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ABSTRACT

Alternative materials, notably those that help the sustainable development, result in great environmental, social,
and economic benefits. In this respect, biochar is a promising option in geotechnical problems, such as in
improving the mechanical properties of asphalt binder. The present research performs an experimental and
theoretical rheological study on the asphalt concrete added with biochar from the Brazil nut hedgehog biomass,
using the four-point bending test and the Huet-Sayegh rheological model. Two types of hot asphalt composites
were studied: i) a reference mixture without biochar (CA+0%BC); and ii) a modified asphalt binder with the
addition of 3% of biochar (CA+3% BC). It is observed that for these asphalt mixtures the dynamic modulus
decreases with the increasing of the temperature and frequency, as well as the phase angle behaves inversely
proportional to the frequency. The behavior of the master curve and at the reference temperature of 40°C point
out that the biochar mixed into asphalt cement produces great stability for CA at high temperatures. The values
of the dynamic modulus determined from the Huet-Sayegh model and experimental showed excellent
approximations for both composites asphalt.

KEYWORDS: Asphalt Mixture, Amazonian Biochar, Four-point bending test, Huet-Sayegh.

I. INTRODUCTION

The Industrial Revolution transformed the socio-economic life of humanity and drove the advancement
of science and technology, linking human needs to technological dependence. Although these changes
have resulted in greater comfort in daily activities, there have been implications related to climate
change, water, and soil pollution, waste generation, fossil fuel depletion, food shortages, among others
[1]. In this sense, through alternative materials, sustainable development arises with the aim of
mitigating these issues and their unfolding in the social, economic, and environmental spheres. In this
context, biochar appears as a promising component given its ability to solve multiple problems
simultaneously [1].

Biochar is a solid material, by-product of organic matter pyrolysis (biomass) under little or no oxygen,
characterized by its porous structure rich in carbon, high cation exchange capacity, and high specific
surface area [1-4]. The laboratory process of obtaining it can mainly take place by fast pyrolysis (300°
C —1500 ° C), slow (350° C —800° C), or gasification (700° C — 1500°C) [5], from any type of organic
matter, with preference for those available in abundance [1-4].
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Although the improvement of soil agronomic properties represents the primary use of biochar [5-6] due
to its high specific surface area and porosity, it has found other applications in engineering, such as fuel
catalysts as syngas and biodiesel, and adsorbent of pollutants in water and air [7-12]. As a building
material, adding it to cementitious composites improves mechanical properties such as tensile and
compressive strength [7-12]. In Geotechnics, biochar can decrease plasticity and increase parameters
such as CBR, unconfined compressive strength (UCS), and shear strength of cohesive soils [13-18].

Given the versatility of this material, its effects are also evaluated in the composition of asphalt surface
layer, both as a binder modifier [19-23] and as a mineral aggregate [21, 24-26]. From the physical
perspective, studies indicate that adding biochar to the asphalt binder decreases the penetration,
increases the softening point, reduces the volatilization of light asphalt components, and decreases
sensitivity to high temperatures and aging [19-23]. Concerning to the mechanical performance of
asphalt mixtures, researches indicate that biochar increases the Marshall stability, rutting, and fracture
resistance after aging, as well as attenuates the susceptibility of asphalt concrete to moisture and high
temperatures [26-28].

As for the rheological behavior, [29] compared asphalt compositions with modified binders by the
addition of 5% and 10% of biochar from two different obtaining methods, fast pyrolysis, and slow
pyrolysis. The authors also evaluated the formulations for short-term (4h) and long-term (120h) aging,
pre-conditioning the specimens at 135° C and 85° C, respectively. In their work, they associated the
frequency-temperature pair as performance indicators for thermal cracking (-10° C and 25Hz), fatigue
cracking (21.1 °C and 10 Hz), and rutting (37.8 °C and 0.1 Hz). As a result, the samples submitted to
short-term aging suggest that 5% addition and slow pyrolysis promote better resistance to thermal
cracking, while the insertion of 10% and slow pyrolysis improves the coating performance against
fatigue and cracking. Regarding rutting, the control mixtures, followed by those modified with 5%
biochar and fast pyrolysis, showed better performance. As for long-term aging, the composition
containing 10% modifier and slow pyrolysis suggests improvements regarding thermal and fatigue
cracking. Rutting indicated the control mixture as the one with the best result, followed by the mixture
containing 5% biochar and slow pyrolysis.

