0 865.3 0 95
RFAIOONS1.5 0.5 215 423.6 6.5 795.4 0 865.3 0.1 85
RFAIOONS3 0.5 215 417.1 12.9 794.7 0 865.3 0.35 80
RFAI00NS4.5 0.5 215 410.7 19.4 794.1 0 865.3 0.46 70
RFAIOONS6 0.5 215 4042 258 793.1 0 865.3 0.6 70

*Percentage of the total weight of cementitious material

listed in Table 3. The prepared concrete mixes were poured
into molds and consolidated on a vibrating table. The sam-
ples were then demolded after 24 h and subjected to curing
per ASTM C192 [34].

As Table 3 shows, RFA indicates the concrete samples
containing the RFA, and the following number indicates the
replacement percentage of the RFA with the natural fine
aggregate. NS also represents nano-silica powder in the mix,
and the following number gives the replacement level of this
pozzolan for a fraction of the cement weight.

Here, 189 samples were fabricated to address the impact
of several recycled fine nanoparticles and nano-silica con-
tents on the durability and mechanical features of the sam-
ples having been exposed to high temperatures. Samples
were in two sizes including 63 cube samples with a side
length of 100 mm (21 samples in three groups) for com-
pression, pulse velocity, and weight loss tests, as well as
126 cylindrical samples with dimensions of 150 X 300 mm,
of which 63 (21samples in three categories) samples were
for tensile capacity tests and 63 (21 samples of three series)
samples were for testing the modulus of elasticity. Three
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identical samples were considered for each test group to
minimize errors and maximize reliability, and the reported
results were the average values of these three samples. The

Fig.2 The process of concrete
production to the testing

manufacturing to testing procedure of the samples is pro-

vided in Fig. 2.
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3.3 Exposure to heat

Prior to mechanical tests, each sample group was subjected
to three thermal classes of 20, 300, and 600 °C, with the
temperature of 20 °C considered as ambient temperature
and others as high temperatures. All samples to be exposed
to 300 and 600 °C were subjected to a pre-heating phase for
24 h at 60 °C in an electric oven until the surface became
dry and potential spalling could be prevented [35]. The
samples were placed in an electric furnace to be exposed to
target temperatures according to the thermal pattern shown
in Fig. 3, and after reaching the target temperature, they
were continuously heated at the same temperature for one
hour [36]. When the samples are exposed for greater than
1 h to a constant temperature, since the temperature at the
center of the sample is closer to the furnace temperature,
the outer surface of the sample is damaged more, particu-
larly at 600 °C. When different intended temperatures were
reached, the two furnace doors were slightly opened so that
the samples could slowly cool down and become ready for
tests. The samples remained outside the furnace for at least
7 days before the tests. Because concrete loses its physically
and chemically bound water following heat treatment and
experiences multiple cracks, it tends to absorb moisture in
the air. This absorbed moisture functions as a rehydration
agent, which leads to an increase in the volume of hydra-
tion products. This phenomenon applies lateral pressure on
the cracks and increases their width, which in turn lowers
the concrete capacity; therefore, it is necessary to leave the
sample outside in the laboratory environment for seven days
to further degrade the mechanical features of the concrete
[37]. Figure 3a shows how the samples are placed inside

Temparature (°C)

the electric oven. The heating regime for heated concrete
samples is shown in Fig. 3b.

3.4 Test procedures

In this study, the cubic 100 X 100 X 100 mm samples were
subjected to the compression test at 28 days of age based
on BS EN 12390 [38] with a 2000-kN compression tester
at a loading rate of 0.3 MPa/sec. At the same time, the
non-destructive ultrasonic pulse velocity (UPV) test was
performed per ASTM C597 [39].

For this purpose, a non-destructive electronic ultrasonic
machine accurate to 0.1 us was applied to determine the
ultrasonic pulse transmission time through direct trans-
mission. Also, transducers with a vibration frequency of
54 kHz, an accuracy of + 1% and + 2% for distance, were
used for travel time. Refractory grease was used to con-
nect the transducers to a smooth surface of concrete. In
each test on the samples, 5 measurements were made
by changing the location of the transducers at the two
opposite ends, and their average was calculated as the
end result. When the laboratory transmission times were
determined, the transmission speed of the ultrasonic pulse
in the samples was obtained as the transmission distance
(between the measured locations) divided by the transmis-
sion time. In addition, splitting tensile tests were carried
out on the 150 X 300 mm cylindrical concrete samples after
28 days of curing using the same compression device in
accordance with ASTM C496 [40] at a loading rate of
1.1 MPa/ min. On the other hand, ASTM C469 [41] can
be employed to calculate the modulus of elasticity of the
150 X 300 mm cylindrical concrete samples. The weight
loss test was also carried out on 100 mm cubic hardened
samples after exposure to heat according to ISO 834 [42].

900
750
600 T600
450
300 T300

150
T60 (Preheating)

0 60 120

Time (min)

(b)

180

Fig. 3 a Placement of the samples in the furnace; b heating regime applied to the samples
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4 Test results and discussion
4.1 Compressive capacity

The compressive capacity of the samples containing RFA
and nano-silica is provided in Table 4 and Fig. 4. As can
be seen in Table 4, the compressive capacity values of all
unheated samples vary from 32.8 to 42.1 MPa. Moreover,
from Fig. 4, it can be seen that substituting RFA for natural
fine aggregate by 50 and 100% lowers the concrete com-
pressive capacity by 9 and 21%, respectively; compared to
the sample without recycled aggregate. The compressive
capacity of recycled aggregate concrete declines due to the
mortar adhering to these aggregates, which further weak-
ens ITZ compared with conventional concrete (concrete
with no recycled aggregates). In addition, high porosity,
the presence of fine cracks, and the presence of dried mor-
tar stuck to recycled aggregate lead to a lower concrete
compressive capacity [33, 43].

