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Abstract

The influence of alumina-containing raw materials on the properties and structure of radio-
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transparent materials (RPM) has been studied. A positive effect of metallurgical and micronized

aluminum oxides on physical and technical properties was revealed, namely a significant decrease
in the number of closed pores due to an increase in the number of small willemite crystals.
Keywords: celsian, willemite, radio-transparent ceramics, aluminum hydroxide, alumina, dielectric

characteristics, pores
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1. Introduction

Radio-transparent ceramics are used as a strategically important
material in aircraft and rocketry, due to the constant in a wide
temperature range of operating frequencies and electrical
characteristics, as well as strength, heat resistance and heat resistance.

Aircraft fairing materials support dynamic, vibrational and
stationary loads: compression, bending and twisting, sudden
changes in temperature (from air level to several hundred
degrees per second), hypersonic flows, and in some cases high-
intensity infrared, neutron, and other radiation. The structure can
significantly affect the functional properties of RPM.

Among the requirements for the quality of raw materials
for ceramic radio-transparent materials, the presence of
impurities (chemical purity), dispersion and porosity should
be highlighted. Therefore, it is necessary to study the effect of
raw materials on the sintering temperature for the formation
of a given phase composition and obtain the appropriate
characteristics. No less promising areas of research are the
study of the impact of alumina raw materials of different
nature on the phase composition, sintering characteristics and
functional properties of radiopaque ceramics.

2. Analysis of literature data and problem
statement

In connection with the high requirements for ready-made
radio-transparent materials for aircraft and a wide range of
their uses, it is important to control structural features, in
particular, porosity. Because strength, moisture absorption,
and dielectric constant depend on the porosity index.

Minimizing its residual porosity plays a crucial role in
obtaining ceramics with high dielectric constant. High values
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of dielectric constant are observed even for coarse-grained
ceramics (with grain sizes from 1.2 to 60 pm) provided that
99% of the theoretical density is reached. At the same time,
when the density of ceramics is reduced to ~ 82%, the dielectric
constant of samples with an average grain size of up to 1 pm
decreases significantly [1].

Fine-grained ceramics has a number of features that are clearly
manifested in the field of phase transitions. For example, as the
size of the crystallites (areas of coherent scattering) decreases, the
microdeformations increase, which can cause suppression of the
ferroelectric properties. That is, the dielectric constant and grain
size are ambiguous: it is possible that the dielectric properties
are suppressed in the presence of small grains in the material.
This is confirmed by a study that experimentally showed that
the dielectric constant decreases with decreasing grain size [1].

The results of [2] indicate that the degree of porosity of
ceramics directly affects the dielectric properties. With
increasing porosity, the value of the dielectric constant decreases,
while the nature of its frequency dependences does not change.
Therefore, by controlling the porosity of the ceramic in the
manufacturing process, it is possible to obtain samples with the
required dielectric constant for a particular application. The
appearance of porosity is significantly influenced by aluminum-
containing raw materials and the peculiarities of its sintering.

3. The purpose and objectives of the study

The aim of this work is to determine the effect of the type of
alumina-containing raw materials on the phase composition,
structure, and properties of radiolucent ceramic materials of
celsian-willemite composition, synthesized in the temperature
range 1100-1200 °C.
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The main task is to characterize the influence of different in
structure, the degree of purity of alumina-containing materials
on the properties of X-ray contrast material, the choice of
optimal raw materials to obtain the desired structure of the
source product.

4. Rationale for the choice of thinning additives
for research

Improving the quality of technical ceramics is determined
by solving the main problem of materials science: dispersion
- composition - structure - property. The relationship of
these parameters is the basis of modern technologies aimed
at obtaining ceramic products with specified performance
properties, which is of paramount importance in increasing
the competitiveness of products.

The vast majority of industrial brands of domestic alumina are
characterized by a predominant aggregate size of 30-40 pm in
the presence of particles with a maximum size of up to 150 pm.
Such materials cannot be used in the production of densely
sintered ceramics without prior grinding (brand GK - alumina
non-metallurgical) or without prior heat treatment (brand
G-00 - metallurgical alumina) and subsequent fine grinding.
Currently, leading foreign producers of alumina-containing
raw materials (Alcoa Industrial Chemical, USA; Alcan
Bauxite and Alumina Aluminum Pechiney, France; Almatis
GmbH, Germany) offer a wide range of ready-to-use alumina,
which differ in calcination temperature, content a-Al,O, and
impurities, the presence or absence of mineralizers, the degree
of dispersion, the specific surface area, and others [3, 4].

In view of the above, it is of interest to study the effectiveness
of the use of micronized alumina and aluminum hydroxide as
alternative aluminum-containing materials.

5. Materials and methods

During the research, aluminum-containing materials were
used to obtain celsian-willemite ceramics: alumina grade G-00,
alumina ST3000SDP, aluminum hydroxide (Alcoa Industrial
Chemical, USA; Alcan Bauxite and Alumina Aluminum
Pechiney, France; Almatis GmbH, Germany).

The most widely used method for obtaining alumina is Bayer’s
method [5], which consists in obtaining a solution of sodium
aluminate by the interaction of natural bauxite with a solution of
sodium hydroxide. The resulting sodium aluminate solution is
purified from impurities, and after appropriate treatment, pure
aluminum hydroxide is isolated, from which alumina is obtained
by calcination in rotary kilns at a temperature of 1150 - 1200 °C.
As aluminum hydroxide is an intermediate in the production
of alumina, it is the same raw material available in Ukraine as
alumina and is produced by the same manufacturers.

Alumina ST3000 SDP is a new development of the company
Alcoa Industrial Chemicals (now Almatis GmbH). It is made of
alumina ST3000 SG (ground in a ball mill with the addition of
0.06 - 0.12 wt% MgO in a spray dryer), especially for parts with
a polished surface, such as pump valves, pistons, shut-off valves
for hot and cold water mixers, etc. The sintering temperature
recommended by the manufacturer is 1600 °C.

According to petrographic analysis, aluminum hydroxide
brand GDO00 consists of colorless, transparent aggregates of
spherulites, consisting of lamellar crystals. Aggregates are
represented by hydrargillite, have a complex round, round-
polygonal, rectangular shape. Unit size: maximum - 130 pm,
single - up to 190 um, which prevails 40 + 80 um [7].

Determination of the apparent density, water absorption and
open porosity of the experimental samples was performed by
hydrostatic weighing in water on samples of ceramic materials
weighing from 50 to 80 g.

Samples in the form of tablets with a diameter of 20 mm and
a height of 3 mm were used to determine the dielectric constant
and the tangent of the dielectric loss angle. The measurements
were performed on an automated device (Tangent-3M),
designed to measure the characteristics of the dielectric loss in
the range 0.0001 to 1 at a range of operating voltages between
0and 270 V.

The phase composition of the test samples was determined
using the method of X-ray phase analysis (X-ray diffraction)
using a DRON-3M diffractometer with CuKp radiation
and a nickel filter under standard operating conditions. The
American ASTM 1527 21 file was used to identify phases [6].

Studies of the morphology of the developed ceramic
materials were performed by scanning electron microscopy
on a microscope JSM-6390LV (Jeol, Japan) in the mode of
secondary electrons. The study was subjected to chipping of
materials, which allowed to assess the features of its structure
more objectively (because the fault reveals defective areas of
the sample).

Total shrinkage is determined by changes in linear
dimensions after firing. Shrinkage is determined on tiles
measuring 100x100x10 mm.

Hardness was tested using the Rockwell method. According
to this method of hardness measurement, the depth of
penetration into the test material of the diamond pyramid is
found.

6. Results and discussion

Using the method of X-ray analysis, it was determined that
the main contribution to the formation of micropores is made
by aluminum hydroxide of a hydrargillite structure as a result
of the removal of constitutional water and the rearrangement
of the crystal lattice under the influence of heat treatment with
the formation of porous fine-grained aggregates with a highly
developed surface, consisting of single-crystal particles of
corundum.

Thus, this study confirm the feasibility of using aluminum
hydroxide to intensify the solid-phase synthesis of
aluminosilicates, in particular SrAlSi,O, BaAlSi,O; and
sintering ceramics, which are of considerable interest for the
technology of ceramic RPM.

The paper investigates metallurgical alumina brand G-00,
as well as alternative aluminum-containing raw materials
(micronized alumina brand ST3000 SDP, and aluminum
hydroxide brand GD-00), which are of interest in terms of
intensification of structure and phase formation of ceramic
RPM based on barium anornurite), and other aluminosilicates.

Vol. 75, No. 3 = 2023/3 = . 85
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Fig. 1 SEM images of test samples with magnification of x250 Sample I (a), Sample II (c), and magnification of x2000 Sample I (b), Sample II (d)
1. dbra A probatestek SEM felvételei 250-szeres nagyitdssal I. minta (a), II. minta (c), 2000-szeres nagyitdssal I. minta (b), II. minta (d)

The content of components, wt. %

Material
Samplel Sample ll Sample Il
Novoselivsky sand 30.05 30.10 28.66
Zinc whitewash 34.11 34.17 32.54
Barium carbonate 21.16 21.19 20.18
Alumina metallurgical G-00 14.67 - -
e wse -
Aluminum hydroxide GD-00 - - 18.62

Table 1 Batch composition of the samples
1. tabldzat A mintdk Gsszetétele

The data obtained as a result of differential thermal and
petrographic analysis indicate the feasibility of using alternative
aluminum-containing materials to intensify low-temperature
synthesis of celsian.
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The compositions of raw material mixtures (Table 1) are
calculated, in which the aluminum-containing component is
represented by different raw materials: metallurgical alumina
G - 00 (I), micronized alumina CT3000SDP (II) and aluminum
hydroxide GD - 00 (III).

Properties are shown in Table 2, all samples fully comply with
the norms of dielectric properties for radiolucent ceramics
(dielectric loss tangent fgd = 10-2 ... 10-5, dielectric constant
€ <10). Sample I has zero total porosity and water absorption,
but has the highest total shrinkage (6.05%). According to the
obtained data, it is expedient to use both G-00 metallurgical
alumina and CT3000SDP micronized alumina for further
research.

As can be seen from the microphotographs of Figs. 1a, Ic
taken at a magnification of 250x, ceramic samples I and II,
have a crystalline homogeneous structure without visible
defects (cracks) and foreign inclusions. Both materials are
characterized by the presence of closed pores, mostly spherical
in shape. The pore size varies in a wide range: from 4 pm to
207 um. The preferred pore size is ~25 ym.
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Properties
General Imaginary Water Total Dielectric Tangent of the Rockwell Vickers Strength limit of
shrinkage density absorption  porosity constant, dielectric loss hardness, Hardness, compression o,
Lyeny % p, g/cm? W, % Pt, % € angle, tgé HRA HV MPa
1 6.05 2.99 0 0 2.85 0.0076 74 471 1520
] 2.35 2.99 0.18 0.54 3.11 0.0044 72 435 1405
m 5.83 2.88 0.6 1.74 2.46 0.0091 56 180 610

Table 2 Properties of samples fired 1200 °C
2. tabldzat 1200 °C-on égetett mintdk tulajdonsdgai

The compared microphotographs indicate that the use
of micronized alumina (sample II) can reduce the closed
porosity of the material by reducing the pore size. Photographs
of the microstructure of the samples at high magnification
(x 2000) are more informative. The obtained data indicate
that in comparison with sample I obtained using metallurgical
alumina, the structure of sample II containing micronized
alumina is fine-crystalline. In Fig. 1b and 14, it can be seen that
the inner surface of the pores is covered with small crystalline
neoplasms. The difference in the shape and size of the crystals
is also noticeable. In both samples there are lamellar crystals
with a size of 22.4x11.4 um (for example, barium aluminate)
and needle crystals of 15.75x0.55 um (celsian). Finely divided
willemite crystals up to 1.70x1.14 um in size form clusters
between larger crystals, which contributes to the compaction
of the material.

The effect of different types of aluminum-containing raw
materials on the main properties of radiotransparent ceramic
materials based on the BaO - ZnO - Al,O, - SiO, system was
studied.

It is established that all samples obtained using the developed
masses meet the requirements for RPM on electrophysical
characteristics. Due to the maximum level of sintering at a firing
temperature of 1200 °C (water absorption W =0 - 0.5%, open
porosity Pv = 0 - 1.74%) the received materials belonging to
densely sintered ceramics are characterized by high indicators
of durability and hardness.

Microscopic studies showed the presence of closed porosity.
The positive effect of using CT3000SDP micronized alumina
is noted by the reduction in the number of pores due to the
increase in the number of small willemite crystals. In general,
the work solves the problem of obtaining ceramic radiopaque
materials and studying their properties depending on the
phase composition and structure.

7. Conclusions

Raw material compositions containing different types
of aluminum-containing raw materials were developed:
metallurgical alumina brand G-00, micronized alumina brand
ST3000 SDP and aluminum hydroxide brand GD-00.

It is established that the materials fired at a temperature
of 1200 °C are characterized by the maximum level of
sintering (W = 0-0.5%, P = 0-1.74%) and completely satisfy
requirements to radio-transparent materials on electrophysical

characteristics. ¢ = 2.08 - 3.85, tgd = (0.0091-0.0755) - 10
Samples of ceramics obtained using metallurgical alumina
G - 00 predominate in terms of the level of physical and
mechanical properties and g, = 1529 MPa).

The microstructure of the samples has a high density, but in
the materials obtained in the laboratory there are closed pores,
mostly spherical in shape with an average size of ~25 pm, the
number of which decreases when using micronized alumina.
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Abstract

In the production of asphalt mixtures, the possibility of recycling rubber grits has appeared for
decades. A rubber bituminous mixture appearing as a special Hungarian patent greatly reduced
the viscosity problems of rubber bitumen mixtures, resulting in a bitumen type that is easily
transportable and does not require special equipment, The asphalt mechanical properties of
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the MOL rubber bituminous mixture are excellent both in the field of plastic deformation, cold
behavior, and fatigue properties, so they are real competitors to polymer-modified bituminous
mixtures. New research possibilities have emerged for use at reduced production temperatures,
as a so-called WMA asphalt mix, in which case the first experimental - wheel tracking and cold

behavior test - results are also encouraging.
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1. Introduction

The use of rubber bituminous binder, i.e., rubber-modified
bitumen, has been present in asphalt production for decades.
The purpose of rubber bitumen is twofold, since on the one
hand it aims to recycle tire waste and, on the other hand,
it seeks to use the beneficial properties of rubber during
mixing with bitumen. However, its spread was not a complete
breakthrough in the asphalt industry, which may be due to
problems of production technology, quantity and quality. At
the same time, rubber bitumen developed by the Hungarian Oil
Industry Company (MOL) eliminated and reduced production
technology problems to an acceptable extent, resulting in
rubber-modified bitumen whose use in asphalt mixtures rivals
the mechanical properties of polymer-modified bituminous
asphalt mixes. Asphalt mixes made with domestic MOL
rubber bitumen have appeared on the expressway network
since last year, not only for wear layer installations, but also
for bonding and base layer applications. Due to the increased
energy costs, the application possibilities of asphalts made at
reduced production temperatures have come to the fore again,
accordingly, it is also possible to produce moderately warm
asphalt mixtures in the production of rubber bituminous
asphalt mixes. The purpose of publishing this article is to
briefly summarize the most important asphalt mechanical
experiences of mixtures made with rubber bitumen developed
in Hungary and to discuss the production possibilities of
moderately warm mixtures.

2. Production technologies of rubber bitumen

Advances in manufacturing technology have made it possible
to recycle tyre materials (shredering). By refining grinding
technologies, the tyres main components could now be
separated into rubber groats, steel and fabric. The technologies
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developed for the use of rubber powder are now widespread, in
a very simple way the literature distinguishes between the so-
called dry and wet process and their technologically modified
versions. The addition of rubber granules and grits to asphalt
mixtures appeared already in the 1950s and 60s in the USA
and Sweden [2]. In addition to cold technologies (pressed
glued rubber mats), experiments have been conducted since
the 1960s to explore the application possibilities of warm
technologies. MacDonald’s experiments have already aimed
to turn rubber-doped bitumen into rubber bitumen, i.e., to
increase the rate of use from 3% to a minimum of 15% [3].

An engineer from Arizona thought it was worth mixing the
rubber grist with bitumen and letting the two materials react
with each other for about 1 hour, because in this case we get
a new material with engineered advantageous properties. He
named the material rubber asphalt, and the process is called
the “water process” in scientific language.

In the dry process, rubber ground is added to the heated
mineral additive, and only then mixed with bitumen during the
preparation of asphalt. In this case, the rubber powder must be
activated beforehand to achieve optimal particulate swelling.
In the wet process, the rubber grist is first mixed with bitumen
and then mixed with the stone frame. During the wet process,
bitumen contains the aromatic douching oils necessary for
the activation of rubber. Already early rubber bitumen studies
showed that the grain size of the rubber groats, the mixing
temperature and the duration of mixing are closely related
to the properties of the final product [2]. The swelling and
subsequent dissolution of crumb rubber can be demonstrated
through rheological characteristics, e.g., the change in viscosity
(Fig. 1) [3].

Due to its high viscosity, rubber bitumen produced by wet
process requires a special asphalt recipe and asphalt production
conditions, moreover, it requires a special mineral framework
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for the manufacture of the mixture. Despite the difficulties,
asphalts and built asphalt roads mixed with the use of rubber
bitumen produced in this way resulted in significant quality
and durability improvements compared to asphalts and roads
manufactured with normal road construction bitumen [3].

A

165°C

175%C
185°C
195°C
205°C

215°C »

Viscosity

Fig. 1 Change of rubber bitumen viscosity as a function of blending temperature
and duration
1. dbra A gumibitumen viszkozitdsdnak vdltozdsa a keverési hémérséklet és idé
fiiggvényében

3. Modified wet process, or MOL technology

The joint research and development activities of MOL and
the University of Pannonia in the field of rubber bitumens
started in the early 2000s. The objective was to produce a rubber
bitumen product that has the advantages of already known
rubber bitumen products but eliminates or at least reduces to an
acceptable extent the problems of their production and/or use,
and it was also an important goal to make the new production
technology feasible in the oil refinery. This will make it possible
that the production of rubber bitumen does not require a
special rubber-bitumen mixing plant at the site of asphalt
production, and the product is transported, used in asphalt
manufacturing and road construction similarly to polymer-
modified bitumens. As a result of the successful research
and development activity, a patent-protected technology and
product (HU226481) was developed [4]. The technology
described by the patent is the so-called “technology”. Modified
wet process and the manufactured product is chemically
stabilized rubber bitumen [4]:

= In the first technological step of the modified wet

process, the rubber grist is added to high-temperature
bitumen (210-250 °C) and subjected to intensive
stirring, resulting in swelling and partial dissolution of
the rubber grit.

= In the next technological step, during mixing at a lower
temperature (140-180 °C), the partially dissolved rubber
powder is stabilized, and the split carbon-sulfur and
sulphur-sulfur bonds are partially rebuilt (revulcanized).

= A multifunctional, self-developed and manufactured
additive is also used in MOL, which improves the
dissolution of rubber grits in bitumen and the
compatibility of the rubber-bitumen system, and on the
other hand, due to its viscosity reducing function, it also
plays a significant role in improving the applicability

of the product (pumpability at asphalt mixing stations,
atomization, compressibility).

The complete dissolution of the rubber powder does not take
place even during the modified wet process developed by MOL
and the University of Pannonia, as complete dissolution would
be at the expense of the quality of the manufactured product.
50-60% by weight of the rubber grist used dissolves, so a
significantly higher proportion than in the previously applied
wet rubber bitumen production technologies. Polymers that
enter bitumen by the dissolution of rubber as active modifying
agents improve the properties of bitumen. The undissolved
rubber grains, swollen by the binding of the oily components
of bitumen, partially retain their elastic properties. As a
consequence, the fatigue and low-temperature properties
of the binder improve, which also results in a significant
improvement in the quality of asphalt [5].

4. Experience and tests of rubber bitumen
installation in Hungary

Rubber bituminous test sections were already built in
Hungary before 2010 on a test basis, and the first laboratory
asphalt mechanical tests started during this period.

