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ABSTRACT

This work introduces a new way to use low-cost petroleum (pet) coke as lightweight aggregate in cement
mortars to make sound barriers. The feasibility of adding pet coke in cement matrix was investigated: an
in-depth characterization of as-received coke and the new lightweight mortar was made. The acoustic
behaviour herein was assessed by constructing a large dimension mortar slab (made of cement and coke
as aggregate) used as floor covering and measuring, according to the procedure described in international
standards, the impact noise pressure level over the range of frequencies 100-5000 Hz. Impact Noise
Reduction (INR) was also obtained and the results were compared to the ones experimentally obtained
from a control mortar slab (made of cement and sand). Results showed that coke addition leads to a
decrease in mechanical properties of resultant mortars, this is principally due to an increase of the poros-
ity (~60%). A gradual increase of impact noise insulation was observed in lightweight floor covering from
middle to higher frequencies tested, reaching, within this range, a remarkable improvement of sound

insulation compared to control slab (~14 dB).

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years much effort has been invested into finding the
best way to reuse wastes from different sources in the production
of new lightweight materials [1-3]. The two major advantages of
such applications are the reduction in raw material costs and the
avoidance of disposal costs with the reused waste material. Mate-
rials such as clay, expanded perlite or vermiculite are convenient
starting materials for the production of lightweight aggregates
[4-6]. A well-known lightweight aggregate with a very low appar-
ent density and closed porosity is produced from glass by a foam-
ing process [7].

Coke, also referred to as pet coke, is formed as final by-product
of petroleum industry from desulfurisation processes during crude
oil distillation. It is classified in the European Waste Catalogue with
the code 050116 [8]. More than 90 Mt of coke are produced each
year by the oil refining industry worldwide [9].

While certain technological reuse applications already exist for
some sort of coke, for example as graphite precursors, electrodes in
aluminium and steel plants, other quantities do not have such re-
use and therefore their supply largely outstrips demand. This is the
case of green coke, also named as fuel coke, which, following the
first removal of the most valuable fractions of crude oil, accumu-
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lates all the most undesirable substances initially present in crude
oil. Green coke is normally used as fuel in steam power stations
and cement works. However, in such cases, green coke combustion
significantly increases the levels of SO, compounds present in ex-
haust gases and increases the costs and complexity of gas scrub-
bing systems required to comply with increasingly stringent
emission legislation [10]. Therefore, any possible reuse application
of these green coke by-products that does not entail their combus-
tion is of enormous interest not only for the refineries themselves,
but also for society in general, which would benefit from a reduc-
tion in greenhouse gas and sulfurous gas emissions.

The reuse of several types of materials for making sound barri-
ers in both buildings and road asphalt surfaces has recently been
the subject of extensive research. For instance Wolfe and Gjinolli
[11] investigated the abilities of a cement-wood composite from
construction waste as traffic sound barriers; and Yamaguchi et al.
[12] studied the sound absorption mechanisms of a porous asphalt
surface by comparing it with other porous materials. A substantial
number of materials and compounds are currently available in the
market to be used with constructive elements for acoustic protec-
tion (glass mineral wool, plastic foam, textile fibre felt, recycled
rubber, expanded polyurethane, among others). However, some
of these materials, to varying extents, could be expensive or show
a reduction in their beneficial acoustic characteristics with time
and exposure to the environment. In addition to the loss of perfor-
mance, degradation of some of these materials results in the for-
mation of micro fibres potentially harmful to human health.
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Table 1

Granulometric distribution of as-received pet coke after sieving.
@>5mm 5>@>2mm 2>0@>0.5mm ©<0.5mm
35.5% 20.4% 34.6% 9.5%

Green coke, herein referred to as coke, due to its low density,
open porosity and granular format, has been of significant interest
as a potential substitute for lightweight aggregate in cement based
products. In this way Frias et al. [13] carried out a study to evaluate
the changes in sound absorption of cement-based mortar blocks
with incremental coke additions, identifying the optimal coke/ce-
ment ratio to maximise sound insulation performance in compli-
ance with minimum associated mechanical strength loss. The
work herein focuses on the feasibility of using recycled pet coke
as aggregate to construct lightweight coke-based materials for
sound barrier fabrication by carrying out an in-depth characteriza-
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Fig. 1. SEM images of (a) coarse grained coke at 30x, (b) coke particles in cement
matrix at 25x, and (c) cement-coke interface at 200x.

