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Abstract— Behavior of mortars with and without silica fume (SF), containing green ceramic
powder (GCP) and marble dust (MD) under the conditions of pre-fire and post-fire was
investigated. In addition, influence of re-curing on the mechanical properties and permeability of
fire-damaged high-strength mortars was studied. For this purpose, -mortars subjected to 800 °C
were water-cured for 7 days after air-cooling. In order to determine the physical, mechanical and
permeability properties of mortars, the bulk density, water absorption, porosity, flexural and
compressive strength, capillary water absorption tests were conducted and optical microscope
analyses were also performed. Results showed that mortars with MD had the highest strength
values and the lowest permeability for normal and post-fire conditions, however, mortars with
GCP showed the best performance among other mortars after re-curing. This can be attributed to
the siliceous composition of GCP regarding the vulnerability at high temperature and suitability in
C-S-H re-formation when re-curing. Water-curing contributed to re-hydration and self healing,
resulting in strength re-gain and porosity recovery which was also observed by microstructural
evaluation.
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1. INTRODUCTION

The strength and durability of concrete decrease at elevated temperatures due to chemical and physical
changes although concrete_is 'noncombustible and generally provides adequate fire resistance for most
normal applications [1, 2]. Cement-based materials may be subjected to high temperatures in normal
service conditions, such as in nuclear power plants, radioactive waste storage facilities, or under accidental
conditions, for instance, during fire incidents in buildings and tunnels. Temperature variations and
heating/cooling cycles may also be encountered [3]. Different approaches can be taken in order to protect
a building structure depending on the risk level, the required resistance time and materials involved [4].
Some investigations were performed to determine the effects of high temperatures on concrete and mortar
properties [5-9]. Some researchers also studied the relationship between surface color changes and
different elevated temperatures [10-13], others conducted various techniques such as the drilling resistance
test [14], hot guarded plate test [15] and micro-mechanical analysis [3] in order to assess the residual
capacity of fire-damaged concretes and mortars.

In recent years, industrial waste materials have been widely used in the construction field due to the
increasing need to recycle these materials in order to protect the environment. However, very few research
works have been published on the use of GCP and MD in concrete and mortar mixtures. Unfortunately,
they are often associated with shortcomings such as the need to determine the behavior of mortars before
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and after exposure to elevated temperature. Also, the effect of utilizing both GCP and MD on mortar
properties is not well documented in the literature. Therefore, this study investigated the potential benefits
of using GCP and MD in mortars under the conditions of pre-fire, post-fire and re-curing by evaluating
their effects on the strength and the permeability characteristics of mortars.

2. MATERIALS AND METHODS
a) Materials used in mortar production

The chemical compositions of materials used in mortar mixes are exhibited in Table 1. The cement used
was ordinary Portland cement CEM | 42.5R according to the European Standards EN 197-1 [16]. The
Blaine fineness of cement was 319.4 m?/kg and its relative density (specific gravity) was 3.13. Calcareous
natural sand which originated from Dirmil, Burdur located in the southwest of Turkey was used . Its
relative density and water absorption were 2.69 and 2.0%, respectively. Its particle size distribution is
shown in Table 2. MD was obtained from a marble company in Antalya as a by-product of marble sawing
and shaping in sludge condition. Its relative density was 2.64. SF used had a specific gravity 2.24 and its
activity index was 131.50 %. GCP was provided from a local tile company and its specific gravity was
2.63. Chemical admixture used to adjust consistency was a sulphonated polymer-based superplasticizer.

Table 1. Chemical compositions of materials used in.mortar preparation by weight (%)

Materials LOI* | Na,O | MgO | AlL,O; | SiO, | ZrO, | SO; | K,O | CaO | ZnO | Fe,04
Cement 339 | 0.11 | 1.08 | 5.41 | 19.86 - 2.70 | 0.74 | 62.24 - 3.60
Silica fume 133 | 049 | 1.25 | 0.62 | 91.97 - 0.35|1.49 | 0.31 - 1.32
Cer. powder 6.80 | 1.47 | 1.02 | 16.81 | 55.18 | 3.3/ 0.18 | 1.91| 797 | 2.29 | 0.80
Marble dust | 44.90 - 0.94 | 041 | 453 - - - 51.34 - 0.04