It is important to highlight that the literature is scarce relating to works that discuss rheological behavior
of asphalt concretes with biochar and, although the rheology of asphalt mixtures is still far from practical
applications aimed at design methodologies [30], its viscoelastic mechanical properties and inherent
peculiarities cannot be neglected, under penalty of significant overestimation or underestimation of
design parameters, given that, when disregarding the mechanical response of an asphalt mix to time and
loading frequency dependence, it is possible to overestimate or minimize the thickness of the coating,
depending on weather conditions and traffic volume [30].

The present study proposes a rheological analysis of experimental and theoretical character in asphalt
concrete added with biochar from the Brazil nut hedgehog biomass (Bertholletia Excelsa), through the
four-point bending test and the Huet-Sayegh rheological model. Section 1 presents the introduction of
this article with a brief literature review on the topic. Section 2 describes the theoretical and
experimental methodology of this work. In section 3, the chemical profile of biochar is analyzed and
the experimental results of the four-point bending test are discussed and compared with the values
predicted by the Huet-Sayegh model for asphalt mixtures. Section 4 describes the conclusions and
recommendations regarding the work developed.

1. METHODOLOGY
2.1. Theoretical background

In Figure 1 we present the Huet-Sayegh theoretical model [31-32] used in the analysis of the results
presented here. It consists of two parallel branches. The left branch is formed by a set of two dashpots
named k and h and a spring of elastic constant E,, — Eyarranged in series. This branch is in parallel with
the right branch, consisting of a single spring of elastic constant E,. The two model branches attest that
the total stress is given by the sum of the stresses in each branch (Equation 1), and the total strain is
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equal to the strains in each branch (Equation 2). These strains are functions of the respective stresses
and strains of the components in each branch.

oc=o0,+0r (1)

g=¢t=c¢ (2

Figure 1. Huet-Sayegh model

where o (¢) is the total stress (strain) and oy (¢g) and oy, (&) are the stresses (strains) of the right (R)
and left (L) side, respectively. The stresses on the dashpots, according to Huang's definition [33], are
given by Equation 3, where i is the complex unit, ® = 2xf (f is the frequency), # is the viscosity, « is a
representative variable of the parabolic dashpot, and 7 is the relaxation time,

0 =7 (D). (3)

From Egs. 1-3 and after some algebra, the dynamics modulus E* of the model represented by Figure 1
is written as

E—E,
1+8(iwt) k¥ +8(iwTt) ™"’

where § = %(EOo — Ey), E, is the dynamics modulus value when frequency tends to infinity, Ej is the

initial dynamic modulus, the § parameter is a dimensionless constant, h and k are parabolic exponents
on the premise of 1 > h >k > 0, 7 is the characteristic time and w is the angular velocity [31-32].

Equation 4 can be rearranged and take the form of Equation 5 [31],

* __ (Ex—Ep) . (Ex—Ep)
E*=Eo+-5—7A+ i—5—B (5)

with A and B written as

S5 cos(k—n) cos(}ﬂ)
A=1+ (anx:)k (Zn:fxz‘r)" (6)
_ssen(sn) | sen(tn)

T @rfxnk | @rfxol (7)

Rewritten Eq. 5 in its real and imaginary parts, E; and E,, respectively, we obtain
E* = El + iEz, (8)

where

E,—E
By =Eo+524  (9)

E, = &5 p (1)

A?2+B?

From Eq. (8), the absolute value of the dynamics modulus is written as
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2.2. Materials

The mixtures of asphalt concrete type (CA) integrated the traditional materials used in the pavements
building, which are: gravel, sand, stone dust, and asphalt binder. Biochar participated as a bio-
carbonized material.

