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Abstract

Motivated by the promising results of previous research, this study evaluated
the feasibility of using Allophane, an Ecuadorian nano-clay, as an additive to
improve the mechanical properties of asphalt mixtures. The road construction
industry has constantly sought to enhance the performance of asphalt pave-
ments, which are affected by issues such as cracking, deformation, and oxida-
tion. These challenges have driven this research to include nanomaterials to
extend the lifespan of road infrastructure and reduce maintenance costs. For
this purpose, physical and chemical characterization tests were conducted on
conventional asphalt (AC-20) and asphalt modified with different percentages
of Allophane. These tests included indirect tensile strength, stiffness modulus,
and wear loss tests, as well as rheological analyses to determine the viscoelastic
behavior of the material. The conclusions indicate that Allophane significantly
improves the strength, stiffness, and durability of asphalt, offering a sustaina-
ble and high-performance alternative for the construction and maintenance
of asphalt pavements. However, it is noted that the performance of Allophane
modified asphalt may degrade after prolonged aging. The research highlights
the importance of this nanotechnological additive in improving road infra-
structure, extending the lifespan of asphalt pavements, and reducing mainte-
nance costs.
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1. Introduction

Research on asphalt pavement has significantly advanced in recent decades,
driven by the need to improve the durability and performance of road infrastruc-
tures. Despite these advances, asphalt pavements face persistent challenges that
affect their longevity and efficiency. Among the most common problems are
cracking, deformation, and oxidation, caused by a combination of mechanical,
environmental, and chemical factors.

Cracking can be induced by fatigue due to repetitive traffic loads, as well as by
thermal changes that cause thermal cracking. Deformation, or rutting, results
from the accumulation of plastic deformations under sustained loads, especially
in high-temperature conditions. Oxidation, on the other hand, degrades the as-
phalt binder over time, making it more brittle and susceptible to cracking.

The research project arises in response to the need to improve the physico-
chemical properties of the asphalt mixture used as a binder in concrete. Recent
developments in asphalt modification processes offer opportunities to enhance
these properties. In particular, studies on nano-clays have shown that they have
very special properties due to their nanometric dimensions [1]-[3].

The main objective of this study is to evaluate the commercialization potential
of Allophane as an additive for asphalt mixtures. Based on previous research that
has demonstrated the interesting physical and chemical properties of Allophane
in other fields, it is proposed to explore its application in the asphalt industry, an
area not yet commercially explored [4]-[6].

In this context, Allophane, a nano-clay with a high surface area and an amor-
phous crystallographic structure, has been identified as a potential asphalt modi-
fier. The unique characteristics of Allophane can significantly enhance the me-
chanical and rheological properties of asphalt, increasing its strength and durabil-
ity. This study focuses on using Allophane as an additive in asphalt and evaluating
its impact on pavement properties [7]-[9].

The main objective of this study is to evaluate the commercialization potential
of Allophane as an additive for asphalt mixtures. Based on previous research that
has demonstrated the interesting physical and chemical properties of Allophane
in other fields, it is proposed to explore its application in the asphalt industry, an
area not yet commercially explored [10].

To this end, the aggregate mixture was prepared in accordance with the General
Specifications for Road and Bridge Construction MOP-001-F 2002, and briquettes
were produced to evaluate the volumetric properties of the mixture [11]-[13].

Physical and chemical characterization tests were conducted on both conven-
tional AC-20 asphalt and asphalt modified with various percentages of Allophane,
following the NTE INEN standards. Asphalt mixtures were designed using the
Marshall method, establishing design parameters, theoretical optimal asphalt per-
centage, and mixing and compaction temperatures [14]-[18].

The behavior of hot asphalt mixtures using both conventional and modified

asphalt was also evaluated. To determine their performance, indirect tensile
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strength tests, stiffness modulus tests, and Cantabrian wear loss tests were con-
ducted.

The molecular dynamics (MD) simulation method was used to investigate the
mechanical properties of the asphalt, the interactions between various fractions,
and the effects of aging. Molecular simulation is a computational technique that
allows the study of system behavior at the atomic and molecular levels. In this
study, MD simulations were performed using the SARA software package and the
force field with three-dimensional Navier-Stokes equations to model asphalt mol-
ecules and their interactions [19]-[23].

To this end, the three-dimensional Navier-Stokes equations were numerically
implemented to simulate the behavior of asphalt additives with Allophane at the
molecular scale. This allowed for the demonstration of the relationship between
the pressure and velocity fields and the concentration of Allophane and asphalt
[24]-[29].

By analogy and by definition of incompressible fluids, we know that the Navier-
Stokes equations apply to all fluids, whether they are of macroscopic nature, such
as in the study of the atomic nucleus, or as a fluid composed of atoms and mole-
cules, as is the case with the mixture of asphalt and Allophane [30]-[34].