# Loss on Ignition

Table 2. Particle size distribution of calcareous sand

Sieve size (mm) 8 4 2 1 0.500 0.250 0.125 0.063
Passing (%) 100 97.2 70.4 44.4 27.7 17.8 10.7 5.1

b) Mix design and preparation of mortars

Nine different types of mortar mixes were prepared and their mix proportions and notations are given
in Table 3. The w/c ratio was 0.50 and the sand:binder ratio was 3:1. Cement was replaced with SF in
varying proportions (5% and 10%). Sand was replaced with MD and GCP in a ratio of 16 % and 4 % of
grains passing through 0.250 mm and 0.063 mm sieves, respectively. All substitutions were made in
weight. Because of the different physico-chemical characteristics of both by-products, different
superplasticizer ratios were needed for each formulation. Replacement of GCP with sand, even in small
amounts, made the mixture consistency more muddy causing difficulties during compaction owing to the
clay mineral content. Therefore, different replacement percentages of these two materials were determined
due to the consistency adjustments. The flow diameter values of fresh mortar mixtures were kept constant
as 212+13 mm.

All sample preparations were processed in a similar manner, according to European Standard EN
196-1 [17]. The mortars were cast into 40x40x160 mm prismatic and 100 mm cubic moulds for 24 h. The
hardened mortar specimens were then demoulded and maintained under lime-saturated water at 20 + 2 °C
until the age of testing.

Prismatic specimens were subjected to temperature of up to 800 °C at an incremental rate of 13 °C per
minute from room temperature, using an electrically-heated furnace designed for a maximum temperature
of 1200 °C. The cube specimens were exposed to the same temperature with lower heating rate (6 °C per
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minute) due to the risk of disruption by explosion of thick sectioned specimens with waste materials in the
furnace. The temperature was sustained at 800 °C for 10 minutes before the specimens were allowed to
cool to 600 °C (cooling rate 16 °C/min) inside the furnace. The specimens were then taken out from the
furnace to cool in the laboratory conditions for 24 hours. After cooling, half of the specimens were tested
and the other half re-cured in water for 7 days. Re-cured mortars were tested to determine the properties
re-gained.

Table 3. Mix proportions (g), flow diameters and notations of mortars

Specimen Sand Cement Silica Ceramic Marble Chemical Flow
fume powder dust Admixture | diameter

(mm)
KO 1350 450 - - - 1.3 220
K5 1350 4275 22.5 - - 15 215
K10 1350 405 45 - - 3.0 200
SO 1296 450 - 54 - 4.0 225
S5 1296 4275 22.5 54 - 5.8 201
S10 1296 405 45 54 - 9.0 206
MO 1134 450 - - 216 55 203
M5 1134 4275 22.5 - 216 7.0 200
M10 1134 405 45 - 216 10.0 204

c) Experimental procedures

Consistency of mortars was measured by the flow table test according to ASTM C 270 [18]. The test
procedure involves placing the mould in the center of the flow table and filling it in two layers, each layer
being tamped 20 times with the tamper. The table was then jolted 25 times, and the diameter of the spread
mortar was measured in two directions at right angles to each other using callipers.

The bulk density, water absorption and porosity values were obtained by testing both 100 mm cube
and 40x40x160 mm prism specimens accordingto ASTM C 642 [19] by using the equations given below:

A= W1/(W,-Ws) (1)
B= Wi/(W3-Ws) )
C=((Wa-W1)/(W,-W3))*100 3)
D= ((W,-W1)/W;)*100 4

where, A is the dry bulk density; B is the apparent bulk density; C is the apparent porosity (%); D is the
water absorption by weight (%); W, is the mass of oven-dried sample in air (g); W is the mass of surface-
dry sample in air (g) and Wsis the mass of surface-dry sample in water (g).

The flexural and compressive strength of hardened mortar specimens were determined in accordance
with EN 1015-11 [20]. The flexural strength of a hardened mortar was evaluated by three point loading of
a 160x40x40 mm prism specimen, subsequent to the failure and breakage of this specimen the
compressive strength was determined on each half of the prism specimen.