On the other hand, adding nano-silica as a weight
substitute for cement to concrete containing 100% RFA
increases the compressive capacity relative to sample
with no nano-silica. The reason for the improved capacity

of sample incorporating nano-silica is a stronger bond
between cement paste and aggregates and less porosity
of the cement paste resulting from pozzolanic reactions
[44]. Nano-silica makes the mortar in concrete denser by
filling the porous space between the fine particles and the
cement paste. Table 4 demonstrates that in concrete con-
taining RFA, incorporating 1.5, 3, 4.5 and 6% nano-silica
increases the compressive strength of the samples by 8.8,
17.7, 28.4 and 21.6%, respectively, compared to the con-
crete without pozzolan. Nanoparticles have a very high
specific surface area, and thus, when their content exceeds
a certain limit (optimal value), they can form cohesive and
unstable lumps through a physical reaction, which reduces
the concrete compressive capacity improvement [44].
However, since the water absorption of this pozzolan is
high, incorporating it in large contents leads to an incom-
plete hydration reaction and reduced compressive strength
(e.g., 6% nano-silica in this work).

With increasing the temperature, different concrete sam-
ple groups saw a considerable decline in their compressive
capacity. For 300 °C, the compressive capacity of the refer-
ence sample (RFAONSO) declined by 15.6% compared to
that of the similar unheated sample. Also, concrete samples
containing 50 and 100% RFA saw a decrease in capacity of
15.9 and 16.8% compared to the similar unheated sample.

Table 4 Test data of heated and

Sample ID Tempera- Compres- Splitting ten- Modulus of Ultrasonic pulse Mass loss
non-heated concretes ture ("C) sive capacity sile capacity elasticity (GPa) velocity (km/s) (%)
(MPa)
Exp. Pre. Exp. Pre. Exp. Pre.
RFAONSO (R) 20 417 417 317 3.17 3296 3296 4.12 -
300 352 346 261 260 22.88 2458 3.57 3.1
600 246 248 143 149 944 975 207 6.0
RFA50NSO 20 37.8 38.1 298 295 28.60 2882 3091 -
300 31.8 316 246 242 2150 2150 3.38 4.5
600 228 227 137 138 887 852 199 6.9
RFA100NSO 20 328 329 275 276 2522 2571 3.78 -
300 273 273 231 226 1956 19.17 3.24 5
600 203 196 132 129 8.11 7.60 1.95 7.8
RFAI00NS1.5 20 357 369 288 3.04 2622 2743 3.89 -
300 294  30.6 241 249 20.68 2046 3.44 53
600 21.7 220 134 143 846  8.11 1.96 7.6
RFA100NS3 20 386 38.6 3.14 3.15 27.89 2851 4.16 -
300 31.8 320 261 259 21.70 21.26 3.70 4.8
600 231 230 145 148 837 843 206 8.2
RFA100NS4.5 20 42.1 398 337 324 29.67 2943 425 -
300 344 330 282 265 2282 2195 3385 4.4
600 253 237 150 152 855 870 2.13 8.1
RFA100NS6 20 399 409 320 331 2975 3026 421 -
300 322 339 267 271 21.87 2257 377 4.7
600 21.8 244 139 155 815 895 210 8.5
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Fig.4 Compressive capacity of
samples with RFA and nano-

BRFAONSO
B RFA100NS3

BRFASONSO
RFA100NS4.5

BRFAT00NSO
RFA100NS6

BRFAI00NSL.5

silica in terms of temperature

50

42.1

Compressive strength (MPa)
39.9

In general, the decrease in compressive capacity of samples
at this temperature can result from the release of free water
and chemical water in the C-S-H gel during exposure to
heat, which leads to micro-cracks on the surface and internal
stress and eventually capacity degradation [22, 45]. Further-
more, samples RFA100NS1.5, RFA100NS3, RFA100NS4.5,
and RFA100NS6 saw decreases of 17.6, 17.6, 18.3, and
19.3%, respectively, in the compressive capacity relative
to the similar unheated samples. Experimental studies have
shown that concrete porosity is filled after pozzolans are
added, creating denser concrete; the surface of this concrete
is cracked and scaled due to high heat [46]. For 300 °C,
as shown in Fig. 4, increasing the percentage of RFA low-
ered the compressive capacity of concrete relative to that
of the reference concrete. This can originate from weak
bonding between the recycled fine particles and the cement
paste, in turn leading to a weakened ITZ. In addition, with
a constant volume of RFA, as shown in Fig. 4, the com-
pressive capacity improves by 7-26% as the percentage of
nano-silica replacing the cement weight increased. At 600
°C, the compressive capacity of the samples dropped at a
higher rate than other temperatures, such that the reference
sample saw a compressive capacity reduction by 41% com-
pared to the similar unheated sample. Moreover, samples
RFAS50NSO, RFA100NSO, RFA100NS1.5, RFA100NS3,
RFA100NS4.5, and RFA100NS6 have a capacity reduc-
tion of 39.7, 38.1, 39.2, 40.2, 39.9, and 45.4%, respectively,
compared to the corresponding unheated samples. The sharp
drop in the capacity of the sample at this temperature occurs
due to the decomposition and chemical evaporation of cal-
cium hydroxide (CH) crystals, referred to as the dehydration

—
—

344
322
253
21.8

300
Temperature (°C)

600

phenomenon [35, 45]. The capacity loss after exposure to
600 °C compared to ambient temperature was between 38.1
and 45.4% for all concrete samples, with the lowest value
for sample RFA100NSO. Normalized compressive capacity
declined by incorporating nano-silica as a cement weight
substitute because nano-silica fills the pores of the concrete
structure and generates more compacted concrete. As a
result, the water vapor pressure release due to heat is pre-
vented and internal stresses increase, which ultimately leads
to a decrease in bearing capacity.