tion of the raw material and the resultant cement-coke composite;
and then assessing the acoustic behaviour of a large dimension slab
(3 m?) made of cement and pet coke for use as a floor covering in
dwellings. Impact sound pressure levels will be determined, and
the results will be compared to the control slab (made of cement
and sand, and tested under the same conditions) to obtain the Im-
pact Noise Reduction level (INR) according to International
Standards.

2. Materials

As-produced pet coke was obtained from the Repsol oil refinery
situated near La Corufia, Galicia, Spain. Representative sub-sam-
ples of the as-received pet coke were dried at 85 °C for 24 h, thor-
oughly homogenised, and the particle size distribution analysed by
sieving, as shown in Table 1.

The particles between 5 and 2 mm (coarse) have been used in
subsequent experiments (Fig. 1a). Previous studies [13] set up this
grain fraction to be used in sound insulation experiments for two
reasons: (a) it is similar in diameter to sand particles; (b) grain
fraction >5 mm were too irregular in its size distribution and grain
fraction <2 mm decreases porosity that affects adversely to the aim
of this study.

CEM II/B-M type 32.5N Portland cement [14] was used. The
composition, analysed by X-ray Fluorescence (model S8 Tiger,
manufactured by Bruker) is summarised in Table 2. Standardised
silica sand [15] with 98 wt.% of silica content and 2 mm maximum
particle size was used to prepare control mortar mixes.

3. Experimental set-up
3.1. Sample preparation

Table 3 shows the quantity and composition of sample mixes
prepared in this study. Control slab contained 25 % by dry mass
CEM 1I/B-M and 75% sand. Lightweight slab also contained 25% ce-
ment and the rest 75% pet coke. The quantity of water used in both
mixes was fixed in order to maintain a constant degree of work-
ability. As can be observed in Table 3, keeping constant the ce-
ment/aggregate ratio, a decrease of cement quantity (~36%)
needed is achieved when sand is substituted by coke. On the other
hand, coke-based fresh mixture required more water to achieve
standard consistency compared to control (~66%). This increase

Table 2
Chemical composition (%) by XRF of CEM II/B-M used.
Sio, Fe,03 Al05 Ca0 SO; MgO Alkali LOI
19.45 537 2.82 60.39 3.22 0.46 0.40 7.89
Table 3
Mixtures used for the two samples elaborated.
Cement  Coke Sand  Total Cem/ Water/
(kg) dry dry water  agg. cem
basis  basis  (kg) ratio ratio
(kg)  (kg) (by (by wt.)
wt.)
Control floor 140 - 422 57 0.33 0.41

covering
(sand-based
mortar slab)
Lightweight 90 261 - 62 035 0.68
floor covering
(coke-based
mortar slab)
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of water/cement ratio effectively agrees with water demand stud-
ies carried out to cementitious samples with increasing pet coke
additions (Fig. 2). Samples were prepared following the procedures
described in UNE EN 196-1 standards [15]. Vibration was em-
ployed during fresh mixtures placement to aid removal of air voids.

One 200 x 150 x 8 cm sample (hereinafter floor covering) was
constructed for each mix. Cured at 14+ 5 °C and 70 + 10% relative
humidity for 28 days. Fig. 3a and b shows the appearance after
de-molded of the floor covering made with cement and coke.

Six 4 x 4 x 16 cm specimens were also prepared in order to test
mechanical properties and volumetric density [15]. These samples
were cured at 15+2°C and 100% relative humidity, and tested
after 28 days. To determine volumetric density, samples were
dried in oven at 40 °C to constant weight.

