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Abstract

X-ray Computed Tomography (X-ray CT) has allowed for the efficient non-destructive characterization of the internal structure of
paving asphalt mixtures (AM), and has led to multiple practical lessons learnt based on the analysis of laboratory- and field-produced
AM. This paper aims at summarizing these practical lessons, to facilitate their future application and further developments, in terms of:
(7) fabrication of laboratory specimens, (i7) comparison of laboratory- and field-compacted mixtures, (iii) comparison of hot-mix asphalt
and warm-mix asphalt mixtures, (iv) effects of additives, temperature, and compaction, (v) stone-on-stone contact, (vi) relationship
between internal structure and performance, and (vii) modeling applications. These practical lessons are primarily gathered from the
analysis of the air void distribution of laboratory-and field-produced AM, evaluated through X-ray CT, which has led to relevant inputs
for the assessment of the response and performance of AM. X-ray CT enables computation of the AM internal structure with multiple
practical applications and future opportunities to enhance the microstructure of AM and, consequently, optimize their performance.

Key words: X-ray computed tomography; internal structure; air voids; asphalt mixture; pavements engineering.

Lecciones practicas aprendidas a partir de la aplicacion de la
tomografia computarizada de rayos-x para evaluar la estructura
interna de mezclas asfalticas

Resumen

La Tomografia Computarizada de rayos-X (TC-rX) ha permitido una eficiente caracterizacion no destructiva de mezclas asfalticas (MA) de
pavimentacion y ha generado multiples lecciones practicas aprendidas a partir del analisis de MA producidas en campo y laboratorio. El presente
articulo tiene como objetivo resumir las lecciones practicas aprendidas, con el fin de facilitar su aplicacion futura y desarrollos posteriores, en
términos de: (¢) fabricacion de especimenes de laboratorio, (i7) comparacion de mezclas compactadas en campo y laboratorio, (iif) comparacion
entre mezclas asfélticas en caliente y mezclas tibias, (iv) efectos de aditivos, temperatura y compactacion, (v) contacto agregado-agregado, (vi)
relacion entre la estructura interna y el desempefio, y (vii) aplicaciones de modelacion. Estas lecciones practicas se recopilaron principalmente a
partir del analisis de la distribucion de vacios en MA producidas en campo y laboratorio, evaluadas a través de TC-rX, el cual generd
informacion relevante para evaluar la respuesta y el desempeiio de MA. La TC-rX hizo expedito el calculo de la estructura interna de MA con
multiples aplicaciones practicas y posibilidades futuras para mejorar la microestructura de MA y, consecuentemente, optimizar su desempefio.

Palabras clave: tomografia computarizada de rayos-X; estructura interna; vacios con aire; mezclas asfalticas; ingenieria de pavimentos.

1. Introduction

The paving industry has taken advantage of the research
conducted in material characterization to produce high-quality
asphalt mixes (AM) that allow for good performance, comfort,
and safety for road users over time. One of those research
topics concerns the use of X-ray Computed Tomography (X-
ray CT) to determine the internal structure (or microstructure)

of paving materials. Considering the relevance of X-ray CT in
the research on AM [1,2], this paper aims at synthesizing
some practical lessons learnt from the application of X-ray
CT, mostly based on the computation of air void (AV) related
characteristics, to facilitate their future application and future
developments of AM.

The first section of the paper includes a brief description
of X-ray CT and image analysis techniques. Next, seven
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Figure 1. Evaluation of the internal structure of AM by means of X-ray CT
Source: The Authors..

sections introduce the main practical lessons documented
with corresponding suggestions for future research. The
paper is completed with a section on conclusions and
recommendations.

2. X-ray CT and Image Analysis

Essentially, X-ray CT is a technology used to generate
images of density distribution for the cross sectional area of
a material specimen. The device is composed by an X-ray
source with collimator, a rotating-specimen holder and a
detector with a black filter (Fig. 1). The technology uses the
ability of short wavelength radiation to pass through objects
and measures the difference between X-ray intensities
before and after passing through.