Figure 5 demonstrates the fracture surface of the com-
pressive test samples. In plain concrete without RFA, a regu-
lar and smooth fracture surface is seen, with cracks passing
through the particles; however, at higher RFA volumes, the
fracture surface becomes tortuous and irregular.

ITZ and the paste and the proximity of the aggregate
resistance led to a reduction in the dimensions of the fracture
process zone (FPZ) at the crack tip and also minimized the
crack dimension. As shown in Fig. 5, a higher RFA volume
increases the cement paste and I'TZ porosity, in turn chang-
ing the failure mode from failure through particles to failure
around them. Therefore, with increasing RFA replacement
percentage, fractal dimensions increase.

The normalized compressive capacity is the compressive
capacity after experiencing the temperature of interest, f,;,
divided by that at ambient temperature, f,. Figure 6 pro-
vides the normalized compressive capacity values for the
concrete samples per different temperatures. In addition, the
normalized compressive capacity for heat-exposed concrete
as proposed by ACI 216 [47], ASCE [48], and EN 1994-
1-2 [49] is also provided in Fig. 6. This figure shows that
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Fig.5 Failure modes under
compression load: a RFAONSO,
b RFA100NSO

Fig.6 Normalized compres-
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A relationship in the form of Eq. (1) was proposed by
the nonlinear regression for predicting concrete compressive
strength per parameters of temperature, volume of RFA, and
weight percentage of nano-silica. This equation has a high
coefficient of determination (R? = 0.97):

@ Springer

where T is the target temperature in degrees Celsius, 7" is the
temperature ratio, Vyp is the volume of RFA content and Wy
is the percentage of nano-silica replacement in concrete. To
further evaluate and validate the proposed model (Eq. 1), the
prediction results for compressive strength of concrete with
RFA and nano-silica after exposure to laboratory results
from other studies in the literature (Fallah and Nematzadeh
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[44], Baradaran-Nasiri and Nematzadeh [27], Agarwal, et al.
[50], Gao, et al. [51], Alhawat and Ashour [52], Yonggui,
et al. [53] and Gao and Wang [13]) are compared in Fig. 7.
Figure 7 shows that the results of the proposed compressive
capacity model of concrete are in good agreement with the
laboratory results of other researchers and the results of the
present study. It should be noted that the combined effect of
recycled fine granules and nano-silica on heat-exposed con-
crete samples was not found in the journals in order to study
and compare with the experimental relationships obtained
from the mechanical properties of the present study.

Figure 8 shows the response surfaces of the proposed
model at three temperatures of 20, 300 and 600 °C. Accord-
ing to the figure, it is observed that by adding a percentage
of RFA replacement, the compressive capacity of concrete
is reduced, and in contrast, by adding nano-silica as a sub-
stitute for part of cement to concrete it is increased.

4.2 Ultrasonic pulse velocity

The mean values of ultrasonic pulse velocity (UPV) for
heated and unheated concrete samples at different tem-
peratures are presented in Table 4 and Fig. 9. In general,
high levels of UPV are observed in higher-quality concrete.
On the other hand, its low values indicate the volume of
more cement products, as well as the presence of more
pores and a greater distance between concrete particles.
According to the concrete quality classification (based on
UPV) provided in IS 1331.1-1 [54], four levels of excel-
lent, good, medium and poor are defined, corresponding to

Fig.7 Comparison of the results

>4.5,35~45,3.0~3.5,and < 3.0, for which the UPV
range is expressed in kilometers per second, respectively.
Based on this classification, it is concluded that all concretes
with different design ratios in this study are in good, medium
and poor categories; thus, the quality of concrete mixtures
according to the amount of UPV at high temperatures is
reported as poor.

From the results, it can be seen that the amount of UPV
decreases significantly with increasing temperature. The
pulse velocity for reference concrete (RFAONSO) was
obtained as 4.12 km/s at ambient temperature. As the tem-
perature reached 300 °C, the pulse rate of concrete sample
RFAONSO decreased by 13.3% compared to ambient tem-
perature and reached 3.57 km /s. The slow pulse rate of the
samples at this temperature can be due to the escaping of
pore water and limited chemical water in the C-S-H gel,
which leads to a decrease in the integrity of the concrete
matrix. With increasing temperature to 600 °C, the pulse
speed of the concrete sample reached 2.07 km/s, showing
a49.8% decrease compared to the corresponding sample at
ambient temperature. The reason for this sharp drop is the
chemical decomposition of water in calcium hydroxide crys-
tals and the significant decomposition of hydrated calcium
silicate gel, which increases the voids in the cement paste
and creates fine cracks in the transfer area [46, 55].

As the percentage of RFA replacement in concrete
increased, the pulse velocity decreased significantly. The
pulse velocities for samples RFA50NSO and RFA100NSO
at 20 °C containing 50 and 100% RFA were 3.91 and

of the proposed compressive
capacity model with the labora-
tory results of other researchers
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Fig. 8 Response surfaces of the proposed model for compressive capacity at different temperatures a 20 °C, b 300 °C, and ¢ 600 °C
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Fig.9 Ultrasonic pulse velocity BRFAONSO BRFASONSO BRFAT00NSO BRFA100NSI1.5
of concrete samples exposed to BRFAI00NS3 RFA100NS4.5 RFA100NS6
high temperatures 6

5

Ultrasonic pulse velocity (km/s)

3.78 km/s, respectively. There was a pulse drop of 5.1 and
8.3%, respectively, compared to the sample without recycled
aggregate and nano-silica (RFAONSO). The reduction can
be due to high porosity, the presence of fine cracks, and the
presence of dried mortar in recycled aggregate. On the other
hand, the dried mortar around the aggregate particles causes
a lack of proper adhesion between the recycled aggregates
and the cement paste, which leads to a weak surface transfer
zone in the concrete and reduces the velocity of the waves
in the concrete. With increasing temperature to 600 °C, the
pulse velocities of samples RFA50NSO and RFA100NSO
experienced a drop of 49.1 and 48.4%, respectively, in com-
parison with ambient temperature, due to the decomposition
of hydrated products in the cement paste (as mentioned in
the previous section). On the other hand, the addition of
recycled aggregates to the concrete mix causes water vapor
to escape from the pores of the recycled aggregates dur-
ing the heating process, leading to a greater capacity of the
concrete.