The quantity of cement and aggregate used, based on the mate-
rial density, was varied for each mix in order to accomplish mould
volume requirements. The density of cement, raw pet coke and
sand was determined by helium pycnometry (Accupyc 1330 -
Micromeritics) and summarised in Table 4.

0,90
0,804

0,70 : ¥ =0,0101x-0,026

0,601 R?=0,8312

0,501
0,40:
0,301
0,20:

water/cement ratio (by weight)
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20 40 60 80

coke addition (%wt)

Fig. 2. The effect of cement substitution by pet coke on the water to cement ratio
required in mortar samples.

3.2. Instrumental techniques of analysis

Ash content of raw pet coke was measured according to the
standards [16]. Moisture content was determined by mass loss
after heating the sample at 105 °C for 2 h.

Carbon, Hydrogen and Sulfur contents were calculated by FTIR
(LECO - CHNS-932) from the sample combustion (1050 °C) gases.
Nitrogen and Oxygen content were quantified with a Thermal Con-
ductivity Detector and in a graphite oven (LEC — VTF-900), respec-
tively. The other elements given in Table 5 were analysed by ICP-
AES (Iris Adv. Duo - Thermo Fisher) after treating the ashes with
NaCO3/Nay4B407-10H,0 and HCI to dissolve both metal and non-
metal elements existing in the sample.

X-ray diffraction analysis was carried out using a D8 Advance,
manufactured by Bruker.

The microstructure of carbon coated surfaces of raw material
and mortar samples containing pet coke were observed using
SEM-SEI microscopy (Hitachi, S-4800). The Energy Dispersive Spec-
troscopy (EDX) analysis was conducted using a Si/Li detector and
DX4i analyzer. Carbon was not determined due to this technique
is not able to detect lighter elements.

Table 5
Elemental composition, moisture and ash analysis of as-received pet coke.

Moisture and ash analysis ($wt.)
Moisture Ash
0.52 1.83

Elemental analysis (¥wt. dry ash free basis)

C H N S (o]
85.65 3.95 0.91 6.04 1.55
Ash analysis (ppm)

\Y Fe Ca Si Al Ni Na Zn
1300 570 520 390 380 280 240 21
Cr K Mg Mo Mn Pb As Hg
3 <50.0 <50.0 <50.0 <20.0 <10.0 <0.1 <0.1

Fig. 3. (a) Appearance of lightweight floor covering after de-moulded and (b) Detail at ~11x by optical microscope.

Table 4
Density and porosity of as-received pet coke and of the floor coverings studied.

He pic density “Volumetric density Porosity (%)
(kg/m3) (kg/m?)
Total Micro @ <0.01 um Meso 0.01 <@ <5 um Macro @ > 5 um

CEM II/B-M 32.5 N 2984 - - - - -
Standardised silica sand 2553 - - - - -
Pet coke (coarse grained fraction) 1337 - 50.03 463 20.72 74.65
Control floor covering (sand-based slab) 2511 2400 10.75 5.34 85.42 9.24
Lightweight floor covering (coke-based slab) 1549 1333 17.10 145 65.77 32.78

" Averaged data.
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Accupyc 1330 and Autopore 9505, both manufactured by
Micromeritics, were used to obtain He picnometry density and
mercury intrusion porosity (MIP) data of raw pet coke and mortar
samples.

3.3. Technique and method of impact sound insulation assessment

3.3.1. Acoustic laboratory

The test emplacement consisted in two vertically adjacent
chambers (Fig. 4a): the emission chamber, where the specimens
were tested, and the receiving chamber, placed below emission
chamber and where the impact sound emission levels were re-
corded; this room has been constructed in order to accomplish iso-
lating requirements of specific standards for reverberation time
[17,18]. Both chambers (emission and receiving) are split by the
standardized heavyweight floor (Fig. 4a), a solid concrete heavy-
weight tile of 150 mm thickness constructed according to the rel-
evant standards [19].

3.3.2. Measure equipment
The equipment used in the present work (Briiel and Kjaer) com-
plies with international standards [20,21] and consisted of?:

e Modular precision sound-level metre in 1/3 of octave bands
(B&K 2260).

e Microphone (B&K 4189).

e Multi-source (B&K 4296).

e Power amplifier (B&K 2716).

e Impact machine (or Tapping machine) of 5 standardized pistons
(B&K 3207).