The aggregates gravel and stone dust, acquired in the retail trade, were analyzed by granulometry
(ABNT-NBR 17054) [34] and, as for the apparent specific gravity (Gsa), it followed the ASTM C127-
15 standard [35]. The residual sand was typified by granulometry (ABNT-NBR 17054) [34]. As for the
apparent specific gravity (Gsa), the requirements of ASTM C128-22 [36] were followed. Such analyses
were performed in the Geotechnical Research Group (GEOTEC) laboratories from the Federal
University of Amazonas. The asphalt binder donated to GEOTEC was specified by the usual
characterization of the National Agency of Petroleum and Biofuels (ANP) [37], which establishes the
specifications of asphalt petroleum cement (APC) marketed in Brazil.

The biochar material, originated from the pyrolysis of Brazil nut hedgehogs, was donated by the
Cellulose and Charcoal Laboratory of the Coordination of Forest Products from the National Institute
of Research of the Amazon — INPA. After their collection and upon arrival at the laboratory, they were
dried in the oven for 72h to remove moisture before being crushed. The powder resulting from the
milling was inserted into an alumina crucible for heat treatment at 600°C for 1h, in a tubular oven under
nitrogen gas atmosphere and heating ramp rate of 10°C min-1. These samples were analyzed by X-ray
diffractograms, scanning electron microscopy, infrared spectroscopy, and thermogravimetry. X-ray
diffractograms were obtained by means of a diffractometer, model XRD 6000 Shimadzu®, operating
in a scanning range of 5° to 80° and step size of 0.02° in 28. In the case of scanning electron microscopy,
the Tescan® equipment was used. Such a device is coupled to the energy dispersive spectroscopy (EDS)
system, which provided profile determination and elemental mapping of the biochar composition. For
studies specific to the functional groups present in the constitution of this bio-carbonized material were
used infrared and Fourier-transform infrared spectroscopy (FTIR) with Agilent Cary 630®, and ATR
in the region of 4000-650 cm—1. The thermal decomposition profile was investigated in a Shimadzu
TG/DTG thermal analyzer, model DTG-60H®. The samples were subjected to heating in a range of 25
to 850°C, under nitrogen gas at 50 mL min-1 and heating rate of 10°C min-1.

2.3. Methods

Two types of hot asphalt mixtures were investigated. The reference dosage (CA+0%BC), and the
alternative asphalt concrete (CA+3% BC), taking a modified asphalt binder with 3% biochar. These
formulations followed the standardization of the National Department of Transport Infrastructure
(DNIT) [38], both in the mineral composition, according to Range C, as determined in the design
content.

Once the dosage was defined, the specimens were compacted in beam shape, in the dimensions of 400
mm in length, 64.5 mm in width and 51.0 mm in height. A metallic rectangular box was used for this
purpose. Densification was carried out by means of a Bovenau® hydraulic press P3000 with 30 tons
capacity. These samples were controlled during and after compaction in accordance with the density,
as well as the dosage requirements inherent to asphalt concrete.

Subsequently, the specimens were tested under flexural stress with dynamic loading at 1Hz, 3 Hz, 5 Hz,
10 Hz, and 20 Hz frequencies, and according to the European standard EN 12697-26:2018 [39]
recommendations. In concern to the preservation of samples were run strain-controlled tests for a
maximum strain amplitude of 50um/m, as well as repeated tests with 1Hz frequency to verify the limit
not higher than 3%.
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Figure 2. Specimen (beam) on the equipment for four-point bending test.

This experiment was carried out in the Pneumatic Standalone 4 Point Bending apparatus of the IPC
Global® belonging to the Geotechnical Research Group — GEOTEC/UFAM. Such equipment has four
support points, two internal, located at one third of the ends, which are connected to a pneumatic system
that transmits the sinusoidal loading to the specimen (beam). As for the data, the acquisition was through
the linear variable differential transformers (LVTD’s) connected to a computer, for the purpose of
setting up and data storage. Such an apparatus is inserted into a climatic chamber, which makes it
possible to study the mechanical properties by varying the temperature. The experiments were carried
out at 25°C for reference temperature and at the 40°C for design temperature. Figure 2 shows an asphalt
concrete specimen inserted for testing in the 4-Point Bending apparatus.