On the other hand, Fig. 9 shows that the pulse veloc-
ity increases when nano-silica is incorporated into recy-
cled aggregate concrete. The reason for the increase in
the pulse velocity in concrete containing nano-silica is the
improved bond between aggregates and cement paste [44,
56]. According to Table 4 and Fig. 9, in concretes contain-
ing RFA, the pulse velocity increased by 2.9, 10.1, 12.4 and
11.4% compared to the corresponding concrete without poz-
zolan (RFA100NSO) at ambient temperature when 1.5, 3,
4.5 and 6% nano-silica by cement weight are added. Nano-
silica pozzolan enhances the recycled concrete structure
and its concrete core consistency by reducing the size and
amount of weak calcium hydroxide (CH) crystals present

—
—

4.25
4.21

—
—

3.85
3.77

2.13
2.10

300
Temperature (°C)

600

at the interface of cement paste and recycled aggregates,
hence the pulse velocity of concrete with RFA increased
with the increase of nano-silica as a weight substitute for
cement. However, with increasing temperature and reaching
600 °C, the pulse velocity of RFA100NS1.5, RFA100NS3,
RFA100NS4.5 and RFA100NS6 decreased by 49.6, 50.5,
49.9 and 50.1%, respectively, compared to the correspond-
ing samples at ambient temperature. This shows that the
rate of UPV drop in samples with different percentages of
nano-silica at high temperatures is approximately equal. For
600 °C, the addition of nano-silica to the concrete mix fills
the pores of the concrete structure and creates a denser con-
crete, which prevents the release of water vapor pressure due
to heat, resulting in surface cracks in the concrete sample
and spalling, which eventually leads to a significant drop in
pulse velocity.

Ultrasonic pulse velocity test (UPV) is used as a non-
destructive test to identify concrete integrity and concrete
defects such as heterogeneity and the presence of cracks
in the concrete volume, which are directly related to the
compressive capacity of concrete. According to the pass-
ing pulse velocities and available strengths, the quadratic
curve is the most suitable line passing through the desired
points. There is no general relationship between the use
of ultrasonic pulse velocity in estimating the compressive
capacity of concrete. Many researchers [35, 57, 58] have
shown that the relationship between compressive capacity
and ultrasonic pulse velocity can be evaluated with a poly-
nomial function; this relationship applies to samples con-
taining recycled aggregates and concrete samples contain-
ing pozzolans. Mukharjee and Barai [58] also proposed
a 2nd-degree curve for nano-silica recycled concrete.
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However, some researchers have proposed an exponen-
tial function for estimating the compressive capacity of
concrete using ultrasonic pulse velocities [59-61]. In this
study, nonlinear regression analysis was used for labora-
tory results with a suitable quadratic function, Eq. (2), to
determine the relationship between compressive capacity
and UPV for concrete samples containing recycled fine
nanoparticles and nano-silica after exposure to heat. It
shows a suitable coefficient of determination (R?>=0.94),
as can be seen in Fig. 10. From Fig. 10 and Eq. (2), it can
be concluded that with an increase in the pulse velocity
values in concrete, the compressive capacity increases:

60
;«f‘ f,=3.45V2-13.35V+35.6
S R2=0.94
£ 40 P
& %O,ﬁ
2 .=
320 ﬁ
=)
g
o
@]
0 : : : : :
0 1 2 3 4 5 6

UPV (kmvs)

Fig.10 Experimental relationship between compressive capacity and
UPV with laboratory data for all concrete samples exposed to high
temperatures

Fig.11 Comparison of the val-
ues of the developed model with

OPresent study
©® Sadrmomtazi et al. (2020)

f.=3.45V?*—1335V +356. )

In the above, f. and V are the compressive strength of
concrete and the speed of ultrasonic pulse, in MPa and km/s,
respectively.

Figure 11 shows a comparison of the results obtained
from the developed model with results in the literature
(Nematzadeh, et al. [35], Jain, et al. [S7] and Sadrmomtazi,
et al. [62]). As can be seen, the proposed model estimates
the compressive capacity results of other researchers using
pulse velocity well.

4.3 Splitting tensile capacity

Table 4 and Fig. 12 provide the results of the splitting tensile
capacity of concrete samples containing RFA and nano-sil-
ica exposed to high temperatures. According to Fig. 12, the
tensile capacity of samples, like the compressive capacity,
decreases with increasing the volume of RFA. At ambient
temperature, the tensile capacity of the samples containing
50 and 100% RFA was 6 and 13.2% lower relative to the
control concrete (RFAONSO), respectively. The decrease in
tensile capacity in concrete containing RFA results from the
mortar adhering to the recycled aggregates acting as a sepa-
rator between the other mix solid components, weakening
the ITZ bond and resulting in stress concentration; this, in
turn, leads to faster tensile failure [13, 32]. Rao [63] also
found in his research that replacing 100% of recycled materi-
als with natural materials reduces tensile capacity by about
15 to 20%. Furthermore, Fig. 12 also shows that the tensile