Sound-level metre, Microphone, Multi-source and Power
Amplifier were placed in the receiving chamber (Fig. 4b) to mea-
sure and record sound waves emitted from the emission chamber.
The way this measure equipment is placed inside the receiving
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chamber has to be at least 1 m far from the testing samples and
0.7 m far from the chamber walls [22,23].

The Tapping Machine, placed in the emission chamber, is the
sound emission source when its pistons hit on the sample surface.

3.3.3. Measure sequence and theoretical basis

Impact sound pressure level values of the standardized heavy-
weight floor and the both floor coverings were tested following
the impact sound measurement standards [19,23] and determined
as shown in the following equation:

L=10log (121olj/10>
j=1

where L is the impact sound pressure level in dB from L; to L, in X
positions of measurement within receiving chamber. The received
sound level (dB) is given by the normalised impact sound pressure
level (L,) as follows:

(1)

A
L, =L+ 10log— (2)
Ao
where Ay is the reference absorption area that corresponds to 10 m?
and A is the equivalent absorption area of the receiving room in m?
determined from Sabine equation:

A=0,161 V/T 3)

where V and T are, respectively, the volume (m?) and the associated
reverberation time (s) of the receiving chamber.

Prior to sample construction, the impact sound pressure level of
the standardized heavyweight floor (L,0) was determined. For this,
the Tapping Machine worked for 65 s emitting a sound frequency
range within 100-5000 Hz; meanwhile, in the receiving chamber,
the Sound-level metre measures and records the sound pressure
level transmitted by the heavyweight floor at every frequency
emitted. The impact sound pressure level determined of the stan-
dardized heavyweight floor was an average of 8 measurements
on different positions.

a STANDARDIZED HEAVYWEIGHT FLOOR TAPPING MACHINE ~ COVERING!
r 6,64 m 1 E E
] ] 3 gl =
1,50 m o
(e i S| s
v N
E——
2
T_ RECEIVING CHAMBER
E E
28
o o g E
- © ¥
& I 70m
1
| M :%— o JMEASURE EQ.
COVERING 45.—-& .

Fig. 4. (a) Floor plan and elevation view of the impact noise laboratory and (b) Sound-level metre, Receiving chamber and Tapping machine.
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Once Lo has been tested, the control (sand-based) floor cover-
ing was constructed and left to cure for 28 days, after this time
sound pressure level of this floor covering in combination with
the standardized heavyweight floor was tested, obtaining L. Fi-
nally, the lightweight (coke-based) floor covering was constructed
to determine, after 28 days of curing time, L, value corresponding
to this composite.

The impact sound pressure levels of the elements tested (L, L1
and L,;) have a reference line associated. From these reference
lines, calculated according to UNE-EN ISO 717-2 for a 100-
3150 Hz range, the weighted normalised impact sound pressure le-
vel (Lnow and L;,,) of each material was obtained.

The Impact Noise Reduction level (AL,,) that results from the
each floor covering installation, according to standards [19,23]
for a 1/3 of octave band, is defined as follows:

Aan = LnOw - an (4)

where Lo, is the weighted normalised impact sound pressure level
of the standardized heavyweight floor, and L, is the normalised
impact sound pressure level of the floor coverings tested in combi-
nation with the standardized heavyweight floor.

The final assessment will be calculated by comparing the INR le-
vel of the two floor coverings (sand-based and coke-based) inves-
tigated in the present work [24].

4. Results and discussion
4.1. Analysis and characterization of raw pet coke

Analytical data, moisture and ash content for the pet coke is
summarised in Table 5. Pet coke is predominantly Carbon
(~86 wt.%), with a high C/H ratio and low Oxygen content
(~1.6 wt.%). This waste material also contains significant levels of
Sulfur (~6 wt.%) and other metals including V, Fe, Ca, Si, Al, Ni
and Na.
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Fig. 5. X-ray diffraction spectra of as-received pet coke.