The opening of MOLSs rubber bitumen manufacturing plant
in Zalaegerszeg created a new opportunity for the production
of rubber bitumen mixtures, and since 2012 rubber bituminous
asphalt mixtures have been integrated into Hungarian road
technical regulations. Between 2012 and 2021, more than 110 km
of road sections made using rubber bituminous asphalt mixture
were created or renovated in Hungary. On the affected road
sections, they were typically built mostly in wear and bonding
layers, but after 2018 the base layers were also built with rubber
bitumen mixtures (RMB), and from this year these modern
mixtures were also installed on some Hungarian expressways.

Budapest University of Technology and Economics’ (BUTE)
Department of Highway and Railway Engineering has been
involved in the investigations of RMB almost since the
beginning of the development. Tests have already been carried
out on mixtures made according to the previous technical
specification in 2009, with encouraging results. The asphalt
mechanical properties (fatigue, resistance to deformation, etc.)
of the RMB mixture have been shown to be superior to those
made with conventional road construction bitumen; some of
its characteristics were found to be close to, and sometimes
even precede those of polymer-modified bitumen binder
(PMB) asphalt mixes.

It is clear that rubber bitumen is not a competitor to
conventional asphalt mix, but to polymer-modified bituminous
mixture. It is becoming clear that the cold-side behavior and
fatigue resistance are significantly better when comparing
rubber bituminous mixtures with polymer-modified
bituminous mixtures, in the case of plastic deformation -
and so far, this has been confirmed by the small number of
triaxial tests — there is no significant difference between the
two mixtures, and the stiffness test results favor PMB mixtures.
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The researchers of BUTEs Department of Highway and
Railway Engineering compared the traditional, polymer-
modified and rubber-bituminous asphalt track structures
built with an unbound base structure using the dimensioning
procedure of the road structure, and the results concluded
that under the same load conditions, asphalt thicknesses up
to 1.5 cm thinner than PMB mixtures may be sufficient to
withstand loads [5].

Wheel tracking test + e O N T
Fatigue resistance + ++ @
test
IT-CY stiffness test + +t ++
Cold behaviour test + ++ @

Note: The difference between the + signs represent the positions of the test results of each
mixture relative to each other

Fig. 2 Comparison of asphalt mechanical tests carried out over the last ten years for
each type of mixture (+++: indicates best performance) [6]
2. dbra Az elmilt tiz évben az egyes keveréktipusokon elvégzett aszfaltmechanikai
vizsgdlatok dsszehasonlitdsa (+++: a legjobb teljesitményt jelzi) [6]

5. Rubber bitumen as moderately warm asphalt

The production temperature of hot mix asphalt mixes
(HMA) is between 160 °C and 180 °C. Various viscosity
reduction processes can be used to produce ,Warm Mix
Asphalt” (WMA) between 100 °C and 150 °C and semi-warm
asphalt mixtures between 60 °C and 100 °C [7]. The purpose of
the high temperature is to temporarily reduce the viscosity of
bitumen enough to coat the grains and be transported to the
work area for installation. At the same time, the viscosity of
bitumen can be reduced by various processes, foaming, or by
adding chemical and organic substances.

[~
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[1#] 50°C 150°C

200°C
Cold Half Warm Warm Hot
Asphalt Asphalt Asphalt Asphalt
< Technology Trend = Lower Temperatures |
Fig. 3 Types of asphalt depending on production temperature: cold asphalt, half

warm asphalt, warm asphalt, and hot asphalt [7]
3. dbra Az aszfalt tipusai a gydrtdsi hémérséklettdl fiiggben: hideg aszfalt, félig meleg
aszfalt, meleg aszfalt és forré aszfalt [7]

By reducing the viscosity of bitumen, WMA mixtures
can be produced at temperatures up to 30-60 °C lower than
conventional asphalt. Thus, by reducing the energy required
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for heating, direct fuel savings of up to 30-50% can be achieved,
which can be easily and immediately realized during asphalt
production. Another important aspect is that the coating of
the aggregate frame with bitumen is not damaged and thus its
compactability is not inferior to WMA asphalt compared to
conventional asphalt mixes [8].

International research has also proven that by adding
an additional organic or chemical additive, it is possible to
create a mixture that meets the mechanical properties of the
original rubber bituminous asphalt mix as WMA asphalt,
since the modulus values of indirect tensile stress, wheel track
formation resistance and elasticity practically did not differ
in the case of the WMA mixture compared to the ,normal”
rubber bituminous mixture representing the reference mixture
[9]. A Spanish study looked at how the WMA-RMB mixture
performed. Four mixtures were tested, the control mixture
was made with bitumen PMB 45-80-65 and the rubber
bituminous mixture was made with 20% by weight of rubber
powder added to bitumen 70/100. During the WMA process, a
paraffinic organic substance (Sasobit) and a surface activating
chemical additive (Zycotherm®®) were used. The mixture itself
was BBTM 11A, produced at different temperatures. Based
on the stiffness measurements carried out according to EN
12697-26, rubber bituminous mixtures performed better than
polymeric mixtures at all test temperatures except chemical
additive mixtures, with paraffin additive achieving best results.
The wheel tracking test result of this mixture was practically
identical to that of the PMB mixture [5, 10].

As a moderately warm asphalt mix, the rubber bituminous
mixture developed by MOL was also tested in spring 2023. Two
types of WMA additives were used mixed with RMB:

= GMB: wax (paraffin) type additive containing 2339-

B/22 WMA additive-1, has a viscosity reducing effect
at high temperatures, thereby reducing the temperature
of asphalt mixing. However, when cooled to 50-70 °C,
there is no softening effect, it brings about the quality
parameters of the unadditive binder or asphalt, possibly
it may have a stiffness/modulus increasing effect in the
range of the road surface usage temperature.

= 2340-B/22: GMB containing WMA additive-2:
surfactant, the mechanism of action of which is that
bitumen wets the mineral more easily by reducing
surface tension. As a result, at lower temperatures, rock
wetting, that is, asphalt mixing, can be carried out.

In addition to the mixture with the two additives, two
reference mixtures were prepared, a rubber bituminous
AC 16 binding course (mF) (RMB 45/80-55 reference) and a
polymer-modified AC 16 binding course (mF) (PMB 25/55-65
reference) mixture. The two reference mixtures were mixed
according to MSZ EN 12697-35 and compacted at 170 °C, but
the two WMA additive mixtures were mixed 20 °C lower.

Experiments were carried out to determine wheel traces
(MSZ EN 12697-22 /9.3.2.) and cold behaviour, i.e., cracking
temperatures, on the above-mentioned mixtures. Based on the
results, it can be clearly seen that the surface-active additive
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rubber bituminous mixture mixed at a temperature lower than
20 °C gave the same results in terms of plastic deformation
resistance as the reference PMB and RMB mixtures (Fig. 4).

Wheel Tracking Test at Different Type of AC 16
mixtures
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Fig. 4 Wheel tracking properties of rubber bituminous and ‘conventional” mixtures
with WMA additive
4. dbra  Gumi bitumenes és “hagyomdnyos” keverékek keréknyomképzidési
tulajdonsdgai WMA adalékanyaggal

In terms of cracking temperature, the same mixture
prepared with an active surface additive exceeded the cracking
temperature result of the PMB reference mixture and yielded
the level of the reference RMB mixture (Fig. 5).

Cold behaviour test - Cracking temperature at
different type of AC 16 mixtures
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Type of AC 16 mixture

B AC 16 binding course (mF) 2233-B/21 (RMB 45/80-55 reference)

M AC 16 binding course (mF) 2134-B/22 (PmB 25/55-65 reference)

HAC 16 binding course (mF) 2339-8/22 (RMB+WMA 1 additive)
AC 16 binding course (mF) 2340-B/22 (RMB+WMA 2 additive)

Fig. 5 Cracking temperature of rubber bituminous and ‘conventional” mixtures with
WMA additive (Cold behavior)
5. dbra  Gumi bitumenes és “hagyomdnyos” keverékek repedési hémérséklete WMA
adalékkal (hideg viselkedés)

6. Conclusion

The use of rubber bitumens has been present in road
construction for almost 50 years. Despite the beneficial
properties, the application of the material could not spread to
the desired extent, mainly due to manufacturing technology
problems. MOLs chemically stabilized rubber bitumen
product has successfully eliminated these technological
problems of production and transportation and has created a
favorable material that can be successfully used as a binder for
any asphalt mix. In recent years, numerous asphalt mechanical

tests have proven the application of domestically developed
rubber bitumen, and rubber bituminous mixtures have finally
appeared on the expressway network as well. In the current
situation, in order to spread rubber bitumen domestically and
internationally, it is necessary to examine how the scope of
application of rubber bitumen can be extended.

Based on the test results presented above and international
examples, it would be worthwhile to examine the possibility
of using rubber bitumen in the case of WMA asphalts as well,
and further studies should be carried out on the application
of rubber bituminous mixtures in the binding and upper base

layers regarding the overall track structure behavior.
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Abstract

This study evaluates asphalt concrete (binder course) being one of the components of flexible
pavement to determine the quality grade of asphalt used in construction in line with the Nigeria
General specification (NGS). Compacted binder course samples were collected from three
selected asphalt plants in Akwa Ibom State and subjected to bitumen extraction, Marshall Stability
and flow test. Characterization of materials was carried out in line with requisite standard and
specification for binder course. Statistical data analysis tool (minitab and Microsoft excel 2013)
was used to validate the relationship between bitumen content and other related variables. The
results indicate that more than 95 % samples satisfied the requirement of Marshall Stability, flow
and bitumen content, based on the NGS for roads. The results of multiple regression models and
analysis of variance as well as the relationship between the experimental and predicted outcome
of bitumen content indicate that stability and flow cannot be used in predicting the optimum
bitumen content yields. Also, the relationship between bitumen content and other related
Marshall variables show that these variables should be carefully monitored during Marshall
Stability for optimum design. The scan electron microscopy results revealed voids in compacted
specimen. This study has shown that microanalysis through SEM is significant and should be
incorporated into pavement evaluations in addition to conventional material characterization and
various physical and mechanical quality control tests.

Keywords: asphalt binder course, bitumen content, stability, flow, scan electron microscopy,
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1. Introduction

Road construction and infrastructure is one of the biggest
capital investments of many countries world over. This is
a critical sector which is generally known to automatically
boost the economy of many countries. With the consistent
public outcry in raising the infrastructural deficit in Nigeria,
road construction is now in the exclusive list of government
priority at all levels. Without a well-maintained road system,
the transportation infrastructural needs of the public,
businesses, industries and government cannot be met [1]. Road
transportation provides vital links between spatially separated
facilities which enables social contact and interaction between
man and the environment [2]. However, premature failure
and subsequent deteriorations of road pavement due to poor
qualities of binder course amongst other factors have hampered
the socio economic activities of many economies. Therefore,
with regard to the paramount importance of road network in
the economic development, safety and social cohesion of each
country, it is important to continually assess the quality of
materials that is used in road construction.

92 " = 2023/3 = Vol. 75, No. 3
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Asphaltic concrete is one of the vital materials in pavement
construction. It is a composite material made up of aggregates,
binder and filler materials which is commonly used in providing
a stable surface area on highways of road surface, parking lots
and runways of airport [3]. Asphalt plays a vital role in global
transportation infrastructure and drives economic growth and
social well-being in developed as well as developing countries
[4]. An average asphalt pavement consists of the road structure
above the formation level which include unbound and
bituminous bond materials. This gives the pavement the ability
to distribute the loads of traffic before it arrives at the formation
level. About 95 % of roads in Nigeria are surfaced with asphalt
concrete composite. Amongst other factors, bitumen content
in this composite is one of the significant parameters that
could affect the sustainability and durability of road sections.
Binder course is one of the layers of pavement structure and
its plays a very significant role in protecting the underlying
layers (sub-base and subgrade) in the complete cross section
of a road pavement structure. The quality of asphalt concrete
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for binder course in road structure depends on the bitumen
content amongst other material quality and factors which is
key to the durability and sustainability of the underlying sub
base and sub grade layers.

Asphaltic concrete mix design and their engineering
properties forman essential part forallasphaltic concrete mixture.
An asphaltic concrete is designed, produced and placed in order
to obtain desirable properties which include; stability, durability,
flexibility, fatigue resistance, skid resistance, impermeability
and workability. In Akwa Ibom State, huge investments have
and still being made by government on the construction of new
roads and rehabilitation of existing ones [5]. However, most
of these roads are considered unsafe for vehicular movement,
extend travel time due to premature development of potholes,
cracks and various signs of pavement distresses. This situation
has called for investigation on road pavement materials used in
construction of roads in Akwa Ibom State. This is with the aim
of ensuring that road pavements are in serviceable condition
within its design life. The durability of a cross section of a road
pavement is a function of the sub-structure material (sub-grade
and sub-base). The reliability of these materials either in its
natural or modified form might not be unconnected with some
of their engineering behavior in terms of plasticity, CBR and
UCS [6-20, 35-43]. Several studies have been conducted on the
qualities of materials used in pavement construction and general
assessment of infrastructural quality in Akwa Ibom State. Ilori
[21] reported the suitability of naturally occurring aggregates
as sub base and subgrade construction materials in Akwa
Ibom State and concluded that 85 % of the sample materials
satisfied the AASTHO and US Army criteria upon particle size
distribution, plasticity index, liquid limit and California Bearing
Ratio value. Similarly, Osunkunle et al. [22] presented that
asphaltic concrete produced in southwestern Nigeria conform
to the specifications of the Federal Ministry of Works and that
the quality and quantity of bitumen and aggregates used for
production were satisfactory. They went further to revealed that
despite the strict adherence to specification standard, roads were
subjected to severe pressure as a result of increased vehicular
traffic which contribute to pavement failures. In conclusion,
they recommended that regular laboratory analysis must be
conducted to ensure that asphalt concrete produced conform to
the acceptable standards. Akinleye and Tijani [23] also carried
out a study to assess the quality of asphalt concrete used in south
west Nigeria. They reported that the comprehensive assessment
revealed non conformity of asphalt concrete samples to the
Federal Ministry of Works specification. They further concluded
that the use of poorly graded mineral aggregates, poor and
inadequate bitumen content resulted in the mixture having
poor stability, flow and excess voids. A considerable amount of
literature has been published on the utilization of asphalt as a
road pavement material. However, it seems little attention has
been paid to Akwa Ibom state, because of the limited published
report.

Consequently, it is important to investigate the quality of
asphaltic concrete used in the construction sector so as to
appraise the situation of incessant failure of flexible pavement
as reported [22, 23]. Whilst there are various ranges of test
associated with various sections of a road pavement, this study

will only consider the testing of materials for binder course
section of a road pavement. Based on hands-on practical
data established from some of the tests, far reaching results
have been obtained in specific areas. However, some of these
outcomes have not been made available to public domain for
purpose of scientific validation from the various findings. Thus
the need to report such investigations as case study situation
for Akwa Ibom state becomes necessary as it would reflect the
true quality of binder course asphalt used in road construction
as well as contribute to the existing report. Also, morphological
investigation through scanning electron microscopy further
gives impetus to the outcome of this study thus closing the gap
and shortfall in previous study reported for case of wearing
course asphalt in same region [34].

Various modelling techniques are used in predicting
different factors or variable in asphaltic concrete. Wang et
al. [24] predicted the stress of asphalt concrete using multiple
linear regression. Bala et al. [25] proposed a model which
yields good predicted results for optimum binder content
using stability and flow results obtained from Marshall
Stability results. Kim and Kim [26] used the regression analysis
to develop a performance prediction model. Also, prediction
models developed from properties of asphalts material
was realized from well-built investigational outcome using
statistical regression method [27 - 29]. Baldo et al. [30] used
artificial neural networks (ANN) and predicted the numerical-
mechanical behaviour of asphalt concretes for road pavement.
Also, the use of simple statistical applications has become
necessary to validate or appraise laboratory data in civil
engineering [6 - 20]. Therefore, the use of multilinear regression
model would be essential to evaluate large laboratory results
obtained from stability test of binder asphaltic concrete. In the
light of the foregoing, this paper present an overview of the
simple multiple regression application carried out for selected
asphalts concrete production plants in Akwa Ibom state, as
part of evaluations study on Marshall Stability investigation
and material characterisation for the production of asphaltic
concrete bound for binder course level.

Developing effective predictive equations for any reasonable
variable that offers a major role in Marshall Stability
investigation are fundamental to the outcome of optimum
design of asphaltic concrete. Although lack of adequate data or
sample size has made it almost impossible to use conventional
statistical modelling tools/package such as simple regression
Kajner etal. [31]. However, the use of large sample size obtained
from eliminating inconsistent results due to laboratory errors
addresses the lack of adequate data or sample size which has
made its almost impossible to use conventional statistical
modelling tools/package. The trust of this study is based on the
fact that larger data mining from variables in Marshall stability
investigation was obtained within a longer space of time and the
out of range results which are inconsistent due to experimental
error were rejected in this study. Although simple linear
regression is an assured solution used in a number of studies
to coherently permits clear decision and profter solutions, this
study seeks to test the adequacy, robustness and usability of
simple multiple linear regression in determination of optimum
binder content.
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2. Materials and methods
2.1 Materials

The bitumen, aggregate and asphaltic concrete for binder course
were sourced from major three asphalt plant in Akwa Ibom
state, Nigeria. Although the batch of production were based on
satisfactory established optimum design that meet the requirement
of asphaltic concrete according to NGS [32] was adopted by each
of the production plant. The characterization of bitumen and
aggregate materials was done to ascertain that quality according to
specification was maintained throughout the study.

2.2 Methods

Samples of materials used in asphaltic concrete production
were collected from three different asphalt plants during
production and on information that they are for binder course.
Preliminary investigation on bitumen (penetration and softening
points tests) and aggregates (fine and coarse) used in each asphalt
production was carried out. Asphaltic concrete was collected from
three asphalt plantslabelled as A, B, and C and their corresponding
samples of binder course was labelled as sample 1 to 12. Samples
was analyzed for bitumen extraction, sieve analysis, Marshal
Stability and flow according to related standards (Table 1).

Test Standard

Bitumen

AASHTODT 49
ASTM D36-95
AASHTO D T-48

Penetration test

Softening point

Flash point

Aggregates/Asphalt Concrete
ASTM C127/C128

Aggregates (Fine and coarse)

Specific gravity (bituminous mixture) ASTM 2041
Los Angeles Abrasion test ASTM C131/ EN 1097-8
Flakiness index EN 933-3
Aggregate crushing value ACV BS 812-114
Bitumen extraction ASTM D2172
Marshall stability ASTM D1669
Sieve analysis ASTM C136
Table 1 Test and standard of testing used
1. tdblazat Az alkalmazott vizsgalati szabviny
Tack Coat Seal Coat _t Prime coat
Surface Course (25-50 mm) —l Sjvf;':’e'e
I Binder Course (50-100 mm) < | a"af‘gfd
Base Course (100-300 mm) oo

Subbase Course {100-300 mm|

Compacted Subgrade (150~300 mm)

Natural Subgrade

Fig. 1 Typical layers of conventional flexible pavement includes seal coat, surface or
wearing course, tack coat, binder course, prime coat, base course, sub-base
course, compacted subgrade, and natural subgrade

1. dbra A hagyomdnyos rugalmas burkolat tipikus rétegei kozé tartozik a tomitéréteg,
a feliilet vagy a koporéteg, a tapadoréteg, a kitéanyagréteg, az alapbevonat,
az alapréteg, az aljzatréteg, a tomoritett aljzat és a természetes aljzat
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This test was carried out for twelve-month duration to
span throughout a calendar year of both wet and dry weather
conditions. The minimum of three samples of binder course
asphalt were adopted. The result is collated and compared with
general specifications for roads and bridges from Federal Ministry
of Works and Housing to make necessary recommendations.
Tests results (Marshall Stability) was confirmed for consistency
based on specifications of NGS [32]. The various units of a
flexible pavement of a road structure is shown by the cross
section of Fig. 1. The bottom structure is the natural formation
ground level also known as the natural subgrade while the top
most layer is called the wearing course or surface course with seal
coat followed by the second from top (binder course).