I1l.  RESULTS AND DISCUSSION

3.1. Structural and surface properties of biochar
3.1.1. X-ray diffraction

The heat treatment process of materials with carbon causes dehydration and cleavage of bonds present
in the biomass structure, forming amorphous materials similar to polycyclic aromatic rings and
randomly oriented. The X-ray diffraction patterns for the sample from the biomass of the Brazil nut
hedgehog are recorded in Figure 3. The presence of the amorphous carbon structure was confirmed by
the lack of well-defined diffraction peaks and high intensity attributed to the crystal ordering and
structure. According to this XRD pattern, it is observed a broad peak of low intensity between 15 and
26°, 20, attributed to the (002) plane, which denotes a characteristic of carbon samples with amorphous
structure. The sharp peaks for 26 around 27° and 28° correspond to quartz and calcium phosphate,
respectively, which are inorganic components of the biochar structure.

CcP

J Q

Intensity

10 15 20 25 30 35 40 45 50
20(°)

Figure 3. Biochar X-ray diffraction patterns of biochar, obtained by pyrolysis of the Brazil nut hedgehog

biomass., where the Q and CP labels represent the peaks from quartz and calcium phosphate, respectively.
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The sharp peaks for 26 around 27° and 28° correspond to quartz and calcium phosphate, respectively,
which are inorganic components of the biochar structure.

3.1.2. Scanning Electron Microscopy

The images of biochar, according to scanning electron microscopy, are shown in Figure 4A. This
carbonized material at 600°C has amorphous structure, uneven and rough compact surface, as well as
the presence of clusters and small fractures. Energy-dispersive X-ray spectroscopy (EDS) (Figure 4b)
showed predominant peaks corresponding to the elements carbon and oxygen, which were identified in
the concentrations of elements C (88.98% by weight) and O (9.95% by weight) by the elemental map
of Figure 4C.

SEMMAG: 208 kx | SEMHV. 160KV VEGAs TESCANII SEM MAG: 10.4 kx

WD: 10.23 mm Det: SE Spm WD: 1021 mm

Element

CK
O K

Figure 4. Scanning Electron Microscopy (a), EDS spectrum (b), and EDS elemental map (c)

3.1.3. Scanning Electron Microscopy

The infrared analysis was used to identify the presence of functional groups in the biochar structure. In
Figure 5 is shown the infrared transmission spectrum, where absorption bands appear at 2157, 2021 and
1977 cm-1, which are related to the C=C, C—H and C=0 bonds, respectively.

Transmitance (a.u.)

[1977
2157 2021
e
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)
Figure 5. The infrared spectrum of biochar obtained by pyrolysis of the Brazil nut hedgehog biomass.
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3.1.4. TG analysis

The thermal stability of the biochar functional groups was estimated from the TG curves, as is shown
if Figure 6. Generally, the thermal decomposition of biochar occurs in two stages of mass loss. The first
mass loss (1%) is between the initial temperature and 113 °C, which is related to water evaporation and
or the partial degradation of light organic compounds. The second mass loss (52%) is between 244 and
832 °C, which is due to the decomposition of the carbon-based material.
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Figure 6. Thermogravimetric (TG) analysis of biochar obtained from Brazil nut hedgehog.

3.2. Properties of aggregates, asphalt cement, and dosage

The granitic materials that integrated the design aggregate structure of the studied asphalt compositions
were gravel 1 (9.5 mmto 19 mm) and gravel 0 (4.8 mm to 9.5 mm) as coarse aggregate, a residual sand
(4,75 mm passive sieve) as the fine aggregate, and the mineral filler (4,8 mm passive sieve) from stone
dust. The apparent specific gravity (Gsa) of these materials resulted in the following values: gravel 1 =
2,63 g/cm3, gravel 0 = 2,61g/cm3, stone dust = 2.57 g/cm3, and sand = 2.60 g/cm3,

The asphalt binder characterization was in accordance with the National Agency of Petroleum and
Biofuels (ANP) resolution [37] and the bituminous material was classified as AC 50/70. This
specification is important to achieve the experiments aim, especially to ensure the proper viscosity for
the suitable mixing and compaction of the asphalt composition.