X-ray diffraction data of pet coke sample given in Fig. 5 shows
an amorphous profile with two broad peaks located at approxi-
mately 26° and 44° 2@ corresponding to (002) and (100) reflec-
tions of graphite micro-crystals.

The sharpness of peak at 26° 2@ reveals the number similarly
orientated graphite micro-crystals, and therefore the level of struc-
tural order in the material. The broad nature of the peak can be
attributed to a low lattice order.

Fig. 1a shows the Scanning Electron Microscope (SEM) image at
30x of coarse grained coke presenting several big pores on the sur-
face, which can reach values up to 100 mm in diameter. The ana-
lytical results of ten EDX analysis on different points all over the
material surface is shown in Table 6. Sulfur is homogeneously pres-
ent on pet coke surface with a high concentration. The rest of com-
pounds are both in a low concentration and heterogeneously
displaced.

He picnometry density and mercury intrusion porosity (MIP)
data for raw pet coke are shown in Table 4. Coarse grained fraction
has a noticeable high total porosity (~50%) which is mainly
constituted by pores >5 um (~75%). Some studies showed that
non-flexible materials need to have high macropososity with
interconnected pores in order to develop impact sound insulation
properties in constructive elements [22].

4.2. Analysis and characterization of mortars made with cement and
coke

4.2.1. Density and mercury intrusion porosimetry

Density and porosity are important factors influencing the ther-
mal conductivity of a solid material. Samples with lower densities
tend to have higher volume percentages of porosity and, conse-
quently, develop better sound insulation properties.

Table 4 shows He picnometry and volumetric density data for
mortar samples. It is clear that pet coke addition causes a signifi-
cant decrease (>38%) in mortars density, as its inherent density
(1337 kg/m?) is much lower than that of the sand (~2550 kg/m?)
[25]. This density decrease in mortars with pet coke is proportional
to the increase of total porosity. MIP data reveals a remarkable in-
crease of total porosity (~60%) when pet coke is the aggregate.
Such increase of total porosity is mainly provoked by an increase
of macropores volume (~255%) in the material structure.

Mortars made with coke tend to be lighter than the ones made
with sand, the reasons of this is clear: pet coke is a material that
has high volume of porosity which is mainly constituted by mac-
ropores (~75%); coke-based mortar needs more water require-
ment, thus increasing the water content consequently increases
the degree of sample porosity in the hydrated cement.

4.2.2. Micro-structural analysis

Fig. 1a and b shows representative SEM images of the micro-
structure of cement samples containing pet coke. The pet coke par-
ticles appear to be effectively bound into the cement matrix
maintaining the original porosity. There is no evidence of second-

Table 6

Chemical EDX analysis of pet coke surface.
Oxides (%) 1 2 3 4 5 6 7 8 9 10 X
Al,03 2.26 - 0.54 - 0.04 - 0.95 - - 5.15 1.79
MgO 1.39 1.27 1.54 0.31 - - - - 1.53 1.21
SO3 80.21 95.81 91.40 92.83 93.06 96.32 94.60 95.86 88.21 77.13 90.54
Fe,04 1.23 1.26 1.55 0.03 1.36 - 0.35 - 1.78 3.05 133
Ca0 0.13 - - 0.21 - - - - 1.23 - 0.52
Na,O 11.67 - 1.15 - - - 2.56 - 2.73 3.35 4.29
K,0 0.41 - - 0.32 - - 0.68 0.29 0.85 0.05 0.43
Si0, 2.70 1.67 3.82 6.30 5.54 3.69 0.85 3.85 5.20 9.73 434
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ary reaction or mineral phase formation at the pet coke-cement
interface. It is clear that water increase in the mixture has pro-
voked and eventually increase of macropores in the cement matrix.