2.2.1 Formulation of regression model

The simple multiple study focused on the development of
a model to predict the bitumen/binder content (optimum) in
asphalt concrete for binder course pavements. The data used in
the analysis were obtained from the laboratory study of several
batches of asphaltic concrete production for the various selected
companies. The guidelines of Agunwamba [33] were followed in
formulation of regression models and with strict adherence to
the principle of asphalt mix design. The bitumen content in an
asphaltic concrete is usually an intricate component for optimum
and satisfactory design of asphalt concrete. Bitumen content is
therefore modelled for the selected asphalt plants denoted by A,
B and C. Data used in this study were result of laboratory study
obtained from several batches of asphalt production from the
said plant. In this study, asphalt produced for binder course of a
road pavement is assumed to meet Marshall Stability optimum
mix design according to NGS [32] specification. Throughout the
study, the condition of the laboratory was kept and sustained at
room temperature. All other factors were assumed unchanged
with regard to the study in consideration. The behaviours of
bitumen content (optimum) in asphaltic concrete for the various
asphalt plant were then modelled using the concept of multiple
linear regression association with twelve data points. The twelve
data point is a function of minimum of three average values that
were observed to be very close to each other.

2.2.2 Bitumen content regression model

Independent variable (Y) identified as optimum bitumen
content (B,,) was achieved based on identified independent
variables x, and x, as stability (S) and flow (F), respectively.
The mode of compaction and other associated conditions
of laboratory are kept constant. The general formula for
multilinear regression is presented as:

Y =a+bx, + Cxy) +e (1)
Where Y = B,; X, =stability, S; x,, = flow, F;

a, b and c are constants called regression constants. i = 1,
2, 3,..n data points for asphalt plants A, B and C respectively.
¢ = zero random erratic error due to level of accuracy with
which the laboratory investigation was achieved. Eq. 1 is the
linear form for selected three variables associated with the
prerequisite needed for quality and sustainable pavement
structure based on accumulated laboratory study. For the set
of populated data points results and reducing the sum of least
square results, the constant as well as coefficient of regression
(a, b and c) are determined using Microsoft 2013 excel tools.
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This implies that B, = a + bF;, + ¢S;1=1,2,3,...,n 2)

Additional statistical tool was deployed to check the
adequacy of the models. The experimented and predicted
responses from linear model were paired and then subjected to
ANOVA (single factor).

3. Results and discussion

3.1 Characterization of materials used

Characterization of materials used in this study is shown in
Table 2 for bitumen. The penetration test of bitumen at 25°C for
the three samples clearly show that all samples had penetration
above 60/70 penetration value allowable in FMW [32] general
specification for road construction in tropical climate like
Akwa Ibom State.

C Specified limit by NGS

Penetration test 60 62 64 60-70 at 25°C

Specific gravity 1.0l 102 101 1.01-1.05 at 25°C
Softening point 50°C  49°C  48°C 4850°C
Flash point 254 253 252 250°C

Table 2 Characteristic properties of bitumen
2. tdbldzat A bitumen jellemz6 tulajdonsdgai

Asphalts concrete
site

Aggregate properties D E G

Specified
limits NGS
2.68 2.68 2.68 -

2.64 267 2.67 -

Gs (Coarse aggregate)
Gs (fine aggregate)

Average % passing 75 um sieve 93 94 95 275 %
Los Angeles Abrasion test, % 16 17 21 <25%
Aggregate crushing value ACV, % 21 22 225 <30%
Flakiness index % 19 21 20 <35%

Table 3 Properties of aggregate used for asphalt production
3. tdbldzat Az aszfaltgydrtishoz haszndlt adalékanyagok tulajdonsdgai

The test measures the hardness or consistency of bituminous
material. The outcomes of this test confirms that the bitumen
is soft which may be accredited to the existence of dilutants.
During asphalt production, bitumen is heated to reduce it
viscosity, hence the presence of dilutants will vaporize thus
reducing the amount of bitumen content in the mixture and may
subsequently leads to raveling which will result in premature
failure of pavement. The result of softening point values for the
three samples. The test is carried out to ascertain the temperature
at which the bituminous materials attain a certain viscosity level.
Bitumen softening point should be higher than the hottest day
temperature of the study area otherwise bitumen may sufficiently
soften and result in bleeding and development of ruts. In the
study area, the average hottest temperature is about 26.7°C
and the softening point for all the three samples were above
48 °C. The conformity of the softening values with the standard
specification indicate an asphalt concrete with increase resistance
to permanent deformation (the standard). The ductility test of
bitumen samples indicates a mean ductility value that is above
100 cm. The minimum recommended value specified by general
specification for roads and bridges is 100 cm. It is important that

bituminous material forms ductile film around the aggregates
which serve as a binder. Bitumen without sufficient ductility,
renders pervious pavement surface and leads to development of
cracks. The properties of aggregates tested for the three selected
sites as presented in Table 3 indicate satisfactory limit as asphaltic
road material specified in FMW general specification [32].

3.2 Sieve analysis

The gradation of the aggregate sizes for the three samples
are obtainable in Fig. 2. However, for samples A, B and sample
C obtained from the three asphalt plants show that the three
specimens lie on a smooth curve within the envelope. Poor
particle size distribution of aggregates utilized in asphalt mixture
plays a major role in the stability and stiffness of the binder layer.

100

8() Jesesieee 3

60 - —— Upper bound
—&— Lower bound

Percentage passing (%)
N
S

Sieve size (mm)

Fig. 2 Typical gradation of aggregates from binder course from site A, B and C
2.dbra Az A, B és C helyszinrdl szdrmazé kotéanyagbol szarmazo aggregdtumok
tipikus osztdlyozdsa

3.3 Asphalt concrete properties for binder course

The properties of asphalt concrete phase of binder course
quality that meet the basic requirement and purpose for the
region of study is controlled and tied to the relevant limit
as per Nigeria general specification shown in Table 4. The
results of the selected asphalt plants A, B and C are presented
in Table 5. The results of each samples revealed the following
engineering properties of asphalt; marshal stability (S),
flow (F), bitumen content (BIT), voids in total mixture (VIM)
and voids filled with bitumen (VFB). It is expected that asphalt
concrete from the three asphalt plant can withstand traffic
load without getting cracked. The results also suggest that
failure in pavement structure which have been often said to
be associated with the quality of asphaltic concrete may not be
entirely accurate as it were. While the writer notes that quality
of asphalt could be compromised for financial gains and
inducement, poor material handling/ preparation etc., it is also
relevant to note that failure in service could be due to poor and
or inefficient compaction of sub grade and subbase structure,
excessive wheel load greater than expected traffic design, poor
drainage condition etc. This suggests why continued research
into deficient soil improvement for subgrade and sub-base
structure of road construction and hydraulic bound material
are reported [13 - 20, 35-43] and are continuously given
attention. The results in this study indicate that the bitumen
content ranged from 4.50 to 5.40, 4.80 to 5.60 and 4.50 to 5.20
for asphalts A, B and C, respectively. Also, the stability and
flow result were observed to be satisfactory and in line with the
quality of asphalt specified in NGS [32] for binder course layer.
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Properties Standards as per NGS

Bitumen content, BIT (%) 45-6.5
Stability, S (kN) >3.5 KN
Flow, F (mm) 2-6

Voids in total mix, VIM (%) 3-8
Voids filled with bitumen, VFB (%) 65-72

Table 4 Standard of asphalt concrete of binder course
4. tabldzat Kotbanyagréteg aszfaltbeton szabvinya

Specimen BIT VIM VMA VFB S

(binder (%) (%) (%) (%) (kN)
course)

Al 540 318 1611 66.02 14.62 318
A2 540 324 1618 65.68 1449 3.24
A3 490 365 1622 6533 1610 3.65
AL 500 341 1637 6511 1524 341
A5 540 322 16.63 66.13 1444 3.22
A6 470 382 1633 6495 1779  3.82
A7 490 338 1626 6322 1508 338
A8 450 3.80 1584 6545 1838 3.80
A9 520 327 1592 64.00 1470 3.27
A10 480 336 1603 6227 1537 3.36
A1l 530 335 1614 6567 1478 3.35
A12 460 405 1644 6619 1808 4.05
B1 560 492 1148 66.32 1615  4.92
B2 580 457 1148 66.83 1562 457
B3 540 451 1521 7050 1760 451
B4 550 411 1645 7017 1543 411
B5 520 426 1509 66.71 1503 4.26
B6 490 462 1622 6578 1486 4.62
B7 510 466 1581 7029 1497 4.66
BS 490 452 1551 6523 1481 452
B9 480 486 1566 70.66 14.73 4.86
B10 530 4.07 1577 66.82 1524  4.07
B11 510 472 1648 7151 1495 472
B12 530 414 1660 69.67 1524 414
c1 480 290 16.07 6505 14.95 2.90
c2 510 310 1641 6747 1524 310
c3 460 320 1678 6524 1465 3.20
ca 470 270 1633 6399 1476 2.70
c5 450 345 16.67 6343 1449 315
c6 500 318 1626 66.04 1543 318
c7 490 334 1682 64.66 1519 3.34
cs 520 352 1622 6532 1551  3.52
co 480 316 1674 6317 1503 3.16
c10 520 295 1607 67.95 1543 295
c11 490 345 1756 6527 1519  3.45
c12 480 351 1682 6263 1497 351

BIT=Bitumen content in total weight of mix; VIM=Void in the mix; VMA=Void in total
mix dry aggregate; VFB=Void filled with bitumen, S=stability, F=Flow

Table 5 Analysis of asphalt concrete (binder course)
5. tabldzat Az aszfaltbeton elemzése (kotdszerkezet)
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3.4 Morphological properties of binder course asphalt

The morphological structure of selected batch of binder
course asphalt were studied using scan electron microscope.
Test specimens for SEM was obtained from compacted asphalt.
Scan electron images evaluated from selected specimen Al,
A4 and A9 of production plant A show a clear morphology of
aggregates with bitumen coated on all particle sizes (Fig. 3a-c).
Similarly, morphology of selected specimen B1, B4 and B9 of
production plant B revealed aggregates and other constituent
material are well batched such that aggregates are uniformly
coated in the bituminous mix that show a relative dense

structure (Fig 4a-c).

Mag.X1000
100pum

15Kv Mapping  AUG 15, 2022
BSD full Asphalt mix A1)

Mag.X1000
100pm

15Kv Mapping
BSD full

AUG 15, 2022
Asphalt mix A4

-’
Mag.X1000
100pm

AUG 15, 2022
Asphalt mix A9

15Kv Mapping
BSD full

Fig. 3 Structural morphology of asphalt concrete collected from selected of asphalt
plant A of: (a) Al (b) A4 and (c) A9, batch productions
3. dbra Az A aszfaltiizembdl gyfijtott aszfaltbeton szerkezeti morfolégidja: a) Al, b)
A4 és c) A9 gydrtdsndl

|

15Kv Mapping  AUG 16, 2022
BSD full Asphalt mix B1|

Mag.X1000
100um

Mag.X1000
100pm

15Kv Mapping  AUG 16, 2022
BSD full Asphalt mix B4

Mag.X1000
100pm

15Kv Mapping
BSD full

Asphalt mix B9

Fig. 4 Structural morphology of asphalt concrete collected from selected of asphalt
plant B of: (a) B1, (b) B4 and (c) B9, batch productions
4. dbra A B aszfaltiizembdl gylijtott aszfaltbeton szerkezeti morfolégidja: a) Bl, b) B4
és c) B9 gydrtdsndl

Similar morphology is observed for selected specimen C1, C4
and C9 of production plant C (Fig. 5a-c). However, it is obvious
that insignificant pore spaces were observed in all structures
(A, B and C). This might not be unconnected with inadequate
compaction of specimen. It can said that, the micrograph has
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clearly exposed the inefficiency of poor/faulty mechanical
roller used by contractors and or poor placement and
compaction protocol of materials. This scenario if not checked
can eventually led to moisture percolation and consequent
failure of other layers and collapse of the entire pavement. This
study has further shown that microanalysis through SEM of
high resolution configuration and other microanalysis should
be incorporated into pavement quality control in addition to
conventional material characterization and sundry physical
and mechanical quality control tests.

AUG 16, 2022
Asphalt mix C1f

Mag. X1000
100pm

15Kv Mapping
BSD full

15Kv Mapping
BSD full

AUG 16, 2022
Asphalt mix c4

100pm

Mag.X1000
100pm

15Kv Mapping  AUG 16, 2022

BSD full Asphalt mix C9|

Fig. 5 Structural morphology of asphalt concrete collected from selected of asphalt
plant C of: (a) C1, (b) C4 and (c) C9, batch productions
5. dbra A C aszfaltiizembdl gyiijtott aszfaltbeton szerkezeti morfoldgidja:
a) C1, b) C4 és c) C9 gydrtdsndl

3.5 Regression statistics

The results of simple multiple linear regression for optimum
binder content (independent variable) on bitumen extraction
test for binder and wearing course specimens from the three
asphalts plants are shown in Eq. 1 to 3. The linear relation
between the laboratory and predicted values did not show
adequacy as R-squared were less than 0.95 (Fig. 6). Non-linear
relationship could prove better although that is not considered
in this study.

Bopt‘A=8.181 —0.1723S, — 0.1319F, 3)
Bopt‘B =2.941 + 0.2198S; — 0.2405F, (4)
BoptC =-5.114 + 0.6829S, — 0.0947F, (5)
580 7 yA=0.9458x+0.2539
2 ! R?=0.9379 u
L B = 0.3864x + 3.2165
§ 50 ] BTSN r./%/./. o A
g yC= 0.7962x + 1.021 *
£ R? =0.796 LY =% m B
< 5,00
g c
_% 4,60 1 ry Linedris (A)
i')' ) S Linearis (B)
: Linearis (C)
4,20 . . . X
4,20 4,60 5,00 5,40 5,80

Predicted binder content

Fig. 6 Relationship between predicted and experimented binder content
6. dbra A vérhatd és a kisérleti kotbanyag-tartalom kozotti kapcsolat

Sample \fry Wiz Abs. Percentage

description error error
Al 5.40 5.24 0.0290 2.90
A2 5.40 5.26 0.0262 2.62
A3 4.90 4.93 0.0055 0.55
Ad 5.00 511 0.0213 213
A5 5.40 5.27 0.0240 2.40
A6 4.70 4.61 0.0184 1.84
A7 4.90 5.14 0.0486 4.86
A8 4.50 451 0.0032 0.32
A9 5.20 5.22 0.0034 0.34
A10 4.80 5.09 0.0604 6.04
All 5.30 5.19 0.0202 2.02
Al2 4.60 4.53 0.0148 1.48
B1 5.60 5.31 0.0521 5.21
B2 5.80 5.27 0.0906 9.06
B3 5.40 5.73 0.0603 6.03
B4 5.50 5.34 0.0284 2.84
B5 5.20 5.22 0.0037 0.37
B6 4.90 5.10 0.0403 4.03
B7 5.10 511 0.0022 0.22
BS 4.90 511 0.0428 4.28
B9 4.80 5.01 0.0438 4.38
B10 5.30 5.31 0.0023 0.23
B11 5.10 5.09 0.0018 0.18
B12 5.30 5.30 0.0009 0.09
c1i 4.60 4.58 0.0044 0.44
c2 5.10 4.99 0.0212 2.12
c3 4.60 4.58 0.0044 0.44
c4 4.70 4.70 0.0004 0.04
c5 4.50 4.48 0.0055 0.55
c6 5.00 5.11 0.0227 227
c7 4.90 4.93 0.0071 0.71
c8 5.20 5.14 0.0123 1.23
c9 4.80 4.84 0.0089 0.89
c10 5.20 5.14 0.0124 1.24
c1i1 4.90 4.92 0.0050 0.50
C12 4.80 4.77 0.0065 0.65

Table 6 Predicted and measured binder content values
6. tdbldzat A kétéanyag-tartalom elSrejelzett értékei és mért értékei

The experimented results and predicted responses of
optimum bitumen content shown in Table 6 indicate that error
ranged from 0.32 to 6.04, 0.09 to 9.06 and 0.04 to 2.12 for A,
B and C, respectively. Further statistical tool is set up to check
the adequacy of the models. The variables in experimented and
predicted results are paired and then subjected to t-test (paired
two sample for means) and ANOVA (single factor). Two
conditions hypothesis namely; null and alternative hypothesis
were used to interpret the t-test and single factor ANOVA. The
null hypothesis states that there is no significant difference
between the experimental results and predicted outcome of
optimum binder content. Similarly, the alternative hypothesis
is the reverse of the null hypothesis and of course implies that
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there is a significant difference between the experimental test
and predicted outcome of optimum binder content results,
which does not reflect a good prediction tool

Anova: Single Factor

Summary

Groups Count Sum Average  Variance

Yexp 12 60.1 5.008333 0.106288

Ypred. 12 60.10405 5.008671 0.084644

ANOVA

Source of SS df MS F P-value F crit
Variation

Between  6.83E-07 1 6.83E-07 7.16E-06 0.997889 4.301
Groups

Within 2.100255 22 0.095466

Groups

Total 2.100256 23

Table 7 Analysis of variance: Single factor for A
7. tdbldzat Varianciaelemzés A esetén

Anova: Single Factor

Summary

Groups Count Sum Average  Variance

Yexp 12 62.9 5.241667 0.091742

Ypred. 12 62.89899037 5.241583 0.035445

ANOVA

Source of SS df MS F P-value F crit
Variation

Between  4.25E-08 1 4.25E-08 6.68E-07 0.999355 4.30095
Groups

Within 1.399062 22 0.063594

Groups

Total 1.399062 23

Table 8 Analysis of variance: Single factor for B
8. tdbldzat Varianciaelemzés B esetén

Anova: Single Factor

Summary

Groups Count Sum Average  Variance

Yexp 12 58.3 4.858333  0.055379

Ypred. 12 58.18428 4.84869 0.052812

ANOVA

Source of SS df MS F P-value F crit
Variation

Between  0.000558 1 0.000558 0.010314 0.920026 4.30095
Groups

Within 1190102 22 0.054096

Groups

Total 1.19066 23

Table 9 Analysis of variance: Single factor for C
9. tdbldzat Varianciaelemzés C esetén

However, from the anova results on the experimental and
predicted results of A (Table 7), if F cal > F crit, then the model
is adequate and significat in prediction of dependent variable.
Consequently, the result has shown that F cal = 7.16E-06 and
F crit =4.301 thus F crit > F cal. Which indicates that the difference
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between the observed results and the model outcome values was not
significant and cannot be considered effiecient or effective. Hence
the model can be said to be inadequate for use in predicting the
binder content for an optimum asphalt design mixture. Similarly,
the results of B1 to B12 and C1 to C12 (Table 6) and corroborated
with ANOVA (Table 8 and 9) follow the same trend as inadequacy is
achieved. The implication of this study lies in the fact that multiple
linear regression model cannot be used in prediction of optimum
binder content for binder course grade of asphalt.

3.6 Correlation statistics

The results of correlation statistics with their respective
p-values are presented in Table 10-15. Correlation statistic
results for binder and wearing courses for the respective
asphalt plants considered in this study were analyzed based on
significant variables that were obtained during Marshall Stability
investigation. These variables are BIT, VIM, VMA, VFB, §, and
F representing bitumen content in total weight of mix, void in
the mix, and void in total mix dry aggregate, void filled with
bitumen, stability and Flow, respectively. It was observed that
that BIT for site A, B and C which were correlated with (VIM,
VMA, VEFB, S, and F) shows changing correlations. For A, high
negative values correlations were observed between BIT and
VIM (-0.863; P < 0.05); S (-0.892; P < 0.05); F (-0.863; P < 0.05)
while low correlations were observed between BIT and VMA
(0.152; P>0.05) and VFB (0.259; P > 0.05) (See Table 10). For site
B, varying correlations were observed between BIT and VIM
(-0.214; P > 0.05); VMA (-0.676; P < 0.05) VEB (0.067; P>0.05);
S (0.557; P>0.05) and F (-0.214; P>0.05) (See Table 11). And
lastly for C, the correlations of BIT and VIM (0.189; P>0.05);
VMA (-0.353; P>0.05); VEB (0.699; P < 0.05); S (0.960; P < 0.05)
and F (0.189; P>0.05) is presented in Table 12. Detailed P-values
results are shown in Tables 13, 14 and 15. The outcome of this
analysis shows VIM, S and F significantly influence the BIT of
site A, VIM for site B and VFB and S for site C. Therefore, these
variables must be strictly monitored so as to achieve the best
optimum bitumen content for design of asphalt concrete.