The results obtained show that the molecular structure of asphalt aligns with
theories of colloidal and Newtonian fluids. Aging weakens the nano-aggregation
behavior of asphaltene molecules and reduces the translational mobility of asphalt
molecules. The dynamics of asphalt are understood as a colloid, which is explained
by the three-dimensional Navier-Stokes equations. Asphalt is a complex com-
pound that includes a diverse and intricate range of hydrocarbons. However, the
SARA method allows the study of its structure to understand the strategic varia-
bles that guide aging [35] [36].

Finally, fatigue cracking is one of the main variables affecting the durability of
asphalt concrete. Understanding the relationship between the self-healing capac-
ity induced by nanotechnological additives and the service life of asphalt materials
at the molecular level is fundamental for preventive maintenance and the im-
provement of asphalt pavement [36].

However, it is important to note that, although preliminary results are encour-
aging, the performance of nanomaterial-modified asphalts may degrade with pro-
longed aging. Therefore, it is crucial to continue researching and developing so-
lutions that mitigate these long-term effects to ensure the effectiveness and dura-

bility of road infrastructure.

2. Physicochemical Characterization and Molecular
Simulation of Asphalt

2.1. Physical and Chemical Characterization of Conventional
Asphalt AC-20 and Modified Asphalt

2.1.1. Performance Grade

The performance grade allows us to determine the rheological properties affected
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by aging for construction and service life, as well as the parameters of terrain anal-
ysis related to critical failures such as rutting, fatigue, and thermal cracking. The
Dynamic Shear Rheometer (DSR) from ANTON PAAR, model PHYSICA MCR
301, was used to measure the performance grade value by varying the temperature.
The primary temperature ranges (maximum and minimum) for tests at 10 rad/s
are based on the specifications of the Ecuadorian technical standard NTE INEN
3030. The procedure for determining the dynamic shear modulus (G*) and the
phase angle () is based on the ASTM D7175-15 standard, which defines the shear
deformation resistance of the asphalt binder in the viscoelastic region, with a pres-
sure range from 100 Pa to 10 MPa (Table 1(a) and Table 1(b)).

Table 1. (a) Performance grade results; (b) Performance grade results.

(a)
SAMPLE AC-20 Asphalt 3% Modified AC-20 Asphalt 4% Modified AC-20 Asphalt
Tem::rsz:ture, Fre;luency, Phase o ;{‘LIZE;;: G*/sen 8, Phase ] ;{‘LIZE;;: G*/sen 8, Phase ] S/I(Z:ZEE: G*/sen &,
c ad/s  Angle d, G*, kPa kPa  Angle g, G*, kPa kPa  Angle d, G*, kPa kPa
46 70.5 13.3 14.1 71.5 16.1 17 70.4 15.8 16.8
52 73.9 6.01 6.25 74.7 7.49 7.76 73.5 7.56 7.88
58 10 77.4 2.75 2.81 77.9 3.44 3.52 76.8 3.56 3.66
64 80.4 1.3 1.31 80.7 1.62 1.64 79.8 1.68 1.71
70 82.8 0.643 0.648 82.9 0.792 0.798 82.3 0.82 0.83
(b)
SAMPLE 5% Modified AC-20 Asphalt 6% Modified AC-20 Asphalt
Test Frequency, . Complex . Complex Modulus
Tempﬂegature, Rad/s Phase Angle 4, Modulus G*, kPa G*/sen d, kPa Phase Angle J, G*, kPa G*/sen J, kPa
46 71.5 15.1 15.9 70.9 15 15.9
52 74.6 7.09 7.36 74 7.08 7.37
58 10 77.9 3.29 3.37 77.1 3.31 3.39
64 80.7 1.71 1.77 80 1.56 1.58
70 83.1 0.749 0.755 825 0.758 0.765

2.1.2. Rotating Thin Film Oven (RTFO)

The Rotating Thin Film Oven (RTFO) simulates short-term aging in asphalt ce-
ment using 35 grams of the hot sample in a rotating oven, which is then cooled to
room temperature for 1 hour. At the end of the test, the residues are obtained for
re-characterization using the previously mentioned methods such as the Cleve-
land open cup flash point, penetration, softening point, penetration index, ductil-
ity, performance grade, absolute viscosity, specific gravity, within no more than
72 hours. This procedure is based on ASTM D2872.
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2.1.3. Accelerated Aging of Asphalt Binders Using a Pressurized Aging
Vessel (PAV)

This method works with the residue obtained from the sample aged in a rotating
thin film oven, simulating plant aging influenced by factors affecting the mixture,
as indicated by ASTM D6521-19a. The experiment involves heating the sample
until it becomes fluid (<150°C) and then transferring it to the respective vessel,
conditioning it for 20 hours. After that, the trays are placed in the oven for 30
minutes, and the process concludes with the execution of the dynamic shear mod-
ulus (DSR) test.