M Jain et al. (2019)
A Nematzadeh et al. (2021)

the laboratory values reported 30
in the literature and the present
study
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Fig.12 Splitting tensile capacity B RFAONSO
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capacity of concretes containing RFA is increased by up to
6% when nano-silica is present. According to Table 4 and
Fig. 12, in concrete containing RFA, the presence of 1.5 and
4.5% nano-silica resulted in the lowest and highest increases
of 4.7 and 22.5%, respectively, in the tensile strength of
concrete relative to the corresponding concrete lacking
pozzolan. The increase in tensile strength is a result of an
enhanced hydrated cement paste-aggregates bonding [44,
58]. As reported by Pacheco-Torgal, et al. [64], adding nano-
silica as a weight substitute for cement in concrete makes
ITZ more compact and stronger than conventional concrete.
On the other hand, the use of more than 4.5% nano-silica in
the samples with RFA reduces the improvement of tensile
capacity at ambient temperature. This significant reduction
appears to result from a high water uptake of recycled fine
aggregate and nano-silica and the appearance of unstable
lumps during hydration reaction in concrete.

Increasing the exposure temperature to 300 °C lowered
the tensile capacity of all concrete samples. At this tempera-
ture according to Table 4, the tensile capacity of samples
containing 0, 50, and 100% RFA reached 2.61, 2.46 and
2.31 MPa, showing a decrease of 17.7, 17.4 and 16%, respec-
tively, in comparison to corresponding unheated samples.
This trend shows that at this temperature, the amount of ten-
sile capacity loss due to heat in concrete samples containing
RFA is less than the loss of capacity of the reference sample
(without RFA and nano-silica). Also, drops occurring in the
tensile capacity of samples RFA100NS1.5, RFA100NS3,
RFA100NS4.5 and RFA100NS6 at 300 °C compared to
the similar unheated samples were from 16 to 17%. This
decline is mainly due to chemical water evaporation ini-
tiation in cement paste and also internal cracks caused by
temperature gradients [22]. Dried mortar stuck to the RFA

k|

2.82
2.67

—
—

1.50
1.39

300 600
Temperature (“C)

particles and the presence of fine cracks in them allow the
gases trapped in the pores to be released, which reduces the
growth of cracks in the volume of concrete and thus reduces
the harmful effects of cavitation. With increasing tempera-
ture to 600 °C, the decrease in tensile capacity of the heated
concrete samples compared to the reference unheated sam-
ples varied from 52 to 57%, the lowest and highest of which
are related to RFA100NSO and RFA100NS6, respectively.
This significant decrease is due to the formation of porosity
induced by cement paste dehydration as well as the thermal
incompatibility of components of concrete and the resulting
gathering of internal stresses [22, 65]. On the other hand,
nano-silica in concrete mix lowers the structural porosity
of concrete and prevents the release of water vapor pressure
due to heat, thus increasing the internal stresses in the con-
crete, which reduces the bearing capacity.

Normalized tensile capacity is the post-heating tensile
capacity, f,r, divided by the unheated tensile capacity, f;,
which is shown per temperature for test samples in Fig. 13.
Further, Fig. 13 demonstrates normalized tensile capacity
in terms of temperature according to EN 1992-1-2 [66], in
which it is observed that the estimations of this standard are
lower than the laboratory results of the normalized tensile
capacity of the reference sample and the samples containing
recycled fine nanoparticles and nano-silica at temperatures
of 300 and 600 °C.

Using nonlinear regression, normalized tensile capacity

Jiwr, 1 .
w or fo) was presented in terms of temperature, the
1(0,0,20) t

level of RFA replacement, and the percentage of nano-
silica replacement for all concrete samples as Eq. (3),
which has an appropriate coefficient of determination
(R? = 0.96). Furthermore, the response level for the model
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Fig.13 Normalized splitting — - - EN 1992-1-2 ® RFAONSO (R) ¢ RFAS50NSO
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obtained from Eq. (3) is presented in Fig. 14. According
to Fig. 14, it can be seen that the normalized tensile capac-
ity of concrete exposed to different temperatures increases
with decreasing Vg, values (volume percentage of RFA)
and increasing Wy values (percentage of nano-silica pow-
der replacement):

0.9 4
for _fawrsry _ 1= 013 Vgp 4065 wod
fi J10,0,20 1+3.86 77225
7 T=20

1000

0% < Vi < 100%, 0% < Wyg < 6%.

3

To better understand the proposed model for tensile
capacity and its verification, the model prediction results
are compared with the laboratory results of this study and
the results of other researchers (Fallah and Nematzadeh
[44], Duarte, et al. [67], Wang, et al. [68], Agarwal, et al.
[50], Gao, et al. [51] and Yonggui, et al. [53]) in Fig. 15.
The proposed model can reliably estimate the empirical
tensile strength data of samples with recycled aggregate
and nano-silica in the unheated and heated cases.

Table 5 presents the equations of splitting tensile capac-
ity in terms of compressive capacity by ACI 318-14 [69],
EHE [70] and ACI 363-92 [71], CEB [72], GB 10010 [73]
And NBR 6118 [74]. In addition, Fig. 16 compares these
formulas with the test findings of this study. According to
this figure, most codes predict the splitting tensile capacity
of heated and unheated concrete samples with an overes-
timation, except for CEB and GB 10010, which provide

@ Springer

Temperature (°C)

acceptable estimates. On the other hand, EHE gives lower
estimates for the tensile capacity results of samples. How-
ever, in this study, based on the considered variables, a
correction factor is needed for providing a proper rela-
tionship between compressive capacity and splitting ten-
sile capacity. Therefore, nonlinear regression was used to
present Eq. (4) for heated samples incorporating recycled
aggregates and nano-silica in terms of temperature. Based
on Eq. (4), samples have a coefficient of determination of
0.94, indicating that the compressive capacity and split-
ting tensile capacity of samples containing RFA and nano-
silica exposed to high temperatures correlate well. This
good correlation can be due to the similar behaviors of
the samples in the splitting tensile capacity test and the
compressive capacity test:

i = af?”
(1 4 0.0037 Vi-)(0.98¢ 70037y 4 0.071 Wy
- (1= 12 Wy +e 7
=

)