BIT VIM VMA VFB S F
BIT 1
VIM -0.863 1
VMA 0.152 0.091 1
VFB 0.259 0.188 0.377 1
S -0.892 0.957 -0.067 0.152 1
F -0.863 1 0.091 0.188 0.957 1

Table 10  Pearson correlation matrix for bitumen content; site A
10. tablézat Pearson korreldciés mdtrix a bitumentartalomra vonatkozéan; A

BIT VIM VMA VFB S F
BIT 1
VIM -0.214 1
VMA -0.676 -0.400 1
VFB -0.067 0.055 0.428 1
[ 0.577 0.028 -0.367 0.148 1
F -0.214 1 -0.400 0.055 0.028 1

Table 11  Pearson correlation matrix for bitumen content; site B
11. tabldzat Pearson korreldciés mdtrix a bitumentartalomra vonatkozéan; B



épitdoanyag - Journal of Silicate Based and Composite Materials

BIT VIM VMA VFB S F
BIT 1
VIM 0.189 1
VMA 0.353  0.553 1
VFB 0.699 -0.217 -0.385 1
(3 0.960 0.299 -0.243 0.596 1
F 0.189 1 0.553 -0.217 0.299 1

Table 12 Pearson correlation matrix for bitumen content; site C
12. tabldzat Pearson korreldciés mdtrix a bitumentartalomra vonatkozéan; C

BIT VIM VMA VFB S F
BIT 0
VIM 0.000 0
VMA 0.636  0.779 0
VFB 0.417 0.558  0.227 0
S 0.000 0.000 0.835 0.637 0
F 0.000 0.000 0.779 0.558 0.000 0

Table 13 P-values (Pearson) for bitumen content; site A
13. tdbldzat P-értékek (Pearson) a bitumentartalomra; A

BIT VIM VMA VFB S F
BIT 0
VIM 0.505 0
VMA 0.016 0.198 0
VFB 0.835 0.866  0.165 0
S 0.049 0.931 0.240 0.646 0
F 0.505 0.000 0.198 0.866 0.931 0

Table 14 P-values (Pearson) for bitumen content; site B
14. tdbldzat P-értékek (Pearson) a bitumentartalomra; B

BIT VIM VMA VFB S F
BIT 0
VIM 0.556 0
VMA 0.260 0.062 0
VFB 0.011  0.497 0.216 0
S 0.000 0.346 0.446 0.041 0
F 0.556 0.000 0.062 0.497 0.346 0

Table 15 P-values (Pearson) for bitumen content; site C
15. tabldzat P-értékek (Pearson) a bitumentartalomra; C

4. Conclusions

The study on analysis of binder course asphalt grade used in
pavement construction clearly revealed that asphalt concrete from
all the asphalt plants met the requirements for bitumen content,
stability and flow when compared to requirements of NGS for
roads and bridges. The aggregates gradation obtained from
the study asphalt locations are well graded and falls within the
grading envelope. The results of bitumen penetration, softening
point and ductility tests were all satisfactory. The stability and
flow results were satisfactory and within the acceptable quality
control boundary for acceptability in line with NGS. This study
has shown that microanalysis through SEM can be incorporated
into pavement evaluations in addition to conventional material
characterization and various physical and mechanical quality

control tests. Also, there should be strict supervision of laying
temperature of asphalt as well as the compaction temperature.
Asphalt compaction thickness must conform to design provision
and asphalt pavement surface should be subjected to adequate
drainage condition to avoid failure cause by ingress of moisture.
The study has shown that stability and flow not efficient as
independent variables in prediction of optimum bitumen content
for binder course asphalt concrete. The study recommends that
extensive data mining from several asphalt plants not covered in
this study be carried out in future work and a general predicting
model developed and validated using robust statistical tool and
or smart optimization techniques. Regardless of the assuring
solution of simple multiple linear regression in a number of
studies which in most cases clearly permits strong decision,
this study confirmed an hitherto establish conventional result
in asphalt mix design principle that optimum bitumen content
cannot be derived by multiple linear regression of independent
mechanical properties of flow and stability.
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Abstract

In the current study, the nano-composites of unidirectional carbon and glass fiber reinforced-
epoxy resin with multi-walled carbon nanotubes (MWCNTs) were separately prepared by hand
lay-up and hot pressing of fiber epoxy prepregs. Three types of MWCNT derivatives (parent-
CNT, low carboxylated CNT (LCCNT) and higher carboxylated CNT (HCCNT)) were dispersed
into the epoxy resin/fiber composites. The improved mechanical properties observed in the
three component composites could be attributed to the uniform dispersion of CNTs in epoxy/
fiber matrices, nanosize of the additives and the improved interfacial interactions between the
composite components. The COOH functional groups could also be effective in the increase of
mechanical traits because they induce the amphiphilic nature into CNTs for better dispersion
and to generate the better glass fiber/epoxy (E/G) and carbon fiber/epoxy (E/C) interactions.
HCCNT led to the best mechanical properties among all the samples due to its higher carboxyl
content. HCCNT also changed the curing peak of epoxy in DSC and improved its thermal stability.
For instance, the final residual mass for E/HCCNT was 15.4% at 600 °C compared to 13.92%
for the pure epoxy while the values of 17.55 and 16.48% were observed at 500 °C for E/HCCNT
and epoxy, respectively. The observed effect of COOH functionality on the void formation within
the composite and on the better CNT dispersion in the matrix can be considered as an important
observation for investigating the E/C/CNTs nanocomposites.

Keywords: carbon fiber, glass fiber, multi-walled carbon nanotubes, epoxy resin, mechanical properties
Kulcsszavak: szénszal, lvegszal, tébbfall szén nanocsovek, epoxi gyanta, mechanikai tulajdonsagok
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1. Introduction

Multi-component materials, especially polymer composites
are usually prepared in order to improve the characteristics
of materials or provide samples with unique properties for
using in applications such as sensors [1]. Also, these types
of composites have present interesting usages in the fields of
bio-composites [2-3], recycling [4], and also the laminated
materials such as fiber/epoxy composites [5].

Glass fiber composites are one of the layered composites that
have industrial applications [6], such as their employment in the
airplanes and the radar antennas [7]. Carbon fiber reinforced
composites have also been employed in the usages, e.g., railway
interior applications [8] and fuel tank of launch vehicles [9].
Nevertheless, the cryogenic aging of the tanks and the micro-
cracks grown in the composite matrix due to the difference in the
coeflicients of thermal expansion of the composite components
are from issues that accompany this composite type [10].

Despite the advantages of multi-layer composites, they have
exhibited the weakness between layers, ie., in perpendicular
to the fiber direction [11] and also weak interlaminar shear
resistance [12]. These mechanical issues can result in the
important problems especially in the structural and construction
applications. Thus, improve their transverse properties, for
example by nano fillers can lead to the important development in
these materials [13].

Carbon nanotubes (CNTs) due to their unique traits such as
low coeflicient of thermal expansion, have been widely used in
recent years to strengthen the mechanical properties of various
nanocomposites. Nevertheless, CNTs are still of interest for using
in the various researches [14], and to improve the characteristics
of fibrous composites [15]. Tendency to agglomeration in
CNTs could result in unwanted stress concentrations that can
be the starting point for failure during loading. The uniform
dispersion of CNTs in the polymer matrix can be improved by
growing the various functional groups on their surfaces [16].
Moreover, the good dispersion of CNTs into epoxy matrix can
strongly affect the matrix-dominated mechanical properties via
improving the interfacial stress transfer between the composite
components by the bridging effect [17].

Incorporating the various nanoparticles into the epoxy resin
and/or epoxy/fiber composite to enhance the characteristics
of the polymer matrix is the typical method [18]. For example,
Kim et al. [19] investigated the enhancement effect of MWCNTs
on the crack growth resistance in the CNT/carbon/epoxy
nanocomposites at a cryogenic temperature. Hossain et al.
employed the XD-grade CNTs for reinforcing E/C composites
[20]. Rana et al. developed reinforced E/C composites by adding
single-walled CNTs into the epoxy matrix [21]. Tag and Soykok
reported a remarkable improvement in the bending strength
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by compositing CNTs with carbon fiber-based composites [22].
It is worthy of note that in our previous paper, the dynamic-
mechanical properties of the laminar E/C composites were
improved by adding the carboxylated CNTs to the E/C matrix [5].

On the basis of this introduction, we incorporated
parent-CNT, LCCNT and HCCNT into the E/C and E/G
composites separately in order to verify the impact of COOH
functionalization and its content on the mechanical behavior
of E/C composite in perpendicular to the fiber orientation.
The hand laminating and compression molding methods were
employed to prepare the E/fiber/CNT nanocomposites.

The present study is important, because strengthen the
fiber/epoxy composites is the essential requirement in these
materials. Also, studying the effect of COOH content in the
CNT nanoparticles on E/C characteristics is a new study
that could be developed to other functionalities such as
amide, hydroxyl, silane, etc. Also, based on the requirement
of polymer engineers to the high modulus but lightweight
materials, E/C/HCCNT can be considered as the interesting
composite for structural applications.

2. Materials and experiment

2.1 Materials

The unidirectional carbon fiber, UD T200 with the surface
area of 200 gr m? were supplied by PMP Co. (Tehran, Iran). The
unidirectional glass fiber (L300E10C-0) with the surface area of
300 gr m*? was purchased from Metyx (Turkey). Bisphenol-A
diglycidyl ether (Epikote 828) as the epoxy matrix was supplied
by Momentive (USA) with epoxy group content of 5.34 mmol g
The dicyandiamide (DICY) curing agent with the melting point
of 208-211 °C and average particle size of 150 um was obtained
from AlzChem Co. (Germany). 1-Methylimidazol (DY070)
purchased from Huntsman company (Unaited States) was
employed as a curing accelrator. Three kinds of MWCNTs as the
nano reinforcement filler were supplied by American Elements
Company, USA (see Table 1). The length and true density of
CNTs were 10-30 um and 2.1 g cm™, respectively.

Nano particle Special surface area Outer diameter COOH
(m?/g) (nm) (Wt%)
Parent-CNT 200 10-20 0
LCCNT 200 10-20 2
HCCNT 500 <8 3.86

Table 1 The specifications of the used MWCNTSs derivatives
1. tabldzat A haszndlt MWCNT-szdrmazékok specifikdcioi

2.2 Instrumentation

A homogenizer (Polytron, PT6100, Kinematica) was
employed to strongly agitate the epoxy/CNT mixtures and
achieve the homogeneous dispersion of CNT nanoparticles
within the prepared mixtures. The ultrasonic bath (LBS2 series,
FALC instruments) was applied for the better dispersion of the
CNT nanoparticles in the mixtures. The viscosity determination
of the mixtures was accomplished via Brookfield viscometer
(RVDV-II+Pro model) based on the ASTM D 2196 standard
method. For this purpose, a certain quantity of the desired
mixture (around 3 to 7 cc) was poured into the chamber of the
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device and the viscosity of the sample was measured at the desired
temperature using Spindle 14. The curing behavior of the epoxy
mixtures was analyzed via a differential scanning calorimetry
(DSC) by using a NETZSCH DSC 200 F3 instrument. All
experiments were conducted under a nitrogen flow of 50 mL min™
at the heating rate of 10 °C min™. Thermogravimetry analysis
(TGA) measurements of the cured epoxy mixtures were carried
out on STA thermal analyzer (STA625 model) at the heating rate
of 10°C min™ under a nitrogen atmosphere. The gel time of the
uncured epoxy mixtures was recorded on the basis of ASTM
D4217 standard test method by using a 15SB-90FA bath (Italy)
at three different temperatures of 110, 120 and 140 °C. WEGA/
TESCAN scanning electron microscope (Czech Republic) was
employed to study the morphology of the nanocomposites and
the MWCNs dispersion in the matrix. Before performing the
microscopy analysis, the ready composites were coated with
a thin film of gold under vacuum via sputter coater (K450X,
EMITECH, England). 20 kV was chosen as a convenient voltage
of SEM filament. The tensile tests were accomplished on the
basis of the ASTM D3039 standard test method on a universal
testing machine (UTM, 150 kN, Santam, Iran). The crosshead
speed of the machine was constant at the rate of 2 mm min™. The
three point bending test was done according to ASTM D790-10
standard test method with sample dimensions of 60 x 13 x 3 mm®
on the universal testing machine (UTM, 150 kN, Santam, Iran).
The Izod notched impact test was caried out on the basis of
the ASTM D 256 standard test by using Zwick impact tester,
model 5102. For investigating the lap shear strength of the
prepregs based on the ASTM D1002 standard test, aluminum
plates series 5000 were employed with 2 mm thickness and the
dimensions of 25 mm %102 mm. Aluminum surface was treated
with sand blasting paper no. 150, degreased with distilled water
and acetone and then dried in oven for 2 h in order to better
adherence of prepreg to the plate. Then, one ply of prepreg with
the dimensions of 25 mm x 17 mm was cut and put on the treated
part of aluminum with the overlap region of 13 mm x 25 mm.
The samples were cured in a hot press at 140 °C and 25 bar for
45 min after which cooled to room temperature. Finally, the lap
shear tests were carried out using a Santam tensile instrument
(STM-150) with crosshead speed of 1.3 mm/min and load cell
0f 2000 kg. The lap shear strength was calculated by dividing the
maximum force (to failure the sample) to the overlapping area.
The hardness tests were carried out on Shore D hardness tester
(GOTECH, GT-GS-MB).

For the fracture toughness measurements, the standard
test method of ASTM D5045 was employed for providing the
test requirements and the three-point single-edge notch bend
(SENB) specimens. An initial crack (6 mm) was machined
in the specimens and a natural crack was created by tapping
on a fresh razor blade placed in the notch. The tests were
accomplished in the flexure mode using a 150 kN Santam UTM
instrument at a crosshead rate of 1.5 mm min" at ambient
temperature. The fracture toughness values were computed in
the terms of plane strain critical stress intensity factor, K., by
using the following equation [23]:

P
Kic = ~% f(x) ()
BW2
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where B and W are the thickness (cm) and the width (cm)
of specimen, respectively, P is the critical load to propagate
the crack (kN), and f(x) is a non-dimensional shape factor
calculated via the following relationship [23]:

— - - 2
f(x) = 6&1.99 x (1-x)(2.15 3.9§x+2.7x ) £(x) )
(1+2x)(1-x)3

where a is the crack length (cm) and x = %

2.3 Preparation of the pure epoxy sample

A mixture of epoxy resin and the dicyandiamide (DICY)
curing agent was obtained by mixing 7 phr of DICY with
100 phr of epoxy resin. Then, the prapared mixture was
homogenized at 3000 rpm via a homogenizer for 60 min at
room temperature. At the last 3 min of the homogenization
proccess, 1-methylimidazol (0.6 phr) was added as an curing
accelerator to the mixture. The contents of DICY and the
1-methylimidazol in the prepared composites were as the
previously used in [5] and [23].

2.4 Preparing the mixtures of epoxy/ MWCNT derivatives

DICY (7 phr) and the MWCNT (0.2 phr) were properly
mixed with 100 phr of the epoxy resin by using a glass rod and
then the sonication at 25 °C in an ultrasonic bath for 15 min.
Afterward, the provided mixture was homogenized at 3000 rpm
by a homogenizer for 60 min at ambient temperature. Then,
1-methylimidazole (0.6 phr) was added to the mixture and
additionally homogenized for 3 minuets at the same rate. This
final mixture was sonicated (60 kHz) at 25 °C for 15 min before
being used for wetting the carbon fibre in order to providing
the desirabale prepregs. The general protocol for preparation of
the epoxy/MWCNT mixtures is shown in Fig. 1.

DICY . CNT !

‘w

S~ N~ "
Epoxy+DICY
-
Epoxy]|
N
Sonication _ Hemohenization ,_Sonication __ Final mixture

Fig. 1 Schematic representation of the procedure taken for the preparation of E/CNT
mixtures
1. dbra Az E/CNT keverékek elddllitdsdndl alkalmazott eljdrds sematikus dbrdzoldsa

2.5 Preparation of the prepregs

A sample of carbon fiber was impregnated with the pure
epoxy resin or the mixture of epoxy/ MWCNT, such that the
ratio of fiber to resin was kept at 50+2 wt% to assure all the
fibers are homogeneously impregnated with the resin mixture.
The prepared prepreg (impregnated single layer of the carbon
fiber) was provided for the next processing stages of lay-up and
curing via the hot press to leave the final composite samples. The
simmilar protocol was used to providing the glass fiber prepregs.

2.6 Preparing the composite samples

The proper number of the carbon/epoxy prepregs were laid
up and the prepared hand lay up laminate was placed between

two layers of teflon film in an steel frame with the favoraite
thikness. The thickness of the frames used here were on the
basis of the corresponding ASTM standard test method
for each mechanical test. Then, the compression-molding
of the hand lay up sample via hot pressing at 140 °C under
30 bar for 1.5 h left the final nanocomposites. After cooling
the cured samples to ambient temperature, specimens with
the certain dimensions were cut for using in the desired tests.
The glass fiber reinforced samples were also prepared by the
same methodology as used for the carbon fiber-incorporated
composites.

2.7 Resin content of the prepregs and the nanocomposites

Thermal pyrolysis method at the elevated temperature was
used to determine the resin content of the glass fibers-based
composites. In other words, the difference between the initial
and final weights of the nanocomposite after completely
burning of epoxy matrix, was designated as the resin content.
Due to the thermal dcomposition of carbon fiber at the elevated
temperatures higher than 600 °C, acid digestion protocol was
applied to evaluating the resin content of the E/C composites.
In other words, the given amounts of the composite (initial
weight) were soaked in sulphoric acid and after completely
dissolving the resin, H,O, was slowly poured into the mixture.
At the end, after washing the acid digested sample with
deionized water and then drying it, the dried carbon fiber was
weighed (final weight) and the difference between the final and
initial weights was designated as the resin content.

2.8 Flow test

To determine the epoxy resin flowed from the fiber prepreg
under the given pressure, the several samples of the prepreg
(with known dimensions) were cut and placed under the hot
press at 30 bar and 135 °C for 15 min. Then, after cooling the
sample to room temperature, the weight loss of the initial
prepreg was defined as the resin flow.

3. Results and discussion

3.1 Viscosity of the epoxy mixtures

The viscosity of the epoxy resin mixtures was obtained at
three temperatures and the results were tabulated in Table 2.
It was found that the MWCNTs and its derivatives led to the
increased viscosity in the nanocomposites as compared to the
pure epoxy resin. Whereas the significant differences were not
observed between the viscosities of the CNT-contained epoxy
mixtures.

Viscosity (cP)

Sample
30 °C 60 °C 90 °C
E 11660 375 75
E/Parent-CNT ~13300 ~460 ~112
E/LCCNT ~13400 ~470 ~114
E/HCCNT ~13450 ~480 ~115

Table 2 The viscosity results of the epoxy resin and its nanocomposites
2. tabldazat Az epoxigyanta és nanokompozitjainak viszkozitdsi eredményei
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3.2 Resin content of the samples

After the resin content determination of the nanocomposites,
the values of 45% * 2 and 40% + 2 were obtained for E/C and
E/G samples, respectively. While, the flow test results showed
that ~18% = 1 of the resin is flowed from the epoxy-wetted
carbon and glass prepregs.