2.2. Evaluation of Hot Mix Asphalt

2.2.1. Indirect Tensile Strength (ITS)

The indirect tensile strength test method, described in the UNE-EN 12697-
23:2018 standard, is a technique used to determine the indirect tensile strength
(ITS) of bituminous mixtures. This method is crucial for assessing the mechanical
properties of paving materials and their ability to withstand stresses during their
service life.

e Method Principle

The indirect tensile strength test method is based on applying a diametral load
to a cylindrical specimen of bituminous mixture until it fractures. The specimen
is subjected to a continuous and constant load along its diameter, generating ten-
sile stresses in the horizontal plane and compressive stresses in the vertical plane.
The tensile strength is calculated from the maximum load the specimen can with-
stand before breaking.

e Necessary Equipment

a) Testing Press: A Marshall-type testing press or similar equipment is used,
capable of applying loads with a minimum recommended capacity of 28 kN and
a constant deformation rate of (50 £ 2) mm/min.

b) Testing Frame with Loading Strips: The frame should be equipped with hard-
ened steel loading strips with a concave surface corresponding to the nominal ra-
dius of the specimen.

¢) Thermal Conditioning Devices: The specimens must be thermally condi-
tioned, either by a water bath or a controlled air chamber.

e Test Procedure

a) Specimen Preparation: Cylindrical specimens are prepared in the laboratory
by compaction or extracted from an existing pavement layer. Before testing, they
are stored at a temperature not exceeding 25°C for a period ranging from 48 hours
to 42 days.

b) Thermal Conditioning: The specimens are conditioned to the selected test
temperature (usually 10°C + 2°C) by using a water bath or an air chamber.

¢) Placement in the Frame: The conditioned specimen is placed in the testing
frame, aligned on the lower loading strip to ensure that the load is applied diamet-
rically.

d) Load Application: The compression of the specimen begins, and a continuous
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diametral load is applied at a constant rate until the maximum load and the frac-
ture of the specimen are reached. Both the maximum load and the type of fracture
are recorded.
e Calculation of Indirect Tensile Strength
The indirect tensile strength (ITS) is calculated using the formula:
2000+ P

ITS=——
7*D=*H

where:

Pis the maximum load applied (N).

D is the diameter of the specimen (mm).

H is the height of the specimen (mm).

An average value is obtained from the results of at least three individual speci-
mens.

To accept the results, the difference between individual indirect tensile strength
values must not exceed 17% of the average value. This method is essential for en-
suring the quality and durability of bituminous mixtures used in pavements,
providing critical information about their ability to withstand stresses and pro-

long their service life.

2.2.2, Stiffness Modulus

This method is characterized by measuring the axial deformation experienced by
the specimen when respective uniform moving or static loads are applied. The
universal servo-hydraulic dynamic equipment is used following the procedures of
ASTM D7369 and EN12697-26 standards. The height and diameter data of the
briquettes are recorded to condition them in the equipment for 24 hours at the

working temperature (10, 20, and 40)°C.

2.2.3. Cantabro Loss by Use

Based on the Spanish standard NLT-352/00, this method involves recording the
inijtial weight of the sample after being submerged for 24 hours at 60°C, denoted
as P1. Subsequently, the value of P2 is obtained after passing the briquette through
the drum for 300 revolutions. The wear value is determined by the difference in

weights, which should not exceed 40%.

2.2.4. Molecular Dynamics (MD) Method
The molecular dynamics (MD) method was used to investigate the mechanical
properties of asphalt, the interactions between various fractions, diffusion behav-
iors, and the effects of aging. Molecular simulation is a computational technique
that allows the study of system behavior at the atomic and molecular levels. In this
study, MD simulations were conducted using the SARA software package and the
force field with 3D Navier-Stokes equations to model asphalt molecules and their
interactions.

The simulations were carried out under the following conditions:
e Temperature: 298 K (25°C)
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e Pressure: 1 atm (101.325 kPa)
e Simulation time: 10 ns (nanoseconds)
e Sample size: 10,000 molecules

Simulations were performed for both unaged and aged asphalt to understand
how aging affects the properties of asphalt at the molecular level. Additionally,
diffusion properties and the translational mobility of asphalt molecules were eval-
uated to study the effects of aging on the dynamic behavior of asphalt.

The three-dimensional Navier-Stokes equations are fundamental to under-
standing the behavior of all fluids. In this context, chemical reactions are deeply
connected with fluid dynamics, highlighting the complexity of these systems. Re-

writing equation [11] taken from reference [12].

1 2

P= = - ((xy,2)eR’,t>0) (1)
1+ ekt—y(x2+y2+zz)2 #(XZ + y2 + 22)5
where:
r=(x+ y + 2", attenuation coefficient, g [1/m]; growth coefficient,
1-P
k = P , [1/s] and concentration C=Cj—.
2P,V P

Starting from Equation (1) from reference [12], which probabilistically de-
scribes the solution of the 3D Navier-Stokes equations, we can find the fundamen-
tal values of the model, which is &, the growth or decay constant of the reaction,
and y, the absorption coefficient. Given that, experimentally, through a thermo-
gravimetric analyzer (TGA), we know the variable A(x, y; z #), which depends on
space (X, y; 2) and time £ we can write:

P(x,y,z,t)z# ()
C(xy,z,t)+C,
where CCC, representing the concentration of the analyzed asphalt, is its mass
and depends on space and time (x; y; 2z 8. Analogously, using Equation (1), we
obtain &, yand b through two regressions.