R>=094

T-20
1000

“

4.4 Modulus of elasticity

The post-heating moduli of elasticity of samples contain-
ing RFA and nano-silica are shown in Fig. 17. By replac-
ing recycled materials with natural materials, the modulus
of elasticity values dropped. In the unheated case, with
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Fig.14 Response level of the proposed splitting tensile strength model at different temperatures a 20 °C, b 300 °C and ¢ 600 °C
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Fig.15 Predictive results of the

proposed equation of tensile

strength versus laboratory

results of the present study and

other research 9

OPresent study

M Duarte et al. (2019)
¢ Agarwal et al. (2020)
+ Yonggui et al. (2020)

A Fallah and Nematzadeh (2017)
B Wang et al. (2019)
A Gao et al. (2020)
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Table 5 Splitting tensile capacity equation provided by various codes

Code Relationship
ACI 31814 [69] £, =0.564/F,
EHE [70] £ =021f

t— Y c
ACI 363-92 [71] £, =059/,

8. 2

CEB [72] f,=156 (-%)3
GB 10010 [73] £, =0.19£07
NBR 6118 [74] 7 _03f<§)

t — YJe

f. Concrete compressive capacity (MPa), f; splitting tensile capacity
(MPa)

an increase in the volume of RFA by 50 and 100% com-
pared to the reference sample, the modulus of elasticity
dropped by 13.2 and 23.5%, respectively. The reason for
the modulus reduction of samples containing RFA com-
pared to samples without recycled aggregates is the poor
physical structure of these recycled materials, which have
less resistance to deformation compared to natural sand.
Therefore, the modulus values of concrete components
affect the modulus of elasticity of concrete. Furthermore,
according to Fig. 17, incorporating nano-silica into RFA
concrete leads to a higher modulus of elasticity. Incor-
porating nano-silica reduces the porosity and increases
the bond level of cement paste with aggregate and in
turn, increases the concrete hardness; thus, an increase in
modulus of elasticity results from an increased concrete

@ Springer

ftT, Exp (MPa)

hardness from adding fine pozzolanic Nano-silica parti-
cles. For concrete containing RFA, incorporating 1.5 and
6% nano-silica resulted in the lowest and highest modu-
lus increases of 4 and 18%, respectively, relative to the
corresponding concrete lacking pozzolan. With increas-
ing temperature to 300 °C, the modulus values decreased
significantly, such that samples RFAONSO, RFASONSO,
and RFA100NSO saw modulus drops of 30.6, 24.8, and
22.5% compared to the modulus values in the unheated
case. The observed drops may result from free water and
chemical C-S-H water escaping, which causes microcracks
in the concrete and ultimately leads to a reduction in hard-
ness. Also, at this temperature, according to the figure,
modulus values of samples RFA100NS1.5, RFA100NS3,
RFA100NS4.5, and RFA100NS6 decreased by 21.1, 22.2,
23.1, and 26.5%, respectively, relative to that of the similar
unheated sample. Furthermore, Fig. 17 indicates that at
300 °C, the addition of nano-silica as a weight substitute
for cement to concrete containing RFA increased the con-
crete modulus by 17%. For 600 °C, a higher drop rate was
seen in the modulus of elasticity than that for 300 °C. At
this temperature, in the presence of 0, 50, and 100% RFA
replacement, the modulus experienced a decrease of 71.4,
69, and 67.8%, respectively, in comparison with the simi-
lar unheated sample. Furthermore, modulus values of RFA
concrete drooped by 67.7, 70, 71.2 and 72.6% by incorpo-
rating 1.5, 3, 4.5, and 6% nano-silica, respectively, relative
to the similar unheated sample. At 600 °C, a higher rate
of dehydration of calcium hydroxide leads to a notable
C-S—H gel decomposition, giving rise to greater cement
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paste porosity, more ITZ microcracks, and thus increased
axial deformation. For 600 °C, the minimum and maxi-
mum values of modulus of elasticity are 8.1 and 9.4 GPa,
respectively, for RFA100NSO and RFAONSO.

The normalized modulus of elasticity is the modulus
value of a heated concrete sample divided by that of a simi-
lar unheated sample. The normalized modulus of elasticity
results for all groups is shown in Fig. 18. In addition, Fig. 18
gives the normalized modulus of elasticity predictions of
ACI 216 [47] and EN 1994-1-2 [49] for heated samples. It
shows that the laboratory normalized modulus results of all

I
©
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[ ]
8 2
% o
300 600
Temperature (°C)

heated samples are underestimated by EN 1994-1-2 [49],
while these results are underestimated by ACI 216 [47] up
to 300 °C and are well estimated for concrete samples after
exposure to 600 °C.