3.3 DSC analysis of the uncured epoxy

The DSC results of the different epoxy formulations can
be observed in Fig. 2. It can be found that the curing peak of
epoxy resin has been shifted to the lower temperatures after
incorporating CNTs to the epoxy samples. It can be seen that
the curing temperature range has decreased from ~120-187 °C
for the pure epoxy resin to ~115-176 °C for the CNTs contained
nanocomposites. This decrement of the curing temperatures can
be related to the accelerating effect of CNT on the epoxy curing
process due to its nanoscale size and COOH functional groups. It
is worthy of mention that the heat of curing reaction (mJ mg™) for
the nanocomposites were ~1 to 3.7% higher as compared to the
pure epoxy showing the promoting effect of CNT on the epoxy
curing.

2.5 7 — .E/HCCNT
=== E/LCCNT
2 | ——FE/Parent-CNT

Heat flow (W/g)

0.5
0 4
g = "
-0.5 T T T T T T T T 1
30 60 90 120 150 180 210 240 270 300
T¢C)
Fig. 2 DSC thermographs of the uncured epoxy resin and its mixtures with

MWCNTs

2. dbra A kikeményitetlen epoxigyanta és MWCNT-vel alkotott keverékeinek DSC
termogrdfidja

3.4 Gel time determination of the epoxy resin mixtures

Gel time value is the essential parameter required to
evaluating the optimized condition of the prepregs preparation.
In other words, at the gel point, the prepregs processing and/or
preparation could be difficult. On the other hand, the parameter
implies the reactivity of the corresponding accelerator [35]. In
this test, during the heating period, the samples were stirred
continuously with a glass rod. The resin viscosity was firstly
decreased due to the increased molecular movements and then
was increased gradually that attributed to the crosslinks created
between the epoxy chains. Afterward, it showed an elastic
behavior (rubber like) and finally reached the gel state that at
this point, the recorded time was designated as a gel time. The
gel time of different samples was measured at the temperatures
of 100, 120 and 140 °C and the obtained data were tabulated
at Table 3. It can be found that the gel time of the epoxy/CNTs
mixtures is decreased at 100 and 120 °C in comparison to the
pure epoxy resin, while all the samples were gelled at ~3 min
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at 140 °C. This can be attributed to the increasing effect of
carbon nanotubes on viscosity and gelling process of epoxy.
This reduce of gel time upon increasing temperature, is logical
due to increasing the molecular movements after temperature
increment.

Gel time (min)

Sample
120 °C
E/C ~37 ~12.0 ~3
E/C/Parent-CNT ~25 ~11.6 ~3
E/C/LCCNT ~24 ~11.0 ~3
E/C/HCCNT ~22 ~10.2 ~3

Table 3 The gel time values of the epoxy resin mixtures
3. tdbldzat Az epoxigyantakeverékek gélesedési ideje

3.5 TGA analysis of the cured epoxy mixtures

TGA analysis results for the cured epoxy resin and its
nanocomposites with Parent-CNT, LCCNT and HCCNT are
shown in Fig. 3. It is obvious that CNT derivatives (0.2 phr)
have not been caused the observable effect on the thermal
degradation temperature of pure epoxy. While, pursuant to
the residual content of the samples at various temperatures
(e.g., 500 and 600 °C), it can be concluded that the carbon
nanotube samples improve thermal stability of pure epoxy
resin. On the other word, the solid content of the pure epoxy,
E/parent-CNT, E/HCCNT and E/LCCNT were 16.48, 16.44,
16.76 and 17.55% at 500 °C and 13.92, 14.3, 14.3 and 15.44%
at 600 °C, respectively. It is clear that HCCNT has been led to
the highest thermal stability in the epoxy as compared to other
nanoparticles, because it contains the more COOH content
(and also the higher polarity) in comparison to other two CNTs.
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Fig. 3 TGA traces of the cured epoxy resin and its nanocomposites with MWCNTs
3. dbra A kikeményedett epoxigyanta és nanokompozitiainak MWCNT-vel késziilt
TGA nyomai

3.6 SEM microscopy

The SEM micrographs of E/C and its nanocomposites with
MWCNT derivatives [9], were explained based on the voids
appeared in the sample matrices and on the uniformities
of the micrographs, as Seki interpreted the SEM images of
polyester/jute fiber/epoxy composites on the basis of the holes
observed between the fiber and resin [24]. The large holes in
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the micrograph of the pure E/C composite indicate the weaker
bondings between the epoxy and the fiber. These voids become
even greater when the parent carbon nanotube is added to the
E/C composite. The SEM micrographs of the nano-composites
contained either LCCNTs or HCCNTs exhibited no remarkable
holes/voids in the E/C interface indicating the enhanced
bonding between the components. Additionally, the SEM
micrograph of E/C/parent-CNT was found to be rougher in the
surface than other nanocomposites maybe due to its tendency to
agglomeration and inappropriate dispersion in comparison to
E/C/LCCNT and E/C/HCCNT. On contrary, the micrographs
of E/C/LCCNT and E/C/HCCNT demonstrate the enhanced
smoothness and uniformity that can be atrributed to fine
dispersion of these CNTs into the polar epoxy matrix. The polar
COOH groups remarkably participate in hydrogen bonding
and also in dipole-dipole interactions consequently enhance
the compatibility of these nanoparticles with epoxy resin. Here,
the oxidized MWCNTSs can be amphiphilic materials because
of presence of the bearing polar COOH groups and the non-
polar carbonaceous backbone. This amphiphilic nature allows
them to having the n- m and non-polar interactions with the
carbon fibers and to create the dipole-dipole interactions in
the same time with the polar segment of epoxy. Beside these
stacking forces, the carboxylated CNTs can covalently link to
the epoxy chains through reaction of epoxy rings with carboxyl
groups. Further, the chemical bonding between epoxy and
COOH groups can be accelerated by DICY curing agent (Fig.
4). Due to these interfacial interactions, LCCNT and HCCNT
acquire the better dispersion into epoxy resin causing the
smooth appearance and the better mechanical properties.
Similar interfacial interactions were previously observed from
SEM images by Ma et al,, i.e., they demonstrated that silylated-
CNTs are dispersed more uniform than pure CNT into epoxy
matrix [25].
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Fig. 4 'The expected interactions between carboxylated CNTs and composite

components
4. dbra A karboxilezett CNT-k és a kompozit komponensek virhaté kélesonhatdsai

SEM images for the E/G composites can be seen in Fig. 5.
It can be seen that the image of the pure E/G composite is
smoother and smoother than the prepared nanocomposites.
After adding Parent-CNT into the composite bulk, its
hydrophobicity could be led to create some voids between
the resin and the fibers. As found for the carbon fiber-based
nanocomposites, here, LCCNT and HCCNT also were found
to be smoother in SEM image and better in dispersion as can
be seen in the micrographs. In other words, the uniformity and
smoothness of the microscopic images were as the order of
HCCNT > LCCNT > Parent-CNT.
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:SE {

SEMMAG: 100k Det: SE 50 m SEMMAG: 1.00k  Det: 50pm

Poymer & Petochemica nsiuto [

Potymer & Petocharica st [
Scarold searo

Fig. 5 SEM images of (a) E/G, (b) E/G/Parent-CNT, (c) E/G/LCCNT and (d) E/G/
HCCNT
5. dbra (a) E/G, (b) E/G/Parent-CNT, (c) E/G/LCCNT és (d) E/G/HCCNT SEM-
képei

3.7 Mechanical properties of E/C/CNT nanocomposites

The order of E/C < E/C/Parent-CNT < E/C/LCCNT < E/C/
HCCNT was found for the flexural modolus values of the
samples (Table 4). Among the samples, HCCNT showed the
highest impact on the flexural modolus. It is worthy of note
that the rising impact of CNTs on flexural modolus of E/C
composite have also reported in [22]. The increasing order was
found in the bending strength values similar to the flexural
modolus data (Table 4). In this case, E/C/HCCNT with
bending strength of 85+8 MPa was seen to be the strongest
sample in the bending deformation among the samples. In
the bending tests perpendicular to the UD fibers, the epoxy/
fiber interface intractions are not dominant parameter on the
mechanical charcateristics. This can be etributed the fact that
the fibers are distinc from each other in this direction, while
the epoxy/CNT interactions are dominant and could influence
on the mechanical characteristics of the UD fiber-based
nanocomposites.
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On the basis of the fracture toughness results (Table 4), it is
obvious that the CNT samples have exhibited the improving
effect on the fracture toughness values for the corespounding
composites as obsrved in the bending analysis of the samples.

Impact resistance is defined as the material resistance to
breaking under a shock loading or the fracture under the
applied force at the high speed (low period of time) [26]. The
growthing order of E/C < E/C/Parent-CNT < E/C/LCCNT <
E/C/HCCNT was observed for the studied samples as apeared
for othe mechanical characteristics. The enhancing effect of the
pure MWCNT nanoparticles on the fracture toughness of the
E/C composites have also been explained in [27] that can be
useful for the better realization of the results in the present study.

The hardness of the samples was conducted based on Shore D
hardness test. As can be seen in Table 4, the CNT samples led
to the increasing effect on the hardness of the E/C composite
that the maximum values were observed for E/C/HCCNT. It
is interesting to mention that the similar Shore D values have
been presented by Zakaria et al. [28] for other carbonous
material (graphite) as a reinforcing filler.

The results of the lap shear test tabulated in Table 4, show the
higher lab shear strength for E/C nanocomposites containing
CNTs compared to the pure epoxy. This can be atributed to the
better missibility/bondings between the nanoparticle and the
E/C composites. HCCNT due to its higher polarity exhibited the
more increasing effect on the values of the lap shear strength as
compared to other two CNT samples. Also, CNTs and COOH
functionality can lead to adhesive propertied of the prepregs to
the aluminium plates as. For example of the effect of nanopartices
on the lap shear srtength, the lab shear strength values of the
pure epoxy adhesive and its nancomposites with nanoalumina
were found to be in the range of 4.39-6.83 MPa [29].

Generally, the same increasing order observed in all the
mechaniccal tests for the samples can be assigned to the inherent
reinforcing ability of the CN'Ts and also to the good interactions
between the composite components thereby which the transfer
of the impact energy between the phases of the composites can
be improved. CN'Ts can form the interactions in the form of Van
der Waals and 7 - m interactions with the E/C matrix. However,
HCCNT and LCCNT can even form the conalant bonds with
epoxy chains via their COOH functional groups. Moreover, the
amphiphilic characteristic of HCCNT (COOHs interact with
the epoxy segments, wherase the carbonous parts interact with
the carbon fiber) could lead to the improvement effect on the
E/C interface cohesion and the better stress transfer from epoxy
to fiber and conversely, from fiber to epoxy. Also, the HCCNT
polarity can be led to enhance its dispersion in the epoxy matrix
(as seen in its uniform and free of void SEM micrograph) that
the proper dispersion is very important to reaches the favorite

properties. Althought the effects of LCCNT and HCCNT were
more than that of Parent-CNT due to their amphiphilic nature
and the higher COOH content as compared to the pure CNT. The
better performances of LCCNT and HCCNT on comparison to
Parent-CNT are expectable owing to their better bondings with
the polar epoxy resin due to their COOH functionality. It can
clearly that the values of E/C/LCCNT are higher than that of
Parent-CNT, however the diameter of LCCNT and parent-CNT
is equal to ~10-20 nm. Thus, it is concluded that the effect of
COOH content on the fracture toughness values is remarkable
and more predominant in comparison to the diameter of CNTs.

3.8 Mechanical properties of E/G/CNT nanocomposites

As shown in Table 5, the order of E/G/HCCNT > E/G/LCCNT
>E/G/Parent-CNT > E/G was observed for the values of bending
strength and flexural modulus of the E/G-based samples. This
could be due to the inherent reinforcing properties of carbon
nanotubes and different quantities of COOH functional group
on the CNTs surfaces. In order to confirm the experimental data,
the results were compared with the reported ones in literature,
the results of the present study were in accordance to the ones
published in literature. For instance, the improvement in
modulus and bending strength of E/G composite was developed
by adding CNTs into them [30-31].

Based on the results of the fracture toughness test (Table 5),
Parent-CNT exhibits a higher fracture toughness than the
E/C composite, which can be attributed to the small size of
the nanoparticles and the intrinsic high modulus of CNTs
that inherently strengthen the epoxy resin. While, the better
performance of HCCNT and LCCNT than that of Parent-
CNT can be due to their better interactions with the composite
components. The enhancing effect of CNTs on fracture
toughness of E/G composite have also been observed in [30].

Here, the increasing effects were laso found for CNTs on
the impact test results of the glass fiber-based nanocomposites
similira to other mechanical properties. The imrovment effect
CNTs on the impact strength of E/G composites have also been
reported by Zulfli et al. [30].

The similar changes were observed in the lap shear strength
values of the samples (Table 5). This can be assigned to the
improving effect of CNTs on the adherence between the glass
prepreg and aluminum plates and also to their reinforcing
effect on the fiber. The similar alterations were obsrved in the
lap shear strength values of the samples (Table 5). It should be
noted that the increases impacts on lap shear strength of epoxy
material by CNTs have been reported in some studies [32-33].

In the hardness tests (Table 5), it was observed that Parent-
CNT nanoparticles do not have a significant effect on the
hardness of E/G composites, while the effects of LCCNT and

Hardness Lap Shear Strength Impact Strength Fracture Toughness Bending Strength Flexural Modulus
(Shore D) (MPa) J m?) (MPa m*2) (MPa) (GPa)
E/C 64+1.2 10.7+0.8 86+1.2 6.4+0.37 4515.5 5.4+250
E/C/Parent-CNT 65+1.0 11.0+0.8 96+8.0 6.9+0.39 47+6.0 5.8+300
E/C/LCCNT 69+0.7 11.44+0.5 97+5.0 10.94£0.6 70+6.0 6.5+150
E/C/HCCNT 73+1.7 12.0+0.7 10016 11.1+0.4 85+8.0 8.3+300

Table 4 The mechanical characteristics of the carbon fiber-based samples
4. tabldzat A szénszdl alapi mintdk mechanikai jellemz6i
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Hardness Lap Shear Strength Impact Strength Fracture Toughness Bending Strength Flexural Modulus
(Shore D) (MPa) J m?) (MPa m*?) (MPa) (GPa)
E/G 1.5+ 62.3 0.4+ 10.5 10+ 200 1.0+ 19.0 11+ 129 0.25+ 8.2
E/G/Parent-CNT 1.0+ 63.3 0.5+ 10.9 11+ 205 1.2+19.4 14+ 130 0.23+ 8.7
E/G/LCCNT 1.5+ 66.0 0.5+ 11.4 9.0+ 213 1.5+ 20.5 10+ 133 0.23+9.1
E/G/HCCNT 2.0+ 67.6 0.4+ 11.8 14+ 267 1.4+ 23.6 13+ 142 0.27+ 9.5

Table 5 'The mechanical characteristics of the glass fiber-based samples
5. tdbldzat Az iivegszdl alapii mintdk mechanikai jellemz6i

HCCNT derivatives are more significant. This can be related to
theincrease of interfacial interactions in the nanocomposite and
also to intrinsic reinforcing effect of CNTs. As a comparision
with the reported studies, it was found that Mahadevaswamy et
al. have also observed an increasing effect of MWCNTs on the
hardness of E/G matrix [31].

It is clear that the presence of COOH functionality on the
CNTs surface can play an important role on the mechanical
properties of the prepared nanocomposites. These observations
can be explained through the type of functional groups, the
nature of glass fiber and epoxy resin, and the CNT distribution
in nanocomposite bulk. It is expected that the COOH-
functionalized CNTs exhibit stronger interactions with the
fiber (containing SiO, units) and epoxy (containing OH and
epoxide groups) than the parent-CNT. However, due to their
weaker interactions with the composite bulk, the pure-CNT has
revealed the less reiforement in the E/G composites compared
to the functionalizec-CNTs. The properties can be a function
of nanoparticle distribution in the texture of composites, the
strength of E/G and nanoparticle/epoxy interactions, and the
potential of nanoparticles to agglomerate. In general, fillers can
strengthen polymers by four mechanisms, 1- inherent strength
of the filler, 2- reducing the movements of polymer strands,
3- improving the interaction between composite ingredients
and 4- interlayer stress transfer. Here, parent-CNT cannot create
better interactions with epoxy fibers than LCCNT and HCCNT,
thereby which the mechanical characteristics of E/G/Parent-CNT
was found to be lower than the samples containing functionalized
nanoparticles. Moreover,the imaginable accelerating effect of the
functionalized CNTs on the curing process of epoxy (represented
in Fig. 4) can also be occurred and effective in the case of E/G
composites. The positive effect of pure carbon nanotubes on
these mechanical property can be related to its inherent strength.
But in the case of functionalized CNTS, the functionalization
can affect on the CNT dispersion and E/G intractions as well as
intrinsinc reinforcing effect of CNTs.

4. Conclusions

The multi wall carbon nanotube and its derivatives were
successfully incorporated within the E/C and E/G composite
separately via the hand lay up of the fiber prepregs and then
compression moulding by using hot press. The SEM analysis
confirmed the good dispersion of HCCNT and LCCNT samples
into the epoxy/fiber matrices as compared to the Parent-CNT.
The mechanical analyses showed the improveing effects of the
carbon nanotube samples on the epoxy/fiber matrices as the order
of HCCNT > LCCNT > Parent-CNT. In other words, HCCNT
considerablely improves the mechanical characteristics of the
nanocomposites in comparision to LCCNT and Parent-CNT.

This could be ascribed to its higher COOH content as compared
to other CNTs. Undoubtedly, COOH functionality can induce
amphiphilic nature into CNT and affcet the CNT dispersion in
the epoxy and its iteractions with the composite components.
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Abstract

Buildings’ concrete structures are weakened by destructive tests like “coring”, which compress
cylindrical specimens in the lab to measure the compressive strength of in situ hardened concrete.
These tests also produce trash that is hazardous to the environment. Alternative methods to
destructive concrete testing include rebound hammering and ultrasonic non-destructive testing
of hardened concrete. The first goal of this research is to determine the link between compressive
strength, rebound hammer, and ultrasonic pulse velocity tests. The second goal is to investigate
the impact of cement type and concrete age on these correlations. In this case, two cement
kinds (CEM | 42.5 and CEM Il 42.5) and two concrete compositions based on local resources
were developed in this context. Simultaneous tests on cubic samples (ultrasonic test, rebound
hammer test, compressive strength test) were conducted at ages 7 and 28 days. According
to the studies’ findings, there is a strong association between compressive strength and the
ultrasonic and rebound hammer tests. The compressive strength of concrete can be predicted
using these relationships without the requirement for destructive testing. Additionally, the results
demonstrate that these correlations are impacted by the type of cement and the age of the
concrete, demonstrating that these two parameters have an impact on the outcomes and that it
is important to consider them.

Keywords: non-destructive testing, rebound hammer, ultrasonic pulse velocity, compressive
strength, cement type

Kulcsszavak: rombolasmentes vizsgalat, Schmidt kalapacs, ultrahangos impulzussebesség,

nyomoszilardsag, cement tipus

1. Introduction

The compressive strength of the concrete is a crucial
indicator of the quality of this material. This characteristic
is often measured using the compressive strength test on
concrete samples, that have been prepared in the site. In order
to confirm the obtained concrete’s compressive strength by
using the compression test in the laboratory, the quality of
the hardened concrete on the site can be also checked using
nondestructive tests, such as the rebound hammer and the
ultrasonic pulse velocity test. These types of tests are simpler
to carry out and allow for a quick assessment of the concrete’s
compressive strength to withstand the stresses planned by the
engineering design.

In the past few decades, numerous tests on hardened
concrete have been developed. These tests are categorized as
either completely non-destructive (where there is no damage
to the concrete), slightly destructive (where there is slight
damage to the concrete), or partially destructive (where there
is some damage to the concrete), such as coring.

These two concrete tests have drawbacks that are economic
and structural stability because the coring test on the hardened
concrete is typically conducted on structural elements by taking
sample cores. Moreover, the destructive control methods are
divided into two classes, which are: the coring test performed
on the actual structure and the compressive strength performed

in the laboratory on samples test constructed on site.

However, the coring operations on the concrete are expensive
and the concrete structures tested can undergo degradations,
which will weaken the concrete structures and minimize their
service life. In the same context, the compressive tests made
in the laboratory on samples, are not generally representative
because they are not made in the same conditions of the site.
Moreover, these samples generate significant waste, which has
a harmful effect on the environment. To address this concern,
the non-destructive methods are coming to remedy to these
drawbacks by offering a practical and reliable means to control
the concrete without damage.