21

= ;F

In(ﬂj+£=kt+b (4)
P P

P 3)

3. Results
3.1. Characterization of Allophane

The following presents the results of the physicochemical characterization of nat-
ural Allophane (Table 2).

1) Surface Area Analysis

The determination of specific surface area through nitrogen adsorption capac-
ity is a fundamental technique for characterizing porous materials such as Allo-

phane. The surface area, influenced by factors such as porosity and particle size,
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is directly proportional to the adsorption capacity of the material. The results ob-
tained for Allophane, with a surface area exceeding 300 m?/g, confirm its highly
porous nature and its potential for applications in adsorption processes [37].

Additionally, these results align with the values reported in the literature by
Kaufhold Stephan for this mineral.

2) Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis was employed to characterize the molecular structure of Allo-
phane. This technique is based on the absorption of infrared radiation by mole-
cules, producing a characteristic spectrum.

The results showed the presence of absorption bands characteristic of alumi-
num-rich Allophane, particularly in the regions of 975 - 1020 cm™!, with an intense
band centered at 1013.7 cm™ attributed to Si-O-Al stretching vibrations, typical
of this clay mineral. The presence of a broad band in the region of 3452 cm™ cor-
responds to O-H stretching vibrations, indicating the presence of adsorbed water
and structural hydroxyl groups. These results confirm the hydrophilic nature of
Allophane and its amorphous structure, characterized by a high density of hy-
droxyl groups.

3) X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique that exploits the interaction
of X-rays with crystalline matter. The information obtained from the diffracto-
grams allows for determining the crystalline structure and mineralogical compo-
sition of a sample. In the case of Allophane, the diffraction patterns obtained
showed a diffuse and low-intensity character, typical of amorphous materials or
those with a high degree of structural disorder. Despite these limitations, the pres-
ence of the minerals listed in Table 2 was identified, indicating a complex miner-
alogical composition.

4) Chemisorption

Chemisorption, a technique involving the formation of chemical bonds be-
tween the adsorbate and the adsorbent, was employed to characterize the acidic
sites of Allophane. Using the temperature-programmed desorption (TPD) tech-
nique with ammonia, the distribution of acidic strength of the active sites was de-
termined. The results showed two main desorption peaks at 420 K and 680 K,
suggesting the presence of at least two types of acidic sites with different strengths.
The determination of the acidic sites was carried out by acid-base titration with
ammonia, assuming a stoichiometric relationship of one ammonia molecule per
acidic site. The results obtained are summarized in Table 2.

5) X-Ray Fluorescence (XRF)

It is an analytical technique that allows for the non-destructive determination
of the elemental composition of a sample. When X-rays strike the sample, the at-
oms emit characteristic radiation, with energy unique to each element. In this
study, wavelength-dispersive XRF (WD-XRF) was used to determine the Si/Al
molar ratio in clay minerals. This parameter is fundamental for characterizing the

tetrahedral-octahedral structure of these minerals.
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Table 2. Physicochemical characterization of allophane.

Test Result
1) Surface Area Analysis Surface area, m?/g 309.09
Water Molecule Vibration, OH Groups 3452
2) Fourier Transform FT-IR infrared )
Deformation Caused by H.O 1639
Infrared Spectroscopy (FT-IR) spectroscopy, cm™
Allophane rich in aluminum 1013.7
Quartz, SiO; 14.2

Albite, NaAlSizOs N
Anorthite, Ca (Al:Si,Os) o
Cristobalite, SiO2 13.2

Actinolite,

Diffraction pattern, % Ca1.73 Nao 27 M Oi68 Fe;;z +Al o.ssFeggz Mn SEGSi 7.68022 (O H )2
mass percentage

18.6
3) X-Ray Diffraction (XRD)

N K-Feldspar Group (Sanidine,
Microcline, Orthoclase), KAISizOs

Chlorite Group, Mg, ;;Fe Al 4,Si, 0,0, (OH), 4.5

Tridymite, SiO: I

Gibbsite, AI(OH)s 49.5
4) Chemisorption Active sites 426
Na.O <0.02
MgO 1.239
ALOs 29.219
Sio, 29.732
P20s 0.056
elemental composition, TANs; <0.05
5) X-Ray Fluorescence (XRF) mass KO 0.008
CaO 0.59
TiO: 0.919
Mn,Os 0.123
Fe:0s 9.288
PPC 26.39
Si/Al ratio 1.02
6) Atomic Force )
Microscopy (AFM) Pore size, nm 50
7) Moisture Content Water content in the sample, % 47
8) Apparent Density, g/cm? 1.9
>20 0.01
40 0.16
9) Particle Size Analysis Percentage Retained, um 60 0.80
80 1.73
>80 97.31
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6) Atomic Force Microscopy (AFM)

It is a scanning probe microscopy technique that allows for obtaining images of
surfaces with nanometric resolution. Using AFM, the surface morphology of Al-
lophane was characterized, obtaining high-resolution images that revealed a max-
imum pore size of 50 nm. Additionally, the average particle heights were quanti-
fied, finding values in the nanometer range. These results confirm the nanometric
nature of Allophane and provide valuable information about its surface structure.