Capillary water absorption test was carried out with the 100 mm cube specimens by measuring water
contents absorbed at 1, 4, 9, 16, 25, 36, 49, 64 and 1440 minutes. The capillary absorption coefficient was
obtained using the following equation:

K= Q/(A*t"?) (5)
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where, K is the coefficient of capillarity (cm/s¥?); Q is the amount of water absorbed (cm?); A is the area

of the surface exposed to the water (cm?) and t is the time (s).

Three specimens of each formulation were prepared for each test.

Optical microscope analysis was performed on representative specimens to detect the state of paste
matrix, aggregate and transition zone before heating and the cracks formed after heating and re-curing
using Nikon Eclipse optical microscope.

3. RESULTS AND DISCUSSION

The bulk density, water absorption and porosity values of 28-day mortar specimens are given in Table 4.
With the presence of MD and GCP, dry bulk density values increased while apparent bulk density values
decreased in the case of increase in silica fume content. Similarly, ratios of water absorption and apparent
porosity decreased with the addition of waste materials. This effect was more pronounced for mixtures
with MD, ratios of absorption and porosity reduced to 2.97 % and 6.57 %, respectively, at maximum SF
content. This can be attributed to the effective volumetric occupation of waste materials, and thus
microfiller effect resulting in densified microstructure of specimens through filling of the finer pores in 28
days [21] and a decrease in porosity of mortars due to the high fineness and-low specific gravity, relative
to that of cement.

Table 4. Bulk density, absorption and porosity of mortars

Specimen Dry bulk Water absorp. (% Apparent bulk Apparent
density wt.) density porosity (%)
KO 2.09 8.94 2.57 18.68
K5 2.12 6.47 2.46 13.72
K10 2.18 4.79 2.43 10.43
SO 2.18 4.64 2.43 10.11
S5 2.19 4.29 2.41 9.37
S10 2.20 3.55 2.39 7.81
MO 2.19 4.47 2.43 9.78
M5 2.20 3.50 2.38 7.68
M10 2.21 2.97 2.37 6.57

Figures 1 and 2 illustrate the variations in flexural strength values of the 28 and 56-day mortars in the
case of pre-fire, post-fire and re-curing after elevated temperature application. Flexural strength values of
28- day specimens with 5% silica fume slightly dropped, whereas specimens with 10 % silica fume
relatively increased. However, 56-day specimens showed significant rise in flexural strength with the
increase in silica fume. This could be explained by the very fine particles of silica fume with high
pozzolanic reactivity [22, 23] and thus, improvement of agregate-paste interfacial zone in 56 days which is
more important for specimens, especially under flexure. In the pre-fire and post-fire conditions, the
highest flexural strength values were obtained by the specimens with MD while specimens with GCP
showed the most strength regain after re-curing. This indicates that excessive marble dust containing
calcium carbonate does not participate in hydration reaction and worked as filler [24]. These strength gain
ratios were recorded as 53%; 58%; 60% and 72%; 79%; 80% for SO, S5 and S10, 48%; 50%; 55% and
63%; 65%; 69% for KO, K5 and K10, 41%; 41%; 43% and 45%; 47%; 56%, for M0, M5 ve M10 at 28
and 56 days, respectively.

Compressive strength values of the mortars at 28 and 56 days are exhibited in Figs. 3 and 4. As
expected, compressive strength increased with increase in silica fume content at all ages but this rise was
remarkably noticeable among 56-day specimens. When making a comparison between specimens without
silica fume and specimens with silica fume substitutions of 5 and 10%, these increases were nearly 21%
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and 31% for K coded specimens, 18% and 30% for S coded specimens and 21% and 25% for M coded
specimens. Similar to flexural strength results, specimens with MD exhibited good performance before
and after elevated temperature exposure whereas after re-curing, specimens with GCP had higher
compressive strength values. This result may be due to the lack of the siliceous and the aluminous
compounds in MD which are necessary for re-hydration. However, ratio of compressive strength loss after
elevated temperature application and ratio of compressive strength gain after re-curing were slightly low
compared to the ratios of flexural strength. Before elevated temperature exposure, among the 56-day
specimens with 10% silica fume, the compressive strength values of specimens containing GCP and MD
reached up to 84.0 and 88.4 MPa, respectively. Relative strength loss ratios of control specimens (coded as
K) subjected to elevated temperature were larger than specimens with MD and GCP and were between 50
and 56%. Specimens with MD had the lowest strength gain ratios after re-curing which were between 12
and 25% at all ages.
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Fig. 2. Flexural strength values of mortars at 56 days
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Fig. 3. Compressive strength values of mortars at 28 days
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Fig. 4. Compressive strength values of mortars at 56 days