In this paper, non-destructive techniques based on ultrasonic
pulse velocity and the rebound hammer are the focus. The
major goal of this research is to establish a correlation between
the compressive strength of concrete on cylindrical samples,
using a combination of the rebound hammer, ultrasonic pulse
velocity, and other techniques without using the destructive
tests. The obtained relationship will enable the civil engineer
to forecast the compressive strength of structural components
without using the destructive tests.

A mathematical model was created in this field to predict
the compressive strength of hardened concrete on the site.
This model provides a relationship between the compressive
strength of the cores taken from the building concrete
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and the compressive strength determined by the two non-
destructive tests, the ultrasound pulse velocity and the
Rebound hammer [1]. Other models based on combined non-
destructive test (rebound hammer and ultrasonic velocity) were
developed by Revilla-Cuesta V et al. [2], in order to predict the
compressive strength of high flowability SCC in real structures.
There is a strong correlation between all the models in a linear
mathematical relationship between compressive strength and
Rebound Number readings using the Minitab 15 program;
the correlation ranges from 91% to 98%, indicating a perfect
relationship between the concrete compressive strength and
the readings of Rebound Hammer Number [3]. Additionally,
the destructive compressive test and the rebound hammer
test were correlated using MATLAB software, and the three
obtained relations (linear, quadratic, and cubic) allowed for
the evaluation of the compressive strength of concrete using
only the rebound hammer test. These relations were as follows:
Linear relation f = 1.0501x,-11.8402 (1)
Quadratic relation f = -0.0078 x,2 + 1.5979 x, -21.1986 (2)
Cubic relation f = -0.029 x> + 0.2975 x,2-8.8004x, + 94.4267 (3)
Where x, = is the Schmidt hammer rebound strength (MPa),
these relationships can be used by engineers to predict the
concrete compressive strength [4]. Moreover, the validity of
the analytical models that were published in the literature was
tested using a destructive and non-destructive test database.
This work suggests a fresh, reliable model that can forecast the
compressive strength of structures made of Italian reinforced
concrete [5]. Similar to this, a study was carried out to evaluate
the compressive strength of concrete utilizing ultrasonic pulse
velocity and Rebound Hammer testing. The results of this
study show that the concrete compressive strength measured
via sample smashing, non-destructive tests (ultrasonic pulse
velocity and Rebound Hammer), and combination testing are
all connected by this relationship. The relationship is:

fc (V,R) = -173.04 + 4.07V2 +57.96 V + 1.31 R [6] (4)

A mixed empirical model using non-destructive techniques
is also included (Rebound Hammer and Utrasonic pulse
velosity). This model allows for a 10% error in the prediction
of concrete compressive strength [7].

In order to evaluate the compressive strength of concrete
structures in the cities of Izmit and Istanbul (Turkey), a further
combined method test (combination between the concrete
core strength and Ultrasonic Pulse Velocity) is also utilized.
The linear relationships are as follows:

CCS = 0.544 (UPV) -15.343 with a correlation

R?* = 0.8452 (Cores of Istanbul) (5)
CCS =0.062 (UPV) -46.497 with a correlation
R* =0.914 (Cores of Izmit) 6)

CCS: Concrete Core Strength, UPV = Ultrasonic Pulse
Velocity. Since each region has its unique aggregates and
cements that affect the results of ultrasonic testing, it is evident
from relations (5) and (6) that each region has its own relation,
indicating the need to construct a relation for each region [8, 9].
On the other hand, the non-destructive tests used to ascertain
the mechanical characteristics of the hardened concrete
demonstrate that the evaluation of the strength of the concrete
is significantly influenced by the hardness of the particles
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[10]. Calibration of the obtained compressive strength with
the non-destructive methods and the compressive strength
of the cylindrical samples (cores) extracted from the same
structural elements close to the non-destructive test locations
are required due to the variation in the mechanical properties
of the concrete tested on site and its relationship with the
combined test methods [11]. Studies were conducted on the
impact of the components of concrete, the mixture, and the
variables related to the effectiveness of non-destructive testing
methods for concrete (Rebound Number and Ultrasonic Pulse
Velocity) to create a method that combines the two approaches
for evaluating the compressive strength of concrete. This study
demonstrates that the Rebound Hammer Number increases
with concrete compressive strength and that cement kinds,
aggregate types, and the presence of voids in concrete have
a significant impact on ultrasonic pulse velocity outcomes.
Combining the two approaches will address these drawbacks
and enable accurate evaluation of concrete compressive
strength [12]. The variability of NDT measures can be studied
with statistical analyses in order to increase the dependability
of the results from non-destructive tests [13]. Additionally,
a survey of the non-destructive methods’ literature reveals
that most of the (NDT) techniques are founded on empirical
relationships supplied by the devices’ producers. These devices’
output findings need to be adjusted utilizing a set of laboratory-
conducted correlations [14, 15]. The dependability of the data
obtained depends on the type of non-destructive tools used,
such as the rebound Hammer [16]. A method for calibrating
non-destructive tests on the spot is also needed to enhance the
assessment of concrete durability indicators. The study of the
in-situ data and the acquisition of the sustainability indicators
were the two goals for which this calibration was suggested
(porosity and degree of saturation). Compressive strength and
water content can both be accurately assessed in the same setting
[17, 18]. Non-destructive tests were reviewed, their benefits
and drawbacks shown, and a classification of these techniques
based on these factors and their applications formed [19].
The accuracy of the concrete compressive strength prediction
formulas, which are most frequently employed in Italy, is also
examined using the findings of the Rebound Hammer and
Ultrasonic pulse velocity. The combined techniques (Rebound
Hammer and Ultrasonic Velocity) can increase their accuracy
and forecast the compressive strength of concrete [20].
The obtained relationships were the following:

f. = 7.695.10711, (RI)14. (V)% (7)
fo = 1.2.107°. (RI)1058, (V)2446 (8)
f. = 0.0286. ( RI) 12%6, (V)15 )

Additionally, relationships between destructive and non-
destructive tests were proposed, and these relationships
make it possible to combine the two non-destructive tests—
ultrasonic pulse velocity and non-destructive test—to estimate
the concrete’s compressive strength (ultrasonic velocity and
Rebound Hammer). These connections also depend on the
tested concretes’ range of compressive strengths [21, 22].
a connection between the compressive strength of cubes
or cylinders, the ultrasonic pulse velocity measurement
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method, and the rebound hammer. There is a 20% inaccuracy
indicated [23]. The ultrasonic pulse velocity approach is the
most effective method for assessing the compressive strength
of existing reinforced concrete structures, according to their
study [24, 25]. Furthermore, as concrete ages, the compressive
strength measured using destructive and non-destructive
tests declines [26]. Another option is to estimate how much
the old structures are deteriorating using non-destructive
approaches [27, 28]. Moreover, the results from these tests are
influenced by numerous factors such as the w/c ratio, concrete
carbonation, cure and the cement type [29].

The main goal of this work is to investigate and emphasize
these impacts because, according to earlier research in the
field listed in this one, they have not been studied in relation
to non-destructive test findings. The first step in conducting
this investigation is to establish a correlation between the
compressive strength measured by crushing (a destructive
method) and the Rebound Hammer and ultrasonic pulse
velocity indices. The readings of the Rebound Hammer and
Ultrasonic Pulse Velocity are also influenced by the type of
cement used in the creation of concrete. The second portion
of this work involved two concrete formulations using
two different types of cements (NA 442- CEM I 42.5 R and
CEM II/A-L 42.5 R). The findings of this study indicate that
the relationship between compressive strength and non-
destructive testing is influenced by the kind of cement and
the age of the concrete (the Rebound Hammer and Ultrasonic
Pulse Velocity). Additionally, without using destructive tests,
the results for the two types of cement enable engineers to
anticipate the compressive strength of concrete buildings in
situ.

2. Materials

2.1 Cements

The two types of cements used in this study (NA 442- CEM I
42.5 R and CEM II/A-L 42.5 R) were made in BISKRA, which
is in the southeast of Algeria, and are known as BISKRIA
CEMENT. The characteristics with regard to Algerian Standard
NA 442 are presented for NA 442- CEM I 42.5 R in the Tables
1, 2, and 3 and for CEM II/A-L 42.5 R in the Tables 4, 5, and 6,
respectively.

The cements densities are respectively 3.07 g/cm?® for NA
442- CEM 142.5 R and 3.13 g/cm® for CEM II/A-L 42.5 R.

Elements Content % Standards

S0, 2.30 (NA 237) < 3.5%

CL 0.028 (NA 5080) < 0.1%
PA.F 2.04 (NA 237)<5%

C.S clinker 62 In accordance with Bogue
C,S clinker 13 In accordance with Bogue
C.A clinker 1.5 In accordance with Bogue
C,AF clinker 17 In accordance with Bogue

Table 1 Chemical characteristics of used cement NA 442- CEM 142.5 R
1. tdbldzat A felhaszndlt cement NA 442- CEM I 42.5 R kémiai jellemz6i

Designation Measures Standards

Specific surface Blaine (cm?/g) 3420 (NA231)
Start of taking (min) 180 (NA233) 260 min
Hot expansion (min) 0.5 <10mm(NA232)
Consistence (%) 25.7 T(NA290)

Table 2 Physics characteristics of used cement NA 442- CEM 142.5 R
2. tdbldzat A felhaszndlt cement NA 442- CEM I 42.5 R fizikai jellemz6i

Mechanic proprieties

Compressive strength 2 days 210 10
(MPa) 28 days 62.52R242.5 40

Table 3 Mechanic characteristics of used cement NA 442- CEM 142.5 R
3. tdblézat A felhaszndlt cement NA 442- CEM I 42.5 R mechanikai jellemz6i

Elements Content % Standards NA 442
SO, 2.00 <3.5%
CL 0.08 <0.1%
C,S clinker 60 In accordance with Bogue
C,S clinker 6 In accordance with Bogue

Table 4 Chemical characteristics of used cement CEM II/A-L 42.5 R
4. tablazat A felhaszndlt cement CEM II/A-L 42,5 R kémiai jellemz6i

Designation Measures Standards

Specific surface Blaine (cm?/g) 4200 (NA442)
Start of taking (min) 180 (NA442) 260 min

Table 5 Physics characteristics of cement CEM II/A-L 42.5 R
5. tablazat A CEM II/A-L 42,5 R cement fizikai jellemzGi

Mechanic characteristics

2 days 210

Compressive strength (MPa) 28 days 62.5>R242.5

Table 6 Mechanic characteristics of cement CEM II 42.5/A-L 42.5 R
6. tdbldzat A CEM II 42.5/A-L 42.5 R cement mechanikai jellemzdi

2.2 Aggregates
= Sand

The alluvial sand utilized in the two concrete formulations
originates from the Oued M’zi quarry, which is close to the
Algerian city of Laghouat. According to the granulometric
analysis curve (Fig. 1), this sand has tight granulometry and
ranges in fineness from around 2.5 to 5 mm. Its sand equivalent
indicates that it is clean sand, and by current standards, it may
be utilized to produce high-quality concrete.
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Fig. 1 Curve of granulometric of used sand
1. dbra A haszndlt homok szemcseméret-eloszldsa
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= Gravels

The gravel utilized waslimestone crushed gravel, consisting of
two granular classes with sizes ranging from 3 to 8 millimeters
to 8 to 15 millimeters, and it came from a quarry in Algeria’s
Laghouat region. The granulomere curves for the two categories
of gravel are shown in Fig. 2. The physical characteristics of the
employed gravels are summarized in Table 7.

Standard Aggregates
Sand Gravels

0/5 3/8

Physical
characteristic of the

used gravels and
sand

8/15

Apparent Density 1.564 1.319 1.255
(g/cm?)
i 2.6 2.65 2.65
Absol:nte density NF P 18-554
(g/cm?)
Absorption 1 15 15
Coefficient (%)
Table 7 Physical characteristic of the used aggregates
7. tébldzat A felhaszndlt aggregdtumok fizikai jellemzdi
100
g ¥4
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Fig. 2 Granulometric curve of the two classes of gravels size 3-8 mm and 8-15mm

2.dbra A 3-8 mm és a 8-15 mm méretii kavicsok két osztilydnak szemcseméret-
eloszldsi gorbéje
Fig. 2 show, that the grain size is acceptable for both classes
of the used gravel.

= Concrete formulations

The DREUX GORISSE method was used to formulate
the concrete, and Table 8 shows the outcomes of various
formulations.

Constituent Concrete Slump

Designation of components per weights  density test
(kg/m?3) (kg/m3?  (cm)
Biskria Ce-
ment
E/C=0.6
CEM II/A-L42.5R 350
Cement .\ 442-CEM 1425 R 350 2970 75
Sand 0-5 mm 586,5
3-8mm 174,8
Gravel 8-15mm 9435
Water 215,44

Table 8 Results of the two concretes formulations
8. tabldzat A két betonkészitmény eredményei
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All of the mixes were combined in a concrete mixer with a
vertical axis and a fixed tank with a capacity of 130 litres after
washing and drying the used aggregates.

Gravel, cement, and sand were introduced first before the
other components. The water is added after one minute of dry
mixing, and mixing is continued for at least two minutes to
produce a homogeneous slurry. The workability was assessed
immediately following each mixing in accordance with
standard NF EN 12350-2 using the Abrams cone; the results of
the slump test are displayed in Table 8.

= Preparation and storage of samples

For each type of cement, cubic samples measuring
10x10x10 cm’® were prepared based on the concrete
formulations’ results (Table 9).

Number of Water /
Storage Age confectioned samples cement
mode  (days)  cgM/A-L  NA 442- CEMI
42.5R 42.5R
Controlled 7 50 50
humidity 0.6
chamber 28 50 50

Table 9 Samples for the both concretes formulations
9. tabldzat A két betonkészitmény mintdi

All types of concrete were made in a laboratory setting. All
samples were covered right after preparation to minimize the
risk of excessive evaporation and plastic shrinkage. The samples
were taken out of the moulds 24 hours later and maintained in
the humid chamber (RH = 90%) (Fig. 3).

Fig. 3 Samples conserved in laboratory environment

3. dbra Laboratoriumi kornyezetben tdrolt mintdk

3. Methods

3.1 Materials used for destructive and non-destructive
testing

The cubic samples were subjected to destructive and non-
destructive tests at ages 7 and 28 days. To get ready for non-
destructive tests, the faces of each cubic sample must be sanded
with an abrasive stone prior to the start of each test.

The metal molds were used to prepare the 10 x 10 x 10 cm?
concrete cubic samples.

The non-destructive tests were conducted using a Schmidt
Rebound Hammer and an ultrasonic pulse velocity instrument;
the models of the utilizing devices are as follows:
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3.1.1 Schmidt Rebound Hammer (Rebound Hammer)

The Rebound Hammer test entails projecting a load with a
fixed initial energy onto the concrete surface. After the shock,
some of the energy is absorbed by the concrete and some of it
makes the mass bounce back. The impact energy is created by a
system of springs, whose recoil movement’s amplitude depends
on the recoil energy and spring system properties.

A non-destructive method of assessing a concrete’s strength
is to measure its impact hardness. This approach is intriguing
because it is straightforward and enables quick verifications of
the consistency of the concrete in a construction.

The method for determining hardness involves measuring
the amount of recoil that a spring-controlled mobile device
experiences after colliding with a concrete surface. The Schmidt
hammer test, also known as the Rebound Hammer test (Fig. 4),
was created by ERNST SCHMIDT in 1948 and is one of the
oldest non-destructive tests still in use today.

Fig. 4 Rebound Hammer type N model C 181
4. dbra C 181 tipusii N tipusii Schmidt kalapdcs C 181

= Operating mode of the Rebound Hammer

Before beginning the Rebound Hammer tests, the test pieces
were placed between the press plates with the molded faces
in contact, ensuring that the direction of compression was
perpendicular to the direction of the concrete confection. This
was done after the test pieces had undergone an ultrasound
pulse velocity test to remove any remaining grease from their
faces. According to standard NF EN 12504-2, the sample was
maintained between the plates by compression under an initial
load of around 15% of the final charge after the loading speed
was set to 0.5 MPa/s (i.e., 5 KN/s, which corresponds to the
10 cm cube).

The maintained sample test’s two opposite faces were
subjected to twelve Rebound Hammer tests, which were
conducted in the horizontal compression machine position
(Fig. 5). The test result for each sample test is then expressed as
awhole number in accordance with European Standard NF EN
12504-2 and represents the median value of all readings taken
on both sides.

Fig. 5 Measurement of the rebound index with the Rebound Hammer
5. dbra A visszapattandsi index mérése a Schmidt kalapdccsal

3.1.2 The ultrasonic device

The Ultrasonic Pulse Velocity is type E 46 with transducers
of 50 mm of diameter and 54 kHz of frequency (Fig. 6).

Fig. 6 'The used device of Ultrasonic Pulse Velocity
6. dbra Az ultrahangos impulzussebesség mérésére haszndlt eszkioz

= Operating mode of the ultrasonic Pulse velocity device

The operator must verify that the instrument is functioning
correctly by calibrating it using the calibration bar before
performing the ultrasonic tests. The direct transmission
method was used to conduct the ultrasonic tests, ensuring that
the direction of transit time measurement was parallel to the
direction of preparation. The two transducers were positioned
on the opposing sides of the test tube with a thin coating of grease
in between them (Fig. 7), and the transit time in microseconds
was then recorded. According to standard NF EN 12504-4,
the ultrasonic test result for each sample is the median value
of two measurements made in both directions. As a result, the
determined ultrasonic speed is expressed as 0.01 km/s.

Fig. 7 Transit time measurement with ultrasonic device
7. dbra  Atfutdsi id6 mérése ultrahangos eszkozzel

3.1.3 Compression machine

The study’s damaging test was a straightforward compression
test employing a hydraulic press with a 3000 kN capability (Fig.
8, 9).

Fig. 8 Hydraulic press with the capacity of 3000 kN
8. dbra 3000 kN kapacitdsii hidraulikus prés
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Fig. 9 Crushing of the cubic samples
9. dbra A kocka alaki mintdk torése

4. Results and discussions

At the civil engineering research lab, these tests were
conducted. Utilizing the hydraulic press described in the
section prior, cubic samples were subjected to crushing tests,
Rebound Hammer tests were conducted using a calibrated
Rebound Hammer, and ultrasonic tests were conducted using a
device available in the Laghouat University’s Civil Engineering
Research Laboratory.

4.1 Relationship between compressive strength (MPa) and
the Rebound Hammer (I) in horizontal position

4.1.1 Concrete formulation with NA 442- CEM 1 42.5 R at
7 and 28 days

The rebound Hammer index as a function of compressive
strength at 7 and 28 days of concrete age is depicted in Fig. 10.
The correlations between the compressive strength and the
Rebound Number (I) that were discovered from the Fig. 10 are
linear regressions.
For age 7 days CS = 0.331+19.278

with the coefficient of correlation R* = 0.79 (10)
For age 28 days CS = 1.42481-24.44
with the coefficient of correlation R* = 0.78 (11)

Where CS is the predicted compressive strength of cubic
samples in MPa and I is the rebound hammer number. These
two relationships allow concretes made with cement type
NA 442- CEM I 42.5 R to be estimated to have compressive
strength using the reading of the Rebound Hammer Number
at a young age (7 days) and at an age (28 days).

Additionally, these relationships demonstrate that the
compressive strength of concrete cubic samples at 7 days of age
was between 27 and 29 MPa, while at 28 days of age it was
between 34 and 41 MPa. These data can be used to forecast the
compressive strength of concretes made using NA 442- CEM I
42.5 R cement at the commonly applicable ages (7 days and 28
days) allowing the engineers to assess the concrete construction
in-situ using just a nondestructive test (Rebound Hammer).
These findings also demonstrate the impact of concrete age
on compressive strength measurements made with a rebound
hammer.
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Fig. 10 Rebound Hammer Index as function of the compressive strength at 7 (a) and
28 (b) days age of concrete (NA 442- CEM I142.5 R)
10. dbra A visszapattandsi index a nyomészildrdsdg fiiggvényében a beton 7 (a) és 28
(b) napos kordban (NA 442- CEM 142,5R)

4.1.2 Concrete formulation with CEM II/A-L 42.5 R at 7
and 28 days

The compressive strength of concrete at 7 and 28 days old
is shown in the Fig. 11, along with the rebound number of the
Rebound Hammer.