7) Moisture Content

The moisture content of the sample was determined using the conventional
gravimetric oven-drying method. The obtained value was 47%, which falls within
the range of 20% - 50%, as reported by Stephan Kaufhold for similar samples [37].

8) Apparent Density

The apparent density of the Allophane was determined using the pycnometer
method, yielding a value of 1.9 g/cm®. This value is crucial for designing compac-
tion and molding processes for Allophane. This property directly influences the
mechanical strength and dimensional stability of materials based on this mineral.

9) Particle Size Analysis

The particle size distribution of the sample was characterized using an image
analysis technique based on Stokes’ Law. By recording the trajectory of particles
in a light beam, a real-time particle size distribution curve was obtained. The re-
sults reveal that the sample is primarily composed of particles larger than 80 mi-

crometers.

3.2. Physical and Chemical Characterization of Conventional AC-20
Asphalt and Modified Asphalt

For this purpose, penetration tests, softening point, penetration index, ductility,
Cleveland open cup flash point, performance grade, absolute viscosity, and spe-
cific gravity tests were conducted according to NTE INEN or ASTM standards,
depending on the test, for conventional AC-20 asphalt and asphalt modified with
various percentages of Allophane, as shown in Table 3(a) and Table 3(b).

In the case of the performance grade (PG) test with the complex modulus, it
was performed at various temperatures. However, the results were compared at a
maximum temperature of 64°C, in accordance with the INEN 3030:2017 standard,
which means (PG 64, max. 22 min.). “PG” stands for Performance Grade, and the
22-minute period indicates the duration for which the asphalt is expected to main-

tain certain properties at this maximum temperature, as shown in Table 1.

3.3. Tests on Thin Film Oven Residues (RTFO)

This method allowed simulating short-term aging in asphalt cement. It was exe-
cuted using the residues obtained to recharacterize with the following methods:
Cleveland open cup flash point, penetration, softening point, penetration index,
ductility, performance grade with dynamic shear modulus, absolute viscosity, and

specific gravity. For the absolute viscosity test, it was conducted at a temperature
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Table 3. (a) Results of the physical and chemical characterization of conventional and modified asphalt; (b) Results of the physical
and chemical characterization of conventional and modified asphalt.

(a)
CHARACTERIZATION OF CONVENTIONAL AND MODIFIED ASPHALT.
AC-20 Asphalt Requirements Test Results
TEST Unit Test Standard AC-20 3% Modified 4% Modified 5% Modified 6% Modified
Standard Min. Max. Asphalt AC-20 AC-20 AC-20 AC-20
P Asphalt Asphalt Asphalt Asphalt
A . NTE INEN
Penetration (25°C, 100 g, 5 s) 1/10 mm 0172013 MOP-001-F:2002 60 70 70 62 62 60 66
Softening Point R&B °'C ASTM D36 MOP-001-F:2003 48 57 49 49 51 51 51
Penetration Index --- ASTM D5 MOP-001-F:2004 -1.5 +1.5 —-0.64 -0.95 -0.45 -0.54 -0.71
Ductility (25°C, 5 cm/min) cm NTE INEN 0916 MOP-001-F:2005 100 --- 115.8 77.1 75.1 70.3 56.5
NTE INEN
Flash Point Cleveland Cup °'C MOP-001-F:2006 232 --- 272 282 279 285 278
0808:2013
Dynamic Shear
KPa 1 - 1.6 1.64 1.71 1.57 1.58
Performance Modulus NTE INEN
ASTM D7175
Grade Test Temperature 3030:2017
C --- --- 64 64 64 64 64
at 10 rad/s
i . . NTE INEN 810 NTE INEN
Absolute Viscosity (60°C) Pa*s 160 240 238 313 278 276 360
ASTM D2171 2515:2014
X 5 NTE INEN 923
Absolute Viscosity (25°C) glem’ REPORT 1.01 1.021 1.024 1.024 1.034
ASTM D70
(b)
TESTS ON RESIDUES OF THIN FILM OVEN TEST (RTFO)
AC-20 Asphalt Requirements Test Results
TEST Unit Test Standard AC-20 3% Modified 4% Modified 5% Modified 6% Modified
Standard Min. Max. AC-20 AC-20 AC-20 AC-20
Asphalt

Asphalt Asphalt Asphalt Asphalt

. . % of NTE INEN 917:
Penetration (25°C, 100 g, 5 s) L. MOP-001-F-2006  54* --- 42 41 41 40 40
original 2013 ASTM D5

Softening Point R&B °'C ASTM D36 - - - 58 58 58 59 59
Penetration Index --- ASTM D5 --- --- --- 0.19 0.15 0.14 0.29 0.30
. ) . NTE INEN 0916:
Ductility (25°C, 5 cm/min) cm MOP-001-F-2006 50 --- 25 22 21 16.5 15
2013 ASTM D113
Dynamic Shear
KPa 2.2 - 491 5.11 4.23 491 4.95
Modulus NTE INEN
Ductility ASTM D7175
Test Temperature . 3030:2017
C - - 64 64 64 64 64
at 10 rad/s
. . ) NTE INEN 810 ASTM
Absolute Viscosity (60°C) Pa*s --- 1000 1000 1430 1170 1360 1410