In summary, the control composition (CA+0%B) consisted of gravel 0 = 28.2%; gravel 1=14.8%; stone
dust = 28.2%; sand = 23.8%, and asphalt binder = 5%. Such mineral materials integrated alternative
mixture (CA+3%B), as well as the binder modified with 3% biochar. The mentioned formulations
presented values around 75.1% and 4.01% referring to voids filled with asphalt (VFA) and air voids
(VV) parameters, respectively.

3.3. Structural and surface properties of biochar
3.3.1. Experimental data

The viscoelastic behavior of asphalt concrete beams under four-point bending test can be initially
observed by the graphs of Figure 5 for both formulations investigated, that is, the control mix (Figure
5a) and the biochar modified asphalt concrete (Figure 5b).

It is noted the non-alignment of the peaks relative to the curves representing force and displacement as
a function of time irrespective of asphalt mixtures [40]. For the composite CA+0%BC (Figure 5a), there
is a maximum force value close to 0.03kN and a displacement about 0.04mm. In the CA+3%BC (Figure
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5b) formulation, the force and displacement showed peaks of the order of 0.038kN and 0.015mm,
respectively.
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Figure 5. Force and displacement for beams CA+0% BC (a) and CA+3%BC (b)

Figure 6 presents the results of the flexural test as a function of the mechanical parameters, dynamic
modulus (Figure 6a) and phase angle (Figure 6b), for the control mixes (CA+0% BC) and the 3%
biochar modified mixes (CA+3%BC) evaluated at 25°C and 40°C temperatures.
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Figure 6. Variation with temperature and frequency: (a) dynamic modulus x (b) phase angle

For both asphalt mixtures (CA+0%BC and CA+3%BC), as expected and verified by the literature [4,41-
42], the dynamic modulus value decreased with the increasing of the temperature and increased as there
were increases in frequency (Figure 6a).
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It is observed that the addition of biochar to the asphalt composite decreased the dynamic modulus for
the tested frequencies. On the other hand, it should be noted that when there was an increase in
temperature such changes were smaller in the samples made with the additive (CA+3%BC), which may
indicate better performance of the modified composition at high temperatures [20]. For example, at the
3Hz frequency, the dynamic modulus of unmodified formulations (CA+0%BC) showed a reduction of
63.5%, while in mixtures with biochar (CA+3%BC) it resulted in 47.5%. It is also noteworthy the
response at 20 Hz frequency, in which the modified and unmodified compositions indicated 21.3% and
58.8% decrease, respectively.

In relation to the phase angle (Figure 6b), the results are inversely proportional to the frequency in all
cases studied. In particular, the bio-carbonized material (CA+3%BC) had the highest phase angle value
at the frequency of 1 Hz at 40°C. On the other hand, at the frequency of 3Hz, the results indicate
similarities, regardless of the type of sample and temperature. From 5Hz the temperature is again
predominant in the results. In this frequency, there is a decrease with the increase in temperature and
growth in the other frequencies (10Hz and 20Hz).

3.3.2. Theoretical-experimental analysis and calibration of the Huet-Sayegh model

The Eo,, Ey, 6, h, kand T parameters mentioned in item 2 were calibrated, according to [43], by means
of sum-of-squares optimization, having as input the results of the experimental dynamic modulus and
those calculated by the model.