The relationship (12) and (13) between the compressive
strength and the Rebound Number(I) that were discovered
from the Fig. 11 are linear regressions.

For 7 days of age CS = 0.8518 I +4.6695

with the coeflicient of correlation R* = 0.83. (12)
For 28 days of age CS = 0586 1 + 17.57
with the coefficient of correlation R* = 0.78. (13)

Where CS: the predict compressive strength in (MPa) on
cubic samples; I: Rebound Number.

For concretes that are formed using cement of the CEM II/
A-L 42.5 R type, these two relationships (12) and (13) allow for
the prediction of the compressive strength as a function of the
reading of the Rebound Hammer index at early ages (7 days)
and at ages of 28 days.

Additionally, these connections demonstrate that the
concrete compressive strength of cubic samples at 7 days of age
ranged from 27 MPa to 31 MPa, whereas that at 28 days of age
ranged from 36 MPa to 40 MPa.
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Fig. 11 Rebound Hammer Index as function of the compressive strength at 7 (a) and

28 (b) days age of concrete (CEM II/A-L 42.5 R)
11. dbra A visszapattandsi index a nyomdszildrdsdg fiiggvényében a beton 7 (a) és 28
(b) napos kordban (CEM II/A-L 42.5 R)

These data can be used to forecast the compressive strength
of concretes made using CEM II/A-L 42.5 R cement at the
typically useful ages (7 days and 28 days) for the engineers to
examine the concrete construction in-situ using just a non-
destructive test (Rebound Hammer). Additionally, these data
demonstrate that the type of cement has an impact on the
outcomes of the rebound Hammer test. These correlations led
to the conclusion that the age of the concrete and the kind of
cement (NA 442- CEM I 42.5 R and CEM II/A-L 42.5 R) had
an impact on the compressive strength of the concrete that can
be measured using a non-destructive test (Rebound Hammer).

4.2 Relationship between compressive strength and the
Ultrasonic Pulse velocity at 7 and 28 days of age

4.2.1 Concrete formulation using cement type NA 442-
CEM142.5 R at 7 and 28 days

The ultrasonic pulse velocity at 7 and 28 days of concrete age
is shown in Fig. 12 as a function of compressive strength.

The connections between compressive strength and
ultrasonic pulse velocity (V) derived from Fig. 12 are linear
regressions.

For 7 days of age CS = 0.002 V +19.29 with the coeflicient
of correlation

R*=0.83 (14)

For 28 days of age CS=0.01516 V - 25.328 with the coefficient
of correlation
R*=0.87 (15)

Where V is the ultrasonic pulse velocity and CS is the
predicted compressive strength in MPa for concrete cubic
samples. With the aid of these two relationships, compressive
strength can be predicted using the Ultrasonic Pulse Velocity
reading for both young (7-day-old) concretes and older
concretes (28-day-old) made with the NA 442- CEM I142.5 R
cement type. Additionally, these connections demonstrate that
the compressive strength of concrete cubic samples at 7 days of
age ranged from 26 MPa to 30 MPa, whereas that at 28 days of
age it ranged from 36 MPa to 42 MPa.
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Fig. 12 Ultrasonic Pulse velocity as function of the compressive strength at 7 (a) and
28 (b) days of concrete age (NA 442- CEM 1 42.5R)
12. dbra  Ultrahangos impulzussebesség a nyomészilardsag fiiggvényében a beton 7 (a)

és 28 (b) napos kordban (NA 442- CEM 142.5R)

These obtained results can be used in the prediction for
the compressive strength of concretes formulated using the
NA 442- CEM I 42.5 R cement type at the generally useful
age (7 days and 28 days) for the check in-situ by the engineers
of the concrete structure using only a non-destructive test
(Ultrasonic Pulse Velocity).

These correlations lead to the conclusion that the cement
type (NA 442- CEM 142.5 R and CEM II/A-L 42.5 R) and the
age of the concrete have an impact on the results of the non-
destructive test for concrete compressive strength (Ultrasonic
Pulse velocity).
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4.2.2 Concrete formulation using cement type CEM
II/A-L 42.5 R at 7 and 28 days of age.

Fig. 16 and 17 depict the relationship between the ultrasonic
pulse velocity and the compressive strength of concrete at 7
and 28 days of age.
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Fig. 13 Ultrasonic Pulse velocity as function of the compressive strength at 7 (a) and
28 (b) days of concrete age (CEM 1I/A-L 42.5 R)
13. dbra  Ultrahangos impulzussebesség a nyomészildrdsdg fiiggvényében a beton 7 (a)
és 28 (b) napos kordban (CEM II/A-L 42.5 R)

The connections between compressive strength and
ultrasonic pulse velocity (V) derived from Fig. 13 are linear
regressions.

For 7 days of age CS = 0.0062 V + 4.4808

with the coefficient of correlation R*=0.74 (16)
For 28 days of age CS = 0.00543 V + 15.47628
with the coeflicient of correlation R*=0.81 (17)

Where CS is the anticipated compressive strength of cubic
samples in MPa and V is the ultrasonic pulse velocity. The
compressive strength can be predicted using the Ultrasonic
Pulse Velocity reading for concretes at a young age (7 days) and
at an older age of 28 days for concretes made with CEM II/A-L
42.5 R cement type thanks to these two connections.

Furthermore, these connections demonstrate that while the
compressive strength of cubic samples at 7 days ranged from 26
MPa to 31 MPa, it varied from 38 MPa to 41 MPa at 28 days.
These data can be used to forecast the compressive strength
of concretes made using CEM II/A-L 42.5 R cement at the
typically usable ages (7 days and 28 days) for the engineers to
examine the concrete construction in-situ using only the non-
destructive test (Ultrasonic Pulse Velocity).
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These correlations lead us to the conclusion that the age of
the concrete and the type of cement (CEM I 42.5 and CEM
II/A-L 42.5 R) have an impact on the results of the non-
destructive test for concrete compressive strength (Ultrasonic
Pulse velocity).

5. Conclusions

These relationships were developed for two cement types
(CEM I 42.5 and CEM II/A-L 42.5 R), and for two concrete
ages, namely 7 and 28 days. In this work, relationships between
concrete compressive strength and non-destructive testing
(Rebound Hammer and Ultrasonic Pulse Velocity) have been
established.

The following conclusions can be summarized from these
relationships:

1. Using non-destructive testing tools (Rebound Hammer
and Ultrasonic Pulse Velocity), engineers can use the
relations to predict the compressive strength of concrete in
situ for concrete ages of 7 and 28 days.

2. The age of the concrete affects the results obtained using the
non-destructive tests; as a result, engineers must take the age
of tested concrete into account when using these relations.

3. The type of cement has an impact on the obtained
regression linking the concrete compressive strength and
non-destructive tests.

4. Based onthese findings, relationships between compressive
strength and non-destructive tests for the three most
common concrete aging times — 7, 14, and 28 days —need
to be established.
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Abstract

Nano-black carbon (NC) and partially de-aluminated kaolinitic clay (PDK) composite blend was
investigated as an additive to mortar fabrication for improving of the compressive strength.
PDK was obtained from aluminum sulphate of Egypt (ASCE). PDK was grounded with nano-
carbon. PDK achieved a good pozzolanic activity, it reached 120 %. The experimental protocol
included chemical and physical properties of the PDK/Nano-carbon (NCPDK) and the produced
mortars. The effect of five weight ratios of NCPDK (0, 5, 10, 15 and 20 %) on the properties of
the formed OPC mortars was investigated. Each ratio was tested with three contents of Nano-
carbon (1, 2 and 3 %) by weight. The accelerating effect of NCPDK was clear on the initial setting
time whereas it reduced by about 31 % and the final setting time reduced by 23 % at 10 %
NCPDK. The reduction in the initial flowability of OPC mortar reached 2.7 and 6 % for 10 and
20 % replacement respectively of the OPC by NCPDK and After 60 minutes from mixing, the
relative flowability loss was 68 % at 10 % NCPDK and 88 % at O % replacement. The compressive
strength values of the produced mortars ranged between 46.2 and 50.7 MPa (EN 196-1), with
a maximum improvement equal to 14.4 % using 10 % NCPDK. There was no significant change
in the pH values of the mortar mixtures. According to the obtained results the composite NCPDK
can be used as an additive material in mortar fabrication. The structure of the hardened mortar
modified with 10% NCPDK was investigated by XRD, FTIR and TGA that assured formation of
more CSH. Incorporation of Nano-carbon enhanced the compressive strength.

Key words: nano-carbon, compressive strength, setting time, flowability, dealuminated kaolin,
concrete additive

Kulcsszavak: nano-karbon, nyomészilardsag, kotési ido, folyoképesség, dealuminalt kaolin,

betonadalék

1. Introduction

Meta-kaolinitic clay (MKC) is the reactive phase resulted
from heating of kaolinitic clay (KC) at a temperature range of
500 - 750 °C that deteriorate its crystal structure [1]. MKC
reacts with sulfuric acid to produce aluminum sulfate solution
which is used in the clarification of water. The extraction of
aluminum from meta-kaolinitic clay by acid attacking resulted
in increasing the silica to alumina ratio, specific surface and
the porosity [2]. The accumulation of siliceous solid waste
called partially dealuminated metakaolinite clay (PDK), causes
negative environmental impacts due to its fine particulates
which are easily spread in the surrounding environment [3].

It was reported that the PDK and calcium hydroxide blends
using thermal calorimetric experiments, showed considerable
cementitious property [4]. The pozzolanic reactivity of the
PDK in prepared blends was also confirmed [5]. This reactivity
is relatively higher than that of fumed silica and the initial
setting duration increased by addition of the nano carbon
(NC) and PDK composite denoted (NCPDK). Different ratios
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of NCPDK were applied to replace certain portion of the
normal cement and its effect on consistency, initial and final
setting durations of cement and compressive strength of the
mortar after the 7 and 28 day were studied.

The rheological characteristics of fresh mortar determine its
workability and flowability. The required water for hydration
reactions and the physical properties of the hardened mortar
depends on the distribution of cement in water. The particle
size distribution and mixing intensity affect the rheological
properties of the concrete [6]. By application of additive
materials to mortar the mechanical properties of mortar/
concrete are upgraded such as compressive strength. Referring
to the world interest of getting pure and healthy environment
and facing the abnormalities in climatic changes, the work
for utilization of new nontraditional materials resulted from
different industries as a by-product has become necessary. This
will improve the environment quality and reduce the negative
impacts of the wastes on the public health.

It was known that the manufacturing of traditional Portland
cement is highly energy consuming process and significant
measures were taken to get cement alternatives. Pozzolana are
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known to substitute partially the normal cement in mortar or
concrete mixture because it densifies their matrix by closing
the pores as well and this enhance the strength growth [7].

ASTM C595, defined pozzolana as a silicate bearing materials
which have no binding effect but when they react with lime
at normal conditions forming cementing compounds. The
majority of pozzolanic materials are a by-product of industrial
processes. They are mainly siliceous materials such as fumed
silica, flied ash, slag (granulated blast furnace slag of iron
smelters), in addition to calcined clays, all of these materials
substitute partially the traditional Portland cement.

PDK is an industrial by-product resulted from aluminum
sulphate manufacturing. This by-product is a pozzolana has
an environmental impact it consists of high silicate and low
aluminum content. The pozzolanicity of this by-product was
gained as a result of the dehydroxylation process by thermal
treatment which removes the OH groups from the tetrahedral
silicate and octahedral aluminate sheets of kaolinitic clay
changing it to dewatered clay or metakaolin. The sulphuric
acid reacts with the calcinated clay extracted aluminum from
the structure leaving low aluminum high silicate content by-
product. The thermal and acid attack of metakaolin increased
the surface area and the porosity yielding amorphous silica [8].
The Brunauer, Emmett and Teller (BET) values that expressing
the specific surface area increased as a result of acid attack
causing increase of the pore volume and the chemical and
physical reactivity such as adsorption and absorption [7].

Carbon black in its pure form is a fine black powder,
essentially composed of elemental carbon [9, 10]. It is produced
by partial burning and pyrolysis of low-value oil residues at
high temperatures under controlled process conditions [11].
Carbon black is mainly used to strengthen rubber in tires, but
can also act as a pigment, UV stabilizer, and conductive or
insulating agent in a variety of rubber, plastic, ink and coating
applications. Apart from tires, other everyday uses of carbon
black include hoses, conveyor belts, plastics, printing inks and
automotive coat [12].

This study exploited the pozzolanic properties of PDK
mixed with Nano-carbon to be used as an additive to mortar
replacing a certain proportion of cement ranged between 5 -
20% for improving the compressive strength and the chemical
characteristics of the fabricated mortar. The main constituents
of PDK are amorphous silica, alumina, and iron oxide; other
impurities are reported such as quartz.

2. Materials and experiment

2.1 CEM II 42.5R (EN 197-1)

CEM II 42.5R (EN 197-1) produced by Suez cement
company. Table 1 show the physical properties cement and
Table 2 illustrates the chemical composition of the OPC used.

The properties Value Limits
Specific Gravity 2.63 2.50 - 2.75
Bulk density, (kg/m?) 1780
The compressive strength for _2days 20.8  Not less than 10
standard mortar (MPa) 28 days 50.3 Not lessthan 42.5

Soundness (La Chatelier) 1 Not more than 1

Initial 135  Not less than 60

Setting duration (min.)

Final 180
*ESS 4756-1/ 2013

Table 1 The mechanical and physical properties of CEM II 42.5R *
1. tdbldzat A CEM II 42.5R* mechanikai és fizikai tulajdonsigai

Com Si0, ALO, Fe,0, Ca0 Mg0o SO, Na0 KO ci LOI Total
pound

% 2231 540 31 627 14 195 018 016 0.03 240 99.28

Table 2 'The chemical composition of Ordinary Portland Cement (OPC)
2. tablazat A hagyomdnyos portlandcement (OPC) kémiai osszetétele

2.2 Partially dealuminated kaolinitic clay (PDK)
2.2.1 The chemical and mineralogical analysis of PDK

PDK resulted from the reaction of calcined kaolin with
sulphuric acid during the manufacturing of aluminum
sulphate. The calcination of kaolin at 700 - 800°C results
in dehydroxylation and formation of amorphous structure
(metakaolin) easily attacked by sulphuric acid forming
aluminum sulphate and amorphous rich silica called
dealuminated metakaolin. The acid attack causes that the
silica is present in a disordered and non-bonded structure. The
surface area of the PDK is high due to the acid treatment in
addition to the amorphous nature of metakaolin.

Compound Amount (weight %)

Sio, 81

Si0, (amorphous) 58 = 0.97 Molar
Al,0, 6.7 =0.066 M
Si0,/Al,0, 14.7
Fe,0; 0.7

TiO, 3.6
Mgo 0.09
Ca0 0.15
Na,O 0.03

K,0 0.05
SO0, 1.2
P,0, 0.01
Sr0 0.05

cl 0.06
L.O.1 4.8
Total 98.44

Table 3 The chemical analysis of the PDK
3. tdblézat A PDK kémiai elemzése

PDK was collected from aluminum Sulphate factory. It was
dried at 105 °C for 3 hours to remove moisture. The chemical
composition based on the XRF shows that most of the
alumina in the waste is present as part of the unreacted meta-
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kaolin (Table 3). The amorphous silica is about 58% (Fig. 1).
The XRD pattern displayed the silicate morphism in 20 - 25 26
complying with that reported in reference [13].

PDK was first washed carefully in compact filter press unit
and dried at 120 °C for three hours then XRF analyzed using an
AXIOS, analytical 2005, Wave length Dispersive (WD-XRF)
Sequential Spectrometer. Table 3 shows high content of reactive
SiO, it averaged 58%; reactive silica represents the fraction of
silica able to react in the normal environment with alkalies.
The averaged value of AL,O; in PDK was 6.7%.

PDK was analyzed by XRD analysis using a Burkur Dg
Advanced Computerized X-Ray Diffractometer apparatus to
show its constituting phases. Fig. 1 displays that its main
crystalline phases are quartz and anatase. The presence of
aluminum oxide and sulfur oxide in the XRF analysis (Table 3)
indicate the presence of traces of amorphous aluminum sulfate
compound.

180

o 150 ¢ Q Q: Quartz

]

g 120 ¢ A: Anatase

S

. 9
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5 10 15 20 25 30 35 40 45 50
28 degree

Fig. 1 XRD analysis for PDK
1. dbra A PDK XRD analizise

2.2.2 The grain size-distribution of PDK

The grain size-distribution of the ground PDK by laser
granulometry was plotted in Fig. 2 which shows that the
diameter of PDK in cumulative 90% of ~78 um and 10% of
~ 4.9 um with an average diameter of ~9.6. BET analysis
revealed a high fineness for PDK (20 m%/g).
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Fig. 2 Grain size distribution of PDK using laser granulometry
2. dbra A PDK lézergranulometridval mért szemcseméret-eloszldsa

2.2.3 The pozzolanic testing of PDK

According to ASTM C 618 the pozzolanic materials reacts
with portlandite [Ca(OH),] resulted from the hydration
process of OPC and calcium silicate hydrate compound is
formed as a cementing material. The pozzolanic reactivity
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of the samples was determined chemically by mixing of 2 g
PDK with 10% lime and 2 drops of water. The free lime of the
mixture was measured directly and after 5 days on another
sample well covered and stored at 60°C. This chemical method
is described in detail elsewhere [14].

Table 4. indicates the pozzolanic activity, specific surface area
and the bulk density of PDK. The reactivity test after 5 days
recorded 120%.

The parameter Value

The pozzolanic reactivity 120%
Specific surface area 20 m*/g
The bulk density 1.35 g/cc

Table 4 The pozzolanic testing of PDK
4. tabldzat A PDK puccoldn vizsgdlata

The surface area was measured by means of BET
method which shows the adsorption of nitrogen at liquid
nitrogen temperature. The specific density was evaluated
using Le Chatelier flask according to ASTM C188-84. The
mineralogical composition was monitored by means of
X-ray diffraction using an automated diffract meter at a scan
range from 10 to 50° (20). Positive reaction to pozzolana test
(EN 196-4) was given by PDK when blended with CEM 142.5R.
Methylene blue method (UNI EN 933/9) 3.85 g/kg for PDK.

Mixes NC NC/OPC NCPDK OPC Water/ Sand/

(4] (%) /[OPC (%) binder cement
(%)

Control1 00 5 0.0 0.0 0.0 100 0.43 2.25

M1 0.0 0.0 0.0 0.0 5 95

M2 0.05 4.95 1.01 0.0005 95

M3 0.10 4.90 2.04 0.001 5 95

M4 0.15 4.85 3.03 0.0015 95

M5 00 10 00 0.0 10 90

M6 0.05 9.95 0.5 0.0005 90

M7 0.10 9.90 1.01 0.001 10 90

M8 0.15 9.85 152 0.0015 90

M9 00 15 00 15 85

M10 0.05 14.95 0.33 0.0005 85

M11 0.10 14.90 0.67 0.001 15 85

M12 0.15 14.85 1.01 0.0015 85

M13 00 20 00 00 20 80

M14 0.05 19.95 0.25 0.0005 80

M15 0.10 19.90 0.50 0.001 20 80

M16 0.15 19.85 0.76 0.0015 80

w/b = water/OPC+ weight of NCPDK

Table 5 The mix ratios of mortars ingredients
5. tabldzat A habarcs GsszetevGinek keverési ardnyai

2.2.4 Thermogravimetry and differential scanning
calorimetry of PDK (TG/DSC)

The thermal behavior of the starting PDK is presented in the

Fig. 3. The main changes revealed by TG and DSC analysis are
as follows: The DSC line indicates the removal of absorption
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water or free water as demonstrated in the small band at
186.6 °C (water absorbed in pores and on the surface = 1.73%).
The thermal degradation occurs between 186.6 and 550 °C
is associated with the presence of silicate and the chemical
dewatering within the structure. The remaining weight loss
at between 550 and 1000 °C can be attributed to more bound
water which results from silanol or aluminol. The results show
that approximately 6.93% measured over the temperature
range of ambient to 988 °C.