The relationship for normalized modulus w (or =)
¢(0,0,20) c

was determined as Eq. (5) by using nonlinear regression
analysis in terms of RFA volume percentage, nano-silica
weight percentage, and temperature for all concrete samples.
This equation has a very high coefficient of determination
(R? = 0.99):
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Figure 19 compares the results of the elastic modulus

prediction with the laboratory results of other researchers
(Amin and Abu el-Hassan [19], Fallah and Nematzadeh [44],

Also, the relationship presented as E. = 47004/f. in ACI
318 [69] gives the compressive capacity in terms of the mod-
ulus of elasticity. However, in this study, based on the con-
sidered variables, a correction factor is needed for obtaining
a proper equation for compressive capacity and modulus of
elasticity. Nonlinear regression was used to provide Eq. (6) to
express the modulus of elasticity and compressive capacity of
concrete samples based on variables considered in the tests:

Baradaran-Nasiri and Nematzadeh [27], Duarte, et al. [67] E —a fo.s o= (6700 — 182 VRF)(1-52468-74T’) +6140W,q
and Bahrami and Nematzadeh [23]). From Fig. 19, it can ¢ ¢ (1 +5Wyg +e!l7T)
be concluded that the presented model for the modulus of 5 , T-20

o : n . R=0.95T=( )
elasticity agrees well with empirical findings reported by 1000
other researchers. (6)
Fig.20 Weight loss of concrete B RFAONSO ®RFA50NSO = RFA100NSO mRFA100NS1.5
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4.5 Mass loss after exposure to heat

The pre- and post-heating weights of the samples were
determined to find out how much weight each sam-
ple group had lost. The weight loss rate of the samples
after experiencing different elevated temperatures was
compared to that of corresponding unheated samples in
Fig. 20. Figure 20a shows that the weight loss of the sam-
ples increased with the temperature, predominantly as a
result of the evaporation of concrete physical and surface
water, dehydration and increased decomposition rate of
hydrated products of the cement paste with increasing
heat. The physicochemical alterations of concrete after
exposure to 300 °C result from the release of free water
and chemically bound water in the C-S-H gel [22]. After
600 °C, a greater loss occurred in the weight of the con-
crete, which is attributed to the onset of the degradation
of C-S-H gel and Ca(OH), (Portlandite) and the evapora-
tion of chemical water in them [55, 75]. Also, using RFA
in concrete in place of natural fine aggregate increased
the post-fire loss of weight of the samples; thus, the sam-
ple containing 100% RFA showed a greater weight loss
than the sample containing 50% RFA. With a rise in the
quantity of recycled fine particles in mixing design, the
pores of the samples increased, and with exposure to heat,
more water vapor escaped from the sample, which led to
more weight loss. In addition, a lower rate of increase in
weight loss of the concrete samples with increasing nano-
silica replacement percentage relative to the sample lack-
ing nano-silica (RFA100NSO) was observed. The highest
weight loss occurred in RFATIOONS6 concrete sample at
600 °C with a drop of 8.5% compared to the corresponding
unheated sample, while the reference sample (RFAONSO)
with 6% loss had the lowest weight loss among other sam-
ples. Nano-silica pozzolan substituting for cement forms
C-S-H gel through pozzolanic reactions with Ca(OH), due
to cement hydration. At high temperatures, this CSH gel
begins to decompose and as a result, empty space is cre-
ated in concrete, which reduces the sample weight [76].
Figure 20b demonstrates the variation of weight loss with
capacity for the heated samples. The figure indicates that
the weight loss and the capacity drop for concrete contain-
ing RFA and nano-silica are directly related to each other
after exposure to high temperatures. Regression analysis
was used on the empirical results of these two parameters,
to determine Eq. (7) with a very appropriate coefficient of
determination (R>=0.94). This relationship shows that the
percentage of capacity loss of different samples is about
3.5 to 7 times the percentage of weight loss:

y=027x+298x. 7
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In the above, x and y are losses in the weight and capacity
of heated samples in percentage, respectively.

4.6 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images are a conveni-
ent tool for testing and analyzing concrete microstructures
at the micrometer scale. Figure 21 shows the SEM images
of RFAONSO, RFA100NSO and RFA100NS4.5. Figure 21a
shows the ITZ of natural fine aggregates and the hydrated
cement paste and indicates the proper bonding of the two
materials. On the other hand, Fig. 21b shows defective bond-
ing and incomplete recycled aggregates—hydrated cement
cohesion. According to SEM results, old mortar adhering to
recycled aggregates weakens ITZ relative to normal concrete
(concrete lacking recycled aggregates) and creates microc-
racks and higher porosity in the hydrated cement matrix.
As these two parts are not well connected, concrete capac-
ity declines. Therefore, ordinary concrete has less porosity
than concrete containing 100% RFA at ambient temperature.
Also, Fig. 21c indicates that the sample containing 4.5%
nano-silica (RFA100NS4.5) has less porosity than concrete
without nano-silica (RFA100NSO0). Although one could dis-
tinguish the old mortar and the new mortar considering their
differing microstructure and pore structure, it seems that the
two parts have developed a good bond given their very com-
pact ITZ. The microstructural compactness of ITZ results
from the effect of the addition of silica nanoparticles. These
nanoparticles can result in dense ITZ via two mechanisms:
a physical and a chemical mechanism. The first case can be
due to higher specific surface area and finer dimensions of
pozzolan relative to cement. The second comes from the
chemical tendency of nano-silica to react with Ca(OH), (a
product of cement hydration), which improves the aggre-
gate-hydrated cement matrix bond. This improved bond is
reactive since calcium hydroxide is converted to CSH gel
through silica. Therefore, it seems that these two mecha-
nisms are the most important reasons for the higher capac-
ity of recycled concrete containing nano-silica. Moreover,
Fig. 21c demonstrates that the crystalline form of nano-silica
particles is spherical, in which the uniform distribution of
particles is evident.