Therefore, after the iterations, the necessary parameters of the dynamic modulus were obtained from
the Huet-Sayegh model, which made possible to construct the master curves at the reference
temperature Trr = 40°C (Figure 7a). The results alluding to the values of the parameters for the control
composite (CA+0%BC), were: E, = 163.24; E,, = 4152.55,h = 0.99,k = 0,56,5 = 15.64,and t =
7.47E — 03. In the case of asphalt mixture with addition of the bio-carbonized material (CA+3%BC),
the model provided: E, = 126.80; E,, = 5712.24;h = 0.54;k = 0.54;6 = 11.49 and t = 4.41E —
03.
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Figure 7. (a) Master curve with theoretical and experimental data and (b) theoretical data x experimental data of
the dynamic modulus
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The E,, parameter, in the Huet-Sayegh model, according to [44], is equivalent to the purely elastic
modulus, whose value in the alternative mixture (CA+3%BC) was about 37% higher, relative to the
control asphalt composite. In the case of the E, parameter, relative to residual resistance at high
temperatures [44], relatively close values were obtained in both cases (CA+0%BC and CA+3%BC).

For characteristic time t, which is a function of temperature [44], a lower value was recorded in
formulations modified with biochar (CA+3%BC). The coefficient §, function of the nature of the
bitumen and the granulometric curve (Almeida et al., 2018), decreased when biochar was added to
asphalt concrete. Regardless of the composite investigated, the k parameters remained close, while the
h parameter decreased with the incorporation of the additive to the asphalt mixture.

In summary, when evaluated individually and at the frequencies studied, the addition of biochar
decreased the values of the dynamic modulus (Figure 6a). However, when applying the principle of
time-temperature superposition and at the reference temperature of 40°C, the most worrying being the
condition of thermosensitivity of the asphalt, it is noted that, in the range of 1 to 10Hz of the reduced
frequency, the differences are not very expressive (Figure 7a), and, from there, the modified mixture
(CA+3%BC) exhibits better performance compared to the conventional one. This behavior may indicate
that the insertion of biochar implied greater stability of the asphalt mixture at high temperatures, as
observed in [20], whose study demonstrated an improvement in the thermal sensitivity of a binder
modified with biochar, from vegetable straws in contents of 5% to 15%, including at low frequencies.

In the case of the model's ability to predict the value of the dynamic modulus, when comparing the
theoretical and experimental results (Figure 7b), it is possible to observe excellent approximations of
both mixtures (CA+0%BC and CA+3%BC), as verified by the coefficients of determination R2 of the
order of 99.8%.

Finally, it is emphasized that, in the asphalt mixture, there are interactions of several components, such
as aggregates, which will also dictate the mechanical behavior. In addition, the physicochemical
properties of biochar depend on the raw material that originated it and on the preparation conditions
[45-46]. Therefore, the best results can occur in different percentages, depending on the biomass used
in the production of biochar. The present work is an initial study on the behavior of this bio-carbonized
material stemming from the Brazil nut hedgehog and, therefore, other percentages of addition should
be investigated.

IV. CONCLUSIONS

The biomass of the Brazil nut hedgehog presented a structure with the amorphous carbon, quartz and
calcium phosphate as inorganic components. It was also identified in this material bonds of the type
C=C, C—H and C=0. The mass loss of biochar occurs in two stages, between the initial temperature
and 113°C, and between 244 and 832°. Two asphalt mixtures were investigated: the control composition
(CA+0%BC), containing gravel 0 = 28.2%, gravel 1 =14.8%, stone dust = 28.2%, sand = 23.8%, and
asphalt binder = 5%, and the alternative mixture formed by adding 3% of biochar to the control
composition (CA+3%BC). The experimental data for asphalt mixtures CA+0%BC (CA+3%BC)
showed maximum force values and displacement of the 0.03kN and 0.04mm (0.038kN and 0.015mm),
respectively. For both composites the dynamic modulus value decreased with the increasing of
temperature and frequency. It noted also that when occurred an increase in temperature such changes
were smaller in the samples with the additive (CA+3%BC). In the case of phase angle values, they were
inversely proportional to the frequency for the two formulations. From the master curve and at the
reference temperature of 40°C, it is observed that for reduced frequency of 10Hz, the mixture
CA+3%BC showed better performance compared to composite CA+0%BC. This behavior indicated
that the presence of the biochar presented greater stability of asphalt formulation at high temperatures.
For both mixtures (CA+0%BC and CA+3%BC), there is an excellent concordance of the dynamics
moduli between the Huet-Sayegh model and the experimental results.
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