TG, % DSC, (mW/mg)
Flow, (mVmin)
0.2
101 p— :ch Tﬂ“’ 250
A Mass change =-1.73% Flow (purge2: N2)
100 Residual mass = 98.27 % — — Flow (orotective: N2} 401

{ | (5.3-186.6%) 200
99 X

Mass change =-6.93% 0.0
Residual mass = 93.07%
(53.0—988°C)

98 |
97 |
9% |

95 |

9o |

| 03
93 | ¢ :
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Temperature, °C

Fig. 3 Thermogravimetry and differential scanning calorimetry of PDK (TG/DSC)
3. dbra A PDK termogravimetridja és differencidlis pdsztdzé kalorimetridja (TG/
DSC)

2.3 The fine aggregate

Using sand as a fine aggregate in both mortar and concrete
mixtures. Sand tests were carried out according to the standard
specifications (EN 1097, EN 933). Table 6 shows the physical
properties of the sand used. Fig. 4 shows the gradation of sand.
The results showed that the specifications of the sand used
matched the Egyptian Code for the Design and Implementation
of Concrete Structures No. 203 of 2018.

The limits

Parameters The results

ECCS203-2018
Egyptian standard

The specific gravity 2.60
The bulk density (ton/m?) 1.60
1.20 Not more than 2.5

Dust and clay

Table 6 The physical properties of sand
6. tabldzat A homok fizikai tulajdonsdgai

2.4 Nano carbon

The used Carbon black is a specific kind of the basic
carbon which is obtained as colloid particles from incomplete
combustion or thermal decomposition of the liquid or gaseous
hydrocarbons under controlled conditions. This material can
be observed as a fine black powder similar to the materials
obtained from the combustion of the hydrocarbons, coal
or exhaust soot. Carbon black contains more than 95%
of amorphous carbon and a small percentage of oxygen,
hydrogen, nitrogen, and others [15, 16].

The addition of nano-carbon black (NC) was made on
OPC content weight basis; NC/OPC ratios considered were
as follows: 0.0, 0.0005, 0.001 and 0.0015%. The NCPDK mix
design/m?® is shown in Table 5. The replacement of OPC was

made by addition of 5, 10, 15, and 20% NCPDK in cement
paste and the mortar mixes. The w/b ratio required to attain
the standard consistency of the reference OPC paste was
determined using Vicat apparatus according to ASTM C187-92.
The initial and final setting times were measured according to
ASTM C191-92. The same methods were utilized to investigate
the effect of NCPDK on the water demand and the setting
behavior of the pastes. The mixing procedures were carried out
according to ISO 9597 (1989) and ASTM C305-82.
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Fig. 4 Graduation of sand
4. dbra A homok szemcsemérete

2.5 The chemical additives

In order to achieve good mixing of the mortar mixtures, a
water reducing agent, Master Reobuild 3045, was added, which
conforms to ASTM 494 Type G.

2.6 The mixture properties
2.6.1 The pH of mortar slurry

The pH of the mortar slurry was performed as follows by
adding 20 g of cement to 100 ml of distilled water (w/b = 5) in
glass bottles (ASTM F710-05). The NCPDK was added to the
cement as a replacement material with 0, 5, 10, 15 and 20%.
The components were mixed manually and the change in the
pH- values was recorded by means of a digital pH meter after
0, 30, 60, 90 and 120 minutes.

2.6.2 Flowability testing

The Mortar Flow Table Apparatus (MFTA) was done for
determining the flowability and the rate of flowability changing
of the OPC and OPC/NCPDK mortars. The MFTA are described
in ASTM C230/C230M-14. After mixing; the flowability of the
mortar was measured using MFTA, according to the ASTM
C109-99. To test the rate of flowability changing during the fresh
state of mortar mixes, the flow diameters were determined at
different durations from mixing: 0, 30, 60, 90 and 120 min.

The flowability was determined as the ratio between the
diameter of the resulting form and that of the original mix:

s df -di
Flowability = FTRRY 100 (1)

Where, d; is the final diameter (mm) and di is the initial
diameter (mm).

Casting and compaction of the specimens used in the
determination of the compressive and the direct tensile strengths
respectively were based on ASTM C109-99. Mixing, casting,
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curing, and testing were carried out at normal conditions. The
prepared cubic mortars and briquette specimens were covered
with plastic for 24 hours, demolded and then immersed in water
until testing. The compressive strengths were determined at ages
of 7 and 28 days according to ASTM C109-99, the specimens
prepared to test the direct tensile strength were tested at the age
of 56 days according to ASTM C307-99.

2.6.3 Initial and final setting duration

The initial and final setting tests were done as explained in
IS 4031-Part 5. Standard Vicat needle was used in assessing its
penetration in a fresh mix. Three specimens were tested each
time and the average values were recorded.

2.6.4 Compressive strength testing

The mechanical characteristics of tested mortar specimens
fabricated with NCPDK are expressed in compressive strengths.
According to EN 206, NCPDK can be used as a pozzolanic
material. The efficiency of NCPDK as a replacement of portion
of OPC has been verified in concrete blends. In all trials the
addition were done on dry basis with reference to the sum of
cement and additive (c+a).

Superplasticizer was used with an average of 1.6%. The
density in the fresh state (EN 12350-6) is 2360 kg/cubic
meter; and cubic compressive strength was done according
to (EN 12390-3). The samples were immersed in water for 24
hrs, the measurements were done according to the Egyptian
specifications ESS 1658-1991.

2.6.5 The mortar mixes preparation and testing

Five mixtures of cement mortar were carried out using five
different substitution ratios in the NCPDK mixture of cement
to test the compressive strength at the age of seven days for
determination of the pozzolanic activity of the mixes, and
based on the results, the best substitution ratios were chosen
for the test at an age of 28 days. The standard ASTM C1240 was
taken into account in determining the basic mixing ratios for
cement mortar, where the compressive strength of the mortar
was measured at the age of 7 days using the average value of
three cubes with dimensions of 70 x 70 x 70 mm using NCPDK
mixture substitution ratios of cement (5, 10, 15 and 20% which
contain 1,2 and 3% C for each ratio, respectively) and compared
with the control mix that does not contain NCPDK.

2.6.6 Preparing samples and curing

The prepared mortar mixtures were poured into the steel
moulds. The mortar mixtures were poured into the moulds in
three layers and each layer was compacted using a steel rod.
After 24 hours, the mortar specimens were removed from the
moulds and cured in water at room temperature until testing.

3. Results and discussion

3.1 The flow of the modified mortars with NCPDK

The initial flowability and the rate of flowabilities loss
containing different contents of the NCPDK were tested. The
OPC mortar mixes prepared with different ratios of NCPDK were
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assessed. Fig. 5 displayed the effect of NCPDK on the flowability
of OPC mortars. It is clear from the figure that the incorporation
of NCPDK had only a slight effect on the initial flowability of
the OPC mortar. The reduction in the initial flowability of OPC
mortar reached 2.7 and 6% for 10 and 20% replacement of the
OPC by NCPDK. The fineness of PDK and Nano carbon increase
the water demand causing reduction of flowability.

257

252
250 | 20
247

Initial flow (mm)

0% 3% 10% 15% 20%
NCPDK content (%)

Fig. 5 Flowability of OPC mortar containing different contents of NCPDK
5. dbra  Kiilonboz6 NCPDK-tartalmii OPC habarcsok folyoképessége

The loss rate of flowability of OPC mortar OPC/NCPDK
mortars was determined by measuring the instant flowability
at different periods of time from mixing namely 0, 30, 60, 90
and 120 min. The relative flowability (instant flowability/ initial
flowability) versus time are illustrated in Fig. 6. It was found
that the relative flowability of the NCPDK modified samples is
reducing with increasing time. The flowability loss is decreasing
with increasing of as the NCPDK content at a constant time. After
60 minutes from mixing, the relative flowability was 68% at 10%
replacement of NCPDK while the OPC mortar was 88 (Fig. 6).

mOPC
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;’;: u5 %NCPDK
3 10 % NCPDK
=
5
g
2 15 % NCPDK
2

20 % NCEDK

[+] 30 60 20 120
Period of time after mixing (min.)

Fig. 6 Flowability loss of OPC mortars containing different contents of NCPDK
6. dbra Kiilonbozé NCPDK-tartalmii OPC habarcsok dtfolydképességi vesztesége

3.2 Strength characteristics

The compressive strengths of the twelve mixtures and the
control mixture were measured at an age of 7 and 28 days
using the average value of three specimens according to the
standard specification EN196-1.The mechanical properties of
the modified mortar with NCPDK are expressed in terms of
compressive and tensile strengths as illustrated in Fig. 7. It was
found that the compressive strength delayed in the 7 days, but
it developed in the 28™ day. The 28-days compressive strength
of the OPC mortar increases with increasing the replacement
ratio of the CPDK in the OPC mix. It achieved a peak value
at 10% DK beyond which the compressive strength started to
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Design Cem. NC/PDK NCPDK/ Sand Flow Water Compressive Increase of Effect of Nano-carbon
mixes (8) (%) OPC (8) (mm) ((3) Strength compressive on compressive
(%) (MPa) strength (%) strength (%)
7 days 28 days 28 days 28 days

Control 100 0.0 0.0 225 257 44 36.3 44.3 - -

M1 95 - 5 225 252 44 34.3 46.2 +4.3 -

M2 1 252 35.4 46.3 +4.5 +0.2

M3 95 2 5 225 252 44 35.6 46.6 +5.2 +0.9

M4 3 252 35.8 46.8 +5.6 +1.3

M5 90 - - 225 250 44 33.7 50.0 +12.9 -

M6 1 225 250 34.7 50.2 +13.3 +0.4

M7 920 2 10 250 44 35.1 50.5 +14.0 +0.7

M8 3 250 35.8 50.7 +14.4 +1.5

M9 85 - - 225 247 44 33.6 49.2 +11.0 -

M10 1 225 247 33.5 49.3 +11.3 +0.3
M11 85 2 15 247 44 33.8 49.5 +11.7 +0.7
M12 3 247 34.2 49.7 +12 +1.0
M13 80 - - 225 241 44 34.0 48.7 +9.9 -

M14 1 225 241 34.2 48.9 +10.3 +0.4
M15 80 2 20 241 44 34.4 49.0 +10.6 +0.7
M16 3 241 35.5 49.2 +11.0 +1.1

Table 7 'The mixing ratios and compressive strengths for the mortar mixtures
7. tdbldzat A habarcskeverékek keverési ardnyai és nyomoszildrdsdga

decrease with increasing the NCPDK content. The compressive
strength of the OPC mortar specimens made with either 5, 10,
15, and 20% NCPDK (containing 3% of Nano-carbon) are
higher than that of pure OPC mortar specimens by about 8.0,
17.0, 15.8 and 4.5%, respectively (Table 7, Fig. 7). The results
show that 3% of Nano-carbon achieved higher strength than
1 and 2%. This behavior attributed to filling concrete pores
which causes an increase in the compressive strength. This
perfectly lines up with the study conducted by [17].
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Fig. 7 The compressive strength of cement mortars containing different contents of
NCPDK after 7 and 28 days
7. dbra  Kiilonboz6 NCPDK-tartalmii cementhabarcsok nyomészildrdsdga 7 és 28 nap utdn

3.3 The pH change as a result of adding the NCPDK to the
cement mixture

As the alkalinity of the mortar medium is of great importance
in preserving the mortar from deterioration when the alkalinity
decreases below (pH = 11.5), which leads to stresses within the
mortar leading to the formation of cracks in it [18]. Therefore,
it was necessary to test the effect of replacing a percentage of
cement by NCPDK on the pH-value of the cement slurry.

Fig. 8 shows the results of the pH measurements, where
a slight decrease in the pH value as a result of the presence
of CPDK in the cement mix. It also shows the decrease in
alkalinity arising with the increase of NCPDK (15%) due to
the presence of a percentage of SO, as the pH decreased to 12.4.

Mix No. OPC NCPDK Duration (min)
%
oS 30 60 90

1 100 0 12.75 12.7 12.64 12.6 12.6
2 95 5 12.7 12.65 12.62 12.6 12.6
3 90 10 12.65 12.62 126 12.6 12.6
4 85 15 12.6 1255 125 12.5 12.5
5 80 20 1254 125 1245 1242 124

Table 8  Effect of NCPDK on the pH values of cement mixes
8. tabldzat Az NCPDK hatdsa a cementkeverékek pH-értékeire
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Fig. 8 The pH expressing the alkalinity of the mortar mixtures containing different
contents of NCPDK
8. dbra A kiilonboz6 NCPDK-tartalmii habarcskeverékek liigossdgdt kifejezé pH-

érték
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3.4 The paste consistency

Fig. 9 shows the effect of addition of NCPDK on the water/
binder ratio (w/b) ratio required for the standard consistency
of the replaced OPC. It was found that the w/b ratio increases
with increasing the NCPDK ratio.
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Fig. 9 Effect of NCPDK on the w/b ratio required for standard consistency of OPC
pastes
9. dbra Az NCPDK hatdsa az OPC pasztik standard konzisztencidjdhoz sziikséges
w/b ardnyra

3.5 Setting duration for the mortar containing NCPDK

The setting time of OPC depends on the phase composition,
the concentration of the liquid phase and the pH-value; the
amount of alkali and soluble alumina play dominant role in the
process. Setting is accelerated by soluble alumina; it is retarded
by calcium hydroxide, iron hydroxide, and sulfates. Relative
setting delay was noticed due to the presence of Nano carbon
particles in NCPDK. Fig. 10 shows the results of the initial
and final setting times of the blends with normal consistency
with the NCPDK at different replacement of cement. The
setting durations of the fabricated paste without replacement
was found to slightly higher than those containing NCPDK
and both setting times decrease at higher replacement ratios
up to 20%. This means that NCPDK has accelerated the effect
especially for the initial setting, i.e. setting time is inversely
proportion with the quantity of NCPDK. The initial setting
times of the OPC paste without replacement was found to be
122 min. While at replacement ratio of 5% CPDK caused a
slight decrease of both setting times and is followed by a steady
increase at higher replacement ratios up to 20%. However
the reduction of final setting time was referred to the high
pozzolana reactivity of NCPDK and high surface areas of
NCPDK determined as B.E.T that accelerate hydration of OPC
and setting.

The initial setting duration decreased by the added NCPGK,
from 118.6 min. at zero addition to 81.7 min at 10%. The final
setting duration decreased from 158 min at zero addition
down to 121.3 min at 10% addition. Further increasing of
NCPDK addition to 15% decrease the initial setting duration
to 63.5 min. and the final setting duration to 88.2 min. The
accelerating effect of NCPDK was clear on the initial setting
time whereas it reduced by about 31% and the final setting
time reduced by 23% at the 10% NCPDK. The setting time for
the paste fabricated with CPDK/Cement is within the reported
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range for the normal portland cement mixture (equal or
greater than 45 min. and final setting equal or less than 10 hrs.)
as recommended by ASTM C 305-82 and ISO 9597(1989).
The pozzolana properties of NCPDK cause increasing of rate

and heat of hydration of cement in the fabricated concrete.
The specific surface area (BET) active silica and alumina
content yield alkali that activates acceleration of hydration
process of cement. The addition of NCPDK increases the
water requirement due to the fine grained NCPDK. The active
hydration, the binding of lime reaction and hydroxide species
release heat. The aluminum ions convert to aluminate which
react with lime forming hydrated calcium aluminate of weak
binding which react with lime sulphate forming ettringite.
The presence of lime and active silica hydrated calcium
silicate polymer chain. The aluminum content in NCPDK is
in the form of metakaolin which has alumina encourage the
hydration products and so accelerate hydration and setting
duration.
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Fig. 10  Effect of NCPDK on the initial and final setting duration of OPC pastes
10. dbra Az NCPDK hatdsa az OPC pasztdk kezdeti és végsé kitési idejére

3.6 The mineralogical composition of mortar containing 0,
10, 15% of NCPDK

Fig. 11 shows that the XRD for the mixes containing 10 and
15% of NCPDK and the control mix (OPC) after 28 days. It
was found that increasing of NCPDK resulted in increasing of
calcium silicate hydrate (CSH) and reduction of portlandite
(Ca(OH,)).
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Fig. 11 The XRD analysis for the mortars containing 0, 10, 15% of NCPDK
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3.7 The thermal properties of cement mixes containing
NCPDK (TGA/DTGA)

Fig. 12 shows the appearance of a band before reaching
100 °Cit is related to humidity. The thermal absorption band in
the thermal range 100 - 200 °C resulting from the presence of
hydrated calcium silicate compound. The thermal absorption
band in the thermal range 450 - 500°C is due to the removal
of the hydroxyl anion of calcium hydroxide. The thermal
absorption band at 700°C is due to the formation of calcium
carbonate compound as a result of the carbonation of lime
with carbon dioxide. It is noted that replacing cement with
NCPDK at rates of 5, 10, 15 and 20% increases the formation
of CSH compound at the expense of lime. These results are in
agreement with previous research studies [19-21].
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Fig. 12 'The thermal analysis of NCPDK-containing cement mixes (TGA/DTA)
12. dbra NCPDK-tartalmii cementkeverékek (TGA/DTA) termikus analizise

3.8 Infrared spectrum analysis (FTIR)

This analysis was carried out to identify the structural
state after replacement with NCPDK at 5, 10, 15 and 20%
of cement and after 28 days of immersion in water. Fig. 13
represents the infrared pattern of the reaction products with
water after 28 days in the positive range 400-4000 cm™. The
band at 3645 cm™ is due to the tension fluctuation of the OH
group of portlandite Ca(OH),. At 1461 cm™ the band is due
to the presence of calcite resulted from the interaction of lime
with calcium dioxide. The band in the range 900 - 1000 cm™
indicates the presence of the structure of amorphous calcium
silicate. These bands agree with the interpretation of reported
in the references [22-24].

The density of the band at 970 cm™ in the aqueous mixtures of
NCPDK/OPC increases with increasing of NCPDK up to 15% of
the cement. This behavior indicates an increase in the formation
of aqueous calcium silicate compound. The density of the band
begins to decrease with an increase in NCPDK of more than
15% this is due to the decrease in pozzolanic reactivity.

Fromthe previousexperiments conducted on (NCPDK/OPC)
mixture, which contains increasing percentages of NCPDK,
the manufactured product (5-20% NCPDK/OPC) and after 28
days of curing, to study the behavior of Nano-carbon /partially
dealuminated kaolinitic clay as an additive, using DTA /IR
shows the following:

NCPDK behaves with cement as a pozzolanic material
by interacting with calcium hydroxide resulting from the

interaction of cement with water (hydration) forming more
(C-S-H) according to the American standard specifications
ASTM Ce18.
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Fig. 13 FTIR analysis of cement mixes containing NCPDK with different substitution
ratios
13. dbra Kiilonbozé helyettesitési ardnyii NCPDK-t tartalmazé cementkeverékek FTIR
elemzése

Further researches shall be done to investigate the durability
of the mortar modified with a composite of Nano-carbon and
dealuminated calcined kaolin.

4. Conclusions

= Based on the obtained results it was found that the 10 and
15% replacement ratio of NCPDK achieved 14.4 and 12%
respectively improvement in the compressive strength at
an age of 28 days compared with the control mix.

= Addinga NC to PDK increased the compressive strength
with an average ratio of 1.5% at 10% NCPDK.

= Using of NCPDK with ratios of 5, 10, 15 and 20%
resulted in delayed the compressive strength at an age of
7 days compared with the control mix.

= The high surface area of PDK and nano-carbon causes
relative reduction of setting duration.

= No significant reduction in the pH of mortar for all
mixes.

= The loss rate of flowability Of OPC modified with
NCPDK was reported.

= 10% of replacement of OPC with NCPDK is optimum
ratio for improving the compressive strength of mortar.
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