In addition, Fig. 22 shows the post-heating SEM images
of RFAONSO (reference concrete), RFA100NSO, and
RFA100NS4.5 samples. It is seen that different chemi-
cal compounds can be detected in cement paste as well as
microcracks and cavities. In these images, C-S-H gel can be
seen as a foam nanostructure (solid gray masses). In addi-
tion, Fig. 22 shows ordinary concrete and recycled concrete
cracking due to high heat. Cracking in concrete due to heat
can be ascribed to water vapor pressure inside the cavities
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Fig.21 SEM images: a Concrete containing natural aggregates without pozzolan (RFAONSO0); b concrete containing recycled aggregates without
nano-silica (RFA100NSO0); and ¢ concrete containing recycled aggregates and 4.5% nano-silica (RFA100NS4.5)

of concrete; this gives rise to the spalling phenomenon [35].
Nevertheless, cavities observed on the fracture surface of
the concrete after exposure to 600 °C may be a result of
the evaporation and chemical decomposition of water in
calcium hydroxide crystals and the considerable C-S-H gel
decomposition. This leads to more cavities in the cement
paste and the formation of microcracks in ITZ, in turn lead-
ing to surface microcracks and internal stresses. After the
release of free water and chemical water of the samples at
high temperatures, the C-S-H nanostructure became larger
and the size of this spongy structure increased.

According to studies, calcium hydroxide crystals (Port-
landite) begin to decompose and turn into limestone (hydrox-
ylation process) between temperatures of 400—600 °C [22].
Calcium carbonate also decomposes at 600 °C and turns into
lime. Finally, according to Fig. 22a—c, C-S-H decomposes
almost completely at 600 °C, causing cracks and cavities.
Furthermore, the figures show that the porosity of the con-
cretes increases with increasing temperature.

5 Conclusions

The residual features of concretes incorporating RFA replacing
natural sand and nano-silica pozzolan replacing cement before
and after exposure to the fire were addressed. Different param-
eters comprising the compressive capacity, splitting tensile
capacity, ultrasonic pulse velocity (UPV), elastic modulus, and
weight drop of the samples were evaluated. Moreover, empiri-
cal findings for the mechanical features of the heated concrete
were assessed against predictions of ACI 216, EN 1994-1-2,
EN 1992-1-2, and ASCE. Ultimately, it was attempted to pre-
dict the post-fire mechanical features of concrete with RFA
and nano-silica by developing empirical equations. The main
results obtained in this study are provided below:

1. The presence of nano-silica and a rise in its quantity in
RFA concrete improved the load-bearing capacity com-
pared with the control sample (by 9-28%) for all the
exposure temperatures, such that the replacement per-
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centage of 4.5% resulted in the maximum improvement.
Moreover, a rise in the exposure temperature lowered the
strength of the recycled samples, and this reduction was
more pronounced at higher replacement levels.

The UPVs of samples in the unheated and heated cases
saw a decline when the replacement quantity of the
RFA increased, with a more significant decline in the
unheated samples. On the other hand, the UPVs of the
heated and unheated samples increased with a rise in
the quantity of nano-silica in concrete containing RFA,
whereas using more than 4.5% nano-silica led to a drop
in UPV. By raising the temperature, a significant decline
was seen in the UPVs of the concretes; this drop was
more significant in the recycled samples containing
nano-silica compared with the sample without nano-
silica.

The incorporation of RFA reduced the splitting ten-
sile capacity of the unheated and heated samples (by
8-13%). As the nano-silica content of the recycled
samples increased by up to 6%, the tensile capac-

@ Springer

4.

Fig.22 SEM images of samples after 600 °C: a RFAONSO, b RFA100NSO and ¢ RFA100NS4.5

ity improved, such that the maximum improvement
occurred in the recycled sample containing 4.5% nano-
silica. After 600 °C, the highest drop of 57% occurred in
the tensile capacity of concrete relative to the unheated
case in the recycled sample containing the highest nano-
silica replacement percentage.

Replacing the natural sand with the RFA decreased
the elastic moduli of the heated and unheated samples,
with a smaller drop in the heated concrete samples. In
addition, with a rise in nano-silica quantity, the elastic
moduli of the heated and unheated concrete increased
by 5-18%. With a rise in temperature, a notable drop
occurred in the elastic modulus of all the samples rela-
tive to the unheated case (by 68-73% post-exposure
to 600 °C), and the maximum value of this decline
occurred in the recycled concrete with the highest nano-
silica content.

Raising the exposure temperature increased the heat-
induced loss of weight in samples (by 6-8.5%). The
incorporation of RFA and nano-silica in the concretes
increased the weight loss in the heated samples (at
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600 °C), with the greatest weight loss in the recycled
sample containing the highest replacement percentage
of nano-silica and recycled aggregate.

6. Codes ACI 216, ASCE, and EN 1994-1-2 properly esti-
mated the empirical findings of the normalized post-fire
capacity of the samples. Furthermore, the predictions
of ACI 216 regarding the normalized elastic modulus
of the heated concretes were close to the experimental
results to a large extent, contrary to the case with EN
1994-1-2, while an underestimation was observed for the
predictions of EN 1994-1-2. In addition, the EN 1992-
1-2 code provided a significant underestimation of the
normalized tensile capacity of the concrete samples at
all temperatures.

7. A general formula between the compressive strength and
UPYV was developed as a polynomial for all the hated
concrete samples containing different volume contents
of RFA and nano-silica that showed proper correlation
with the experimental results. Additionally, equations
with proper accuracy were presented to predict compres-
sion capacity, splitting tensile capacity, and elastic mod-
ulus of the samples after exposure to fire considering the
parameters of temperature and replacement percentage
of RFA and nano-silica; these equations demonstrated
proper correlation with the empirical findings of the pre-
sent work and others.

8. The fracture surface in the concrete without the RFA
was regular and smooth, in which cracking passed
through the aggregate particles. However, with a rise in
the RFA quantity, a tortuous and irregular surface was
observed. After experiencing 600 °C, pores appeared at
the fracture surface, such that the coarse particles could
easily be removed by hand. In addition, with a rise in
the temperature, fewer microcracks formed in the sam-
ples containing only the recycled aggregate compared
with those containing both RFA and nano-silica, while
the recycled samples containing nano-silica showed the
most microcracks.
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