ASTM D2171 D3381-92:1999
TESTS ON THE RESIDUE OF ACCELERATED AGING OF ASPHALT BINDERS (PAV)

Dynamic Shear
KPa 5000 --- 2480 2450 2350 2670 2100

Performance Modulus NTE INEN
ASTM D7175

Grade Test Temperature c 3030:2017
at 10 rad/s

*54% of original penetration.

of 60°C, as the NTE INEN 2515:2014 standard classifies semi-solid asphalt ce-
ments in Ecuador under this temperature condition. The absolute viscosity results
of the AC-20 asphalt are 238 Pa*s, a value that falls within the requirement range
of the NTE INEN 2515:2014 standard.
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3.4. Accelerated Aging of Asphalt Binders Using the Pressure Aging
Vessel (PAV)

For this method, the residue obtained from the sample aged in the rotating oven
was used to determine a higher performance grade with a dynamic shear modulus,
indicating an asphalt with better mechanical and thermal properties, capable of
providing superior performance under adverse conditions and extending the

pavement’s lifespan.

3.5. Performance Evaluation of Hot Mix Asphalt with Conventional
and Modified Asphalt

3.5.1. Indirect Tensile Test
This test evaluates the resistance of the asphalt mixture to tensile forces occurring
in the lower fiber of the asphalt mat during operation. It is also an indicator of the
cohesion within the mixture, as once the specimen breaks, it is observed whether
the aggregates or the cohesion failed. In this case, almost all tested specimens
showed intact aggregates, indicating a failure of cohesion.

The mixture modified with 5% Allophane produces greater resistance com-
pared to AC-20 asphalt, as shown in Table 4.

Table 4. Indirect tensile test results.

Sample N° Diameter Height cm  Reading Measurement. Indirect Tensile
cm kg Strength kg/cm?
1 10.22 6.04 249 839 8.5
2 10.23 6.00 245 825 8.7
AC-20 Asphalt
3 10.22 6.02 243 819 8.6
Average 8.6
1 10.2 5.95 241 812 8.52
3% Modified 2 10.19 5.58 234 789 8.83
AC-20 Asphalt 3 10.3 5.42 226 762 8.69
Average 8.68
1 10.29 5.63 262 882 9.69
4% Modified 2 10.24 5.88 244 822 8.69
AC-20 Asphalt 3 10.15 5.79 245 825 8.94
Average 9.11
1 10.30 5.5 271 912 10.3
5% Modified 2 10.28 5.6 271 912 103
AC-20 Asphalt 3 10.30 5.7 276 929 10.2
Average 10.2
1 10.28 5.72 239 805 8.72
6% Modified 2 10.21 6.59 306 1029 9.74
AC-20 Asphalt 3 10.19 5.59 245 825 9.22
Average 9.22
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Table 5. Stiffness modulus results.

3.5.2. Indirect Tensile Stiffness Modulus Test

The indirect tensile stiffness modulus test enables the characterization of the mix-
ture’s behavior when subjected to traffic loads, which induce tensile stresses in the
inner fiber of the asphalt pavement. Generally, high stiffness moduli are sought in
asphalt mixtures; however, excessively high stiffness moduli values are counter-
productive, as they make the mixture more prone to cracking. The asphalt mixture
was successfully characterized at different temperatures: (10, 20, and 40)°C. The
stiffness modulus of the asphalt modified with 5% Allophane is higher than the
values obtained for AC-20 asphalt, as shown in Table 5.