Figures 5 and 6 show the capillarity coefficient of mortars at 28 and 56 days. Sorption is the result of
capillary movement in the pores in the concrete which are open to the ambient medium. Among the 28
and 56-day untreated specimens, the highest and lowest values were 17.9 cm/s*% 16.2 cm/s"? and 4.69
cm/s¥% 2.8 cm/s¥? which were achieved by KO and M10 specimens, respectively. Similarly, after heat
treatment, the lowest and the highest coefficients were achieved by the same coded specimens. At the end
of re-curing, S coded specimens had the highest recovery while M coded specimens had the lowest. This
result may be attributed to higher pozzolanic activity of GCP, generating large number of nucleation sites
for the precipitation of the hydration products and thus accelerating cement hydration [25]. The gain ratios
at 28 and 56 days were approximately 57%; 63%; 65% and 63%; 69%; 70% for K coded specimens, 63%;
66%; 70% and 64%; 69%; 72% for S coded specimens, 43%; 45%; 48% and 39%; 47%; 49% for M coded
specimens, respectively.
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Fig. 5. Coefficient of capillary absorption values of mortars at 28 days
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Fig. 6. Coefficient of capillary absorption values of mortars at 56 days

The optical microscope images are exhibited in Figs. 7-9. Microstructure of untreated mortars was
analyzed in Fig. 7. It is observed that aggregate particles were uniformly distributed and diameters of
pores reached up to 100 microns in the matrix. Mortars with silica fume formed a very dense structure of
the hydrated products through both filler and pozzolanic effects, also observed by other researchers [26,
27]. On the other hand, although the destruction was generally in the aggregate- cement matrix interfacial
zone of the mortar specimens exposed to elevated temperature, a small number of cracks was propagated
through the aggregate particles (Fig. 8). This type of propagation was more pronounced in control
specimens. According to the images in Fig. 9, it can be seen that re-curing decreased the thickness of
cracks, both in the cement paste and in the transition zone. These results showed parallelism with the
strength gain and decrease in porosity for 7- day re-cured specimens. GCP behaved as pozzolanic material
due to its clay constituents calcined [28, 29] during heating up to 800 °C. Therefore, owing to re-
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hydration, the highest strength recovery took place due to the cement hydration [30] and contribution of
sintered GCP to hydration.

Fig. . Common view of mortar specimn after exposure to elevated temperure
at28 and 56 days and at two magnification levels

L

Fig. 9. Common view of mortar sbeumen after ré:curing at 8 and
56 days and at two magnification levels

4. CONCLUSION

From the investigation results presented above, the following conclusions were made:
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Mortars with silica fume had a better resistance to elevated temperature than those without silica fume, as
also reported previously by many researchers. In addition, the best performances were obtained by mortars
containing MD in the case of pre-heat and post-heat treatments and by mortars containing GCP in the case
of re-curing. Although mortars containing GCP exhibited low resistance to elevated temperature compared
to mortars containing MD having high calcium carbonate content, the siliceous and the aluminous
compositions of GCP contributed to additional C-S-H formation when recured in water. This occurrence
was also detected in optical microscope analysis by observing improvement of cracks.

Besides, the explosion of 100 mm cubic specimens at temperature between 600 and 700 °C during
heating suggested that using these waste materials in thick-sectioned mortar and/or concrete elements may
be detrimental where the temperature increase is high. This explosion may be attributed to the absence of
porosity in high strength mortars which entrapped gas released from the phase variations of GCP and high
loss on ignition of MD. The entrapped gas could not find enough space to decrease stress accumulation at
this temperature range. Therefore, it is recommended that further investigations be carried out to make
improvements in order to provide a more efficient use of these materials in mortar and concrete, including
considerations for exposure to elevated temperatures.
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