4.2.3. Mechanical properties

The 28 day mechanical data is shown for control (sand-based)
and lightweight (coke-based) samples in Fig. 6. This clearly shows
a remarkable decrease in both flexural (~82.6%) and compressive
(~88.0%) strength for samples made with pet coke as aggregate
compared to control. Control 4 x 4 x 16 cm samples made with
CEM II/B-M 32.5 N and 75% by dry mass of sand developed higher
compressive strength than the ones made with the same type of
cement and the same mass percentage of coke. However this kind
of material complies with UNE-EN 998-2:2001 [26] and can be as-
signed to M5 class for masonry mortars (note that the use of a
42.5R or 52.5R cement would increase compressive strength of
the resultant mortars).

4.3. Impact Noise Reduction level assessment

Fig. 7 shows the comparation of the normalised levels of acous-
tic pressure (L,) of the heavyweight floor with no floor covering
(HWF) and the combination of the floor coverings tested (sand-
based and coke-based slab) plus the heavyweight floor
(CON + HWF and LIG + HWF, for control and lightweight combina-
tion, respectively) and the corresponding displaced reference lines
generated.

Three zones can be clearly distinguished in the figure and deter-
mined by different frequency ranges: The low frequency zone

M Coke-based covering 7 Control covering

641 43,96
els

32

16

6,91
8 ),
s 5,27
4
2 4
1,20
1 -

Flexural strength (Mpa) Compressive strength (MPa)

Fig. 6. Flexural and compressive strength of control and coke-based samples tested.
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Fig. 7. Normalised levels of acoustic pressure of the heavyweight floor and the floor
coverings investigated.

(<400 Hz), corresponding to bass sounds, both floor coverings
groups (CON + HWF and LIG + HWF) present higher levels of acous-
tic pressure than the heavyweight floor with no floor covering
(HWEF). This could be due to self-resonance-frequency effect (fo)
[22,27]. This effect normally occurs at low frequencies, and is di-
rectly proportional to the superficial density of the solid material.
Thus, the higher the superficial density of a specific material is
the higher the level of acoustic pressure. Therefore, as the combi-
nation of the floor covering (CON or LIG) plus the heavyweight
floor (HWF) has higher superficial density than the heavyweight
floor with no floor covering (Table 7), a lower impact sound insu-
lation in this frequency zone is expected.

Within middle frequency interval, from 400 to 1600 Hz, the lev-
els of acoustic pressure obtained from both combinations
(CON + HWF and LIG + HWF) tend to decrease. From 650 Hz on-
wards coke-based floor covering is the one that exhibits the lowest
L, data.

In the zone of higher frequencies, from 1600 Hz, region predom-
inant of treble sounds, a remarkable decrease take place in the nor-
malised level of acoustic pressure of both CON+HWF and
LIG + HWF. This means a noticeable increase of impact sound insu-
lation in this frequency range.

The two floor coverings investigated in the present work show a
L, reduction from 400 Hz onwards. A comparative analysis be-
tween them reveals that LIG + HWF increases the impact sound
reduction from ~630 Hz. This improvement suffers a progressive
increase up to 14 dB in comparison to CON + HWF at 5000 Hz.

Sound insulation improvement at high frequencies could be due
to mass law theory [28-30] which states that the global acoustic
insulation of a specific material increases 6 dB when either the
material mass or the frequency of the incident sound wave is dou-
bled. According to this, sand-based floor covering plus heavy-
weight floor (CON + HWF), based on its higher superficial density
(Table 7), should have improved the insulation compared to
LIG + HWF group at higher frequency range. However, at these fre-
quencies (>500 Hz) a more pronounced decrease in L, is observed
in the case of the constructive group with pet coke (Fig. 7), where
the line show more negative trend.

Therefore, density, porosity, tortuosity and structural morphol-
ogy, among others factors, contribute to this impact sound insula-
tion improvement at middle and high frequencies shown by floor
covering made with cement and pet coke.

It is no easy to find in current literature some representative im-
pact noise spectra which adequately represents the common im-
pact sound source in dwellings, and in which a given sample can
be rated under a specific conditions of optimal performance.

Some authors [31,32] shown that the most frequently impact
sound sources are male and female walking, small falling objects,
floor cleaning activities, moving of furniture and jumping children.
Gerretsen [32] set up a graph of sound pressure levels of some
household activities relative to the normalised tapping machine
from own measurements.