Diameter, Height, Stiffness Modulus, MPa
T, °C Sample N° Weight, g & Density, kg/m?
mm mm Measured Compacted
1 1119 102 63 2172 6984 6942
AC-20 Asphalt 2 1126 102 62 2219 7618 7487 7583 7448
3 1085 102 57 2306 7858 7819
1 1105 102 59.5 2273 8596 8141
3% Modified
2 1016 101.9 55.8 2233 7880 8106 8142 8142
AC-20 Asphalt
3 1051 101.8 57 2275 7842 8142
1 1061 103 56 2266 9073 9086
10 4% Modified 2 1097 102 59 2270 8731 9111 8711 9101
AC-20 Asphalt
3 1034 103 55 2272 9528 9505
1 1074 103 57 2286 10,099 10,172
5% Modified 2 1139 103 59 2288 10,061 9795 10,107 9835
AC-20 Asphalt ’ ’
3 1102 103 58 2253 9226 9227
1 1105 103 60 2216 8865 8868
6% Modified
2 1082 103 57 2280 85 8774 8557 8803
AC-20 Asphalt
3 1227 102 66 2278 8947 8995
1 1119 102 62 2172 3235 3222
AC-20 Asphalt 2 1126 102 57 2219 3285 3248 3301 3251
3 1085 102 63 2306 3224 3231
1 1105 102 60 2273 3929 3953
3% Modified 2 1016 101.8 56 2233 3774 3811 3701 3813
AC-20 Asphalt '
3 1051 102 60 2275 3731 3701
20
1 1061 103 56 2266 4043 4024
4% Modified
2 1097 102 59 2270 4134 4227 4120 4204
AC-20 Asphalt
3 1034 103 55 2272 4503 4467
1 1074 103 59 2286 4716 4716
5% Modified
2 1139 103 58 2288 4401 4561 4570 4567
AC-20 Asphalt
3 1102 103 57 2253 4567 4414
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Continued
1105 103 60 2216 4054 4033
6% Modified
20 1082 103 57 2280 3928 3916 3931 3917
AC-20 Asphalt
1227 102 66 2278 3766 3788
1119 102 63 2172 715 710
AC-20 Asphalt 1126 102 62 2219 700 707 701 705
1085 102 57 2306 706 705
1106 102 60 2273 750 727
39% Modified
1016 102 56 2233 732 739 728 725
AC-20 Asphalt
1051 101.8 57 2275 734 720
1061 103 56 2266 686 684
4% Modified
40 1097 102 59 2270 685 738 680 736
AC-20 Asphalt
1034 103 55 2272 844 843
1074 103 57 2286 1019 1018
5% Modified 1139 103 59 2288 951 982 952 981
AC-20 Asphalt
1102 103 58 2253 976 973
1105 103 60 2216 904 899
6% Modified 1082 103 57 2280 851 879 847 878
AC-20 Asphalt
1227 102 66 2278 882 388

3.5.3. Cantabrian Abrasion Test

The Cantabrian Abrasion test simulates the deterioration conditions of the mix-
ture once it is in service. Thus, the lower the percentage of wear, the better the
cohesion between the aggregates and the asphalt, which would prevent the action
of vertical traffic loads and atmospheric agents due to wear of the pavement sur-

face. The value of the wear loss result is lower in the case of AC-20 asphalt modi-

fied with 5% Allophane, as can be seen in Table 6.

Table 6. Cantabrian abrasion test results.

Sample N°  Initial Weight, g Final Weight, g Percentage of Wear, P
1 1085 1059 2.3
2 1085 1052 3.0
AC-20 Asphalt
3 1051 1022 2.8
Average 2.7
1 115 1089 2.3
39 Modified 2 1051 1021 2.8
AC-20 Asphalt 3 1033 1006 25
Average 2.6
4% Modified 1 1093 1066 2.5
AC-20 Asphalt > 1105.4 1078 2.4
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Continued
3 1074.6 1048 2.5
Average 2.5
1 1080 1054 2.4
50 Modified 2 1111 1084 24
AC-20 Asphalt 3 1043 1017 25
Average 24
1 1136 1108 2.4
6% Modified 2 1016 989 2.7
AC-20 Asphalt 3 1072 1045 2,5
Average 2.5

3.6. Dynamics of Asphalt Reaction Using 3D Navier-Stokes
Equations

The results obtained using the SARA method, a tool that allows analyzing the
structure of modified asphalt to understand the strategic variables influencing its
aging, are presented below. Additionally, by applying the three-dimensional Na-
vier-Stokes equations, the dynamics of asphalt additives in the presence of Allo-
phane were simulated, revealing a significant relationship between pressure, ve-
locity, and the concentration of various components. It was determined that the
optimal concentration of 5% Allophane improves the properties of the asphalt,
suggesting its viability for industrial applications, as shown in Figure 1 and Figure
2.

Allophane graph (5%): 1 /r Vs P

1/r=334.38P
R2=0.982

Figure 1. The graph Allophane (5%): 1/rvs Pindicates the behavior of the probability Ax,
¥ 2 0 or the main solution of the 3D Navier-Stokes equation as a function of the inverse
displacement 1/r. The model’s agreement with the experiment is R* = 0.982. Data from the
TGA thermobalance.
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Allophane graph (5%): In(1/P-1)+2/P Vs t

5.00
4.50
4.00
3.50
3.00

2.50
2.00 o y = - 4E-06x? + 0.006x
1.50 R?=0.883

1.00
0.50
0.00

500 1000 1500 2000 2500 3000 3500 4000

Time, t

Figure 2. The graph Allophane (5%): In (1/P— 1) + 2/Pvs t shows the nonlinear behavior
of non-Newtonian fluids such as asphalt. This nonlinear evolution is controlled by the 3D
Navier-Stokes equations, which allow for the optimal mixture of Allophane and asphalt,
with R? = 0.8839. Data from the TGA thermobalance.