Based on this study, it can be said that coke-based floor covering
would insulate better with high frequency noise sources, this in-

Table 7
Superficial densities of the constructive elements studied.

Constructive element Superficial density

(kg/m?)
Normalised heavyweight floor with no floor 435
covering (HWF)
Control floor covering plus heavyweight floor 627
(CON + HWF)
Lightweight floor covering plus heavyweight floor 537
(LIG + HWF)
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Table 8
Weighted normalised impact sound pressure level and the regarded INR obtained
from the floor coverings investigated.

“Heavyweight floor (HWF)

Lnow (dB) 74
“Floor covering + Heavyweight floor
Control (sand-based) slab (CON + HWF) Lyw (dB) 71
Lightweight (coke-based) slab (LIG + HWF) Luow (dB) 68
“Floor covering
Control (sand-based) slab (CON) ALy (dB) 3
Lightweight (coke-based) slab (LIG) ALpay (dB) 6

" Averaged data.

volves sounds generated by light mass source (that would induce
less acoustic vibration in the building structure and so that less
low frequency waves). Under this conditions the kind of impact
sound sources that fit better would be small falling objects, floor
cleaning activities and female walking.

In Table 8 appear the weighted normalised impact sound pres-
sure level (calculated from their corresponding displaced lines
shown in Fig. 7 of HWF (L,,0,,), CON + HWF and LIG + HWF groups
(Lp1w and Ly, respectively), as well as the Impact Noise Reduction
level (AL,1w and ALyy,,) performed by each floor covering itself
(CON and LIG), with no standardized heavyweight floor (HWF),
according to standards [19,23].

The INR level exerted by the floor covering made with cement
and pet coke reaches 6 dB, and the one by sand-based floor cover-
ing is 3 dB. INR improvement that eventually comes from a pet
coke substitution instead of sand is therefore 3 dB.

5. Conclusions

The following conclusions are drawn from the present study:

The characterization of raw pet coke and cement-coke compos-
ite comprehends different techniques to assess the feasibility of
using pet coke as aggregate in cement to produce lightweight mor-
tar. Results showed that coke is formed mainly by C and S with
other elements content such as V and Fe as the most relevant met-
als. Its structure presents a low crystalline degree showing S homo-
geneously dispersed all over its irregular surface. Among the
physical properties this waste material can offer are low density
and high porosity (~50%), this latter is greatly formed by pores lar-
ger than 5 pm in diameter. SEM images reveal that total porosity is
eventually maintained once pet coke has been added to cement
matrix. Furthermore, this inherent porosity of pet coke contributes
to obtain a lightweight mortar (<1500 kg/m?), increasing ~60% of
total porosity and >38% of density of the resultant composites com-
pared to mortars made with sand.

On one hand, it is clear that pet coke acts like an inert material
not interfering with cement hydration processes. There is no evi-
dence of second-reaction in cement-coke interface. On the other
hand, beside of reducing the required cement quantity when it
substitutes sand, coke increases the water to cement ratio in mor-
tars. Such increment is due to coke porosity and hydrophobic prop-
erties, which, therefore, enhance at the same time the volume
percentage of total porosity of resultant lightweight mortar.

The porosity increase drastically affects to mechanical proper-
ties: samples made with coke showed ~83% and ~88% less flexural
and compressive strength, respectively, than the ones made with
sand.

The installation of coke-based mortar slab as floor covering en-
tailed an impact sound insulation improvement, although this was
lower than expected. Despite the great behaviour at middle and
higher frequencies shown by the lightweight mortar slab, which

reached 14 dB of insulation improvement at 5000 Hz, this is not
sufficient for this material to be used as an effective floor covering
in dwellings. The covering had a low capacity to reduce low fre-
quency waves (<400 Hz). This spectral range contains the majority
of impact noises.

However, given the range of properties found in cement-coke
composites, there remains a potential for application of these
materials as environmentally sensitive alternatives to current op-
tions for reducing impact and airborne noise.
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