4. Discussion

The evaluation of the properties of asphalt mixtures modified with Allophane,
conducted in accordance with INEN standards, has identified the optimal perfor-
mance of the mixture with 5% Allophane. The dynamic modulus test (NTE INEN
3030:2017) at 64°C revealed that the mixture with 5% Allophane exhibits the high-
est performance grade, indicating greater resistance to deformation. Additionally,
the complex modulus at 64°C, which quantifies stiffness, showed a lower value for
this mixture, suggesting greater deformability under cyclic loads. The penetration
test results, as shown in Table 3(a) and Table 3(b), reveal that the mixture with
5% Allophane exhibits the lowest penetration, clearly indicating increased hard-
ness. This directly correlates with the principle that lower penetration values sig-
nify a harder asphalt, enhancing its overall durability. Mixtures with 4%, 5%, and
6% Allophane exhibited a softening point of 41°C, higher than the other mixtures,
indicating lower temperature susceptibility. The penetration index for mixtures
with 4% and 5% Allophane was —0.45 and —0.54, respectively, suggesting a de-
crease in hardness with the incorporation of Allophane in these proportions.
While the ductility of all mixtures modified with Allophane was below the limit
established in NTE INEN 0916, the conventional asphalt showed superior ductil-
ity. The Cleveland open cup flash point determines the minimum temperature at
which an asphalt emits flammable vapors. According to the test results, the mix-
ture with 5% Allophane has the highest flash point, initiating combustion at
285°C. In contrast, the conventional asphalt and other modified mixtures show
lower flash points, although all comply with the minimum limit of 232°C estab-
lished in NTE INEN 0808:2013. The absolute viscosity at 60°C of the mixture with
5% Allophane exceeded the maximum limit established in NTE INEN 2515:2014,
indicating higher viscosity.

The evaluation of asphalt mixtures modified with Allophane, conducted
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through indirect tensile tests, stiffness modulus, and Cantabro loss tests (Tables
4-6), has demonstrated superior performance of the mixture with 5% Allophane.
This mixture showed greater resistance to fracture, deformation, and wear, as well
as greater durability and dimensional stability compared to conventional asphalt
and other Allophane proportions. These results suggest that the addition of 5%
Allophane optimizes the mechanical properties and durability of asphalt mixtures.

The performance grade for Allophane-modified asphalt presents higher dy-
namic shear moduli than conventional asphalt, implying increased resistance to
shear deformation. Asphalt, when subjected to aging, changes its rheological
properties, which is reflected in the dynamic shear modulus results, determining
a value above 4 KPa. The dynamic shear modulus of Allophane-modified asphalt
always remains higher than that of conventional asphalt. After undergoing an ox-
idation process (PAV), it can be seen that the dynamic modulus behavior has
changed compared to RTFO-aged asphalt, leading to the analysis that 5% Allo-
phane-modified asphalt may become unstable.

Through a self-study, the 3D Navier-Stokes equations (Equations (2)-(4)) have
been numerically implemented to simulate the behavior of Allophane asphalt ad-
ditives at the molecular scale. Figure 1 and Figure 2 show the obtained results,
relating the pressure and velocity fields with the concentration of Allophane and

asphalt.

5. Conclusions

¢ The evaluation of the properties of asphalt mixtures modified with Allophane,
conducted according to INEN standards, has demonstrated that the mixture
with 5% Allophane excels in several key aspects. The results from the dynamic
modulus test at 64°C reveal that this mixture achieves the highest performance
level, indicating superior resistance to deformation under cyclic loads. In sum-
mary, a higher performance grade directly correlates with greater resistance to
deformation, ensuring a more durable and stable asphalt mixture.

¢ The penetration test showed that the mixture with 5% Allophane has the low-
est penetration, indicating higher hardness, a crucial characteristic for appli-
cations requiring rigid pavement. Additionally, the mixtures with 4%, 5%, and
6% Allophane demonstrated a softening point above 41°C, indicating lower
temperature susceptibility, thereby improving durability in warm climates.

* The indirect tensile tests, stiffness modulus, and Cantabro wear loss tests re-
vealed that the mixture with 5% Allophane outperforms other mixtures in
terms of fracture resistance, deformation, and wear. These findings suggest
that adding Allophane at this proportion optimizes the mechanical properties
and durability of asphalt mixtures, making it a preferable option compared to
other formulations.

* Although the mixture with 5% Allophane has a higher flash point at 285°C,
which is desirable from a safety perspective, the absolute viscosity at 60°C ex-
ceeds the maximum limits established by the NTE INEN 2515:2014 standard.
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This suggests that while the mixture has greater thermal stability, its high vis-
cosity could present a challenge in handling and application.

* The performance grade analysis of the Allophane-modified asphalt, subjected
to aging processes (RTFO and PAV), shows that the dynamic shear modulus
is consistently higher than that of conventional asphalt. However, once aged,
the dynamic modulus behavior changes, indicating that the asphalt modified
with 5% Allophane could become unstable over time, requiring more detailed
analysis for long-term applications.

* The self-taught study that implements the 3D Navier-Stokes equations has en-
abled the simulation of the molecular-scale behavior of asphalt additives with
Allophane. The results obtained show how Allophane concentration affects
the pressure and velocity fields in the asphalt, providing a valuable theoretical
basis for understanding and predicting the behavior of modified asphalt in

practical applications, as evidenced in Figure 1 and Figure 2.
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