More specifically, when the initial radiation (lo) passes
through the object—material specimen—, some of it is
absorbed and scattered while the other portion (/) gets
through and, it is consequently, detected. The amount of
penetration and absorption are a function of the: a) linear
attenuation coefficient, which depends on the material
density, b) X-ray’s energy, c) atomic number, d) density,
and e) object thickness [3]. The generation of X-ray CT
images involves mathematical processes for converting the
different intensities’ measurements into two dimensional
slice images (2D) in grayscale (i.e., consisting of 256 ranges
of gray intensities, from 0-black to 255-white).
Consequently, the resulting image is a depiction of the
varying spatial densities within the object planes, which
subsequently allows for identifying its internal structure [3].

Although this technology was originally developed for
medical purposes, paving engineering discovered its
potential applications for materials research and adapted it.
Therefore, in the last decade and a half, X-ray CT has been
frequently used to assess the internal structure of AM
produced under varying conditions in both the laboratory
and field.

The image acquisition and analysis for AM can be
performed in three basic steps (Fig. 1):

1. A source of X-ray energy emits pulses to irradiate the
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AM specimen and the detector receives the remaining
energy that got through the specimen and sends the data
to a processing unit.

. The processing unit transforms the data into
2D-grayscale images (raw images) with a specific
resolution N _mm/pixel that depends on the equipment
configuration and characteristics.

. The raw 2D images are analyzed by means of
specialized software (e.g., Image J [4], Image-Pro®
Plus [5], and iPas [6]) based on mathematical algorithms
to compute the internal structure’s characteristics.
Further analyses can be performed based on the internal
structure’s characteristics; for instance, subsequent
studies can be developed to assess the internal
structure’s influence on the AM performance by means
of predictive mathematical models (Section 9).

By means of image analysis, the internal structure of
AM can be quantified in terms of both the AV
characteristics and aggregate characteristics. The AV
evaluation include, for example, computation of the total air
void (TAV) content, air void size (AVR), connected air void
(CAV) content, and ratio of total to connected AV content
(TAV/CAV). The assessment of aggregate characteristics
can include computation of its size distribution, contacts
(stone-on-stone contact), and orientation.

Based on the aforementioned indexes, the following
sections summarize practical lessons learnt from the
application of X-ray CT and image analysis to evaluate the
internal structure of AM.

3. Fabrication of Laboratory Specimens

Recent studies [7-12] have systematically concluded that
fabrication of laboratory-compacted specimens using the
Superpave gyratory compactor (SGC) should be modified in
order to reduce the high vertical- and horizontal-
heterogeneity in the internal structure [7-11,13-16] (e.g.,
vertical and horizontal distributions of the: a) TAV content,
b) AVR, and c) CAV content).

Fig. 2 summarizes the typical vertical distribution of
TAYV content values previously reported for SGC specimens
compacted at different heights for three types of AM. These
heterogeneous distributions show that the top- and bottom-
portions of the specimens have the highest TAV content
values as compared to the more homogeneous central
portions. In addition, the “shape” of the vertical distribution
of TAV content in the SGC specimens is related to the
specimen height as supported by Fig. 2c, d, e, and f. The
mixture characteristics can also be related to the vertical
distribution of AV content [17].

Corresponding specific recommendations for
improvement of the wvertical homogeneity of SGC
specimens include cutting 10 to 20 mm from the top- and
bottom-portions of the specimens—with  proper
consideration of the nominal-maximum aggregate size
coverage requirements and the aspect ratio of the
specimen—. These recommendations were suggested for
improvement of SGC specimens of: a) permeable friction
course (PFC) (or open-graded friction course, OGFC)
mixtures [9,10], b) dense-graded hot mix asphalt (HMA)
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mixtures [8,10,18,19], and c) dense-graded warm mix from 150to 121 mm to enhance the homogeneity of stone

asphalt (WMA) mixtures [11,12]. Similarly, Muraya [10] matrix asphalt- (SMA), dense graded-, and porous-mixtures.
proposed the reduction of the height of SGC specimens
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Figure 2. Typical vertical distributions of TAV content in different types of AM produced using the SGC.
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In terms of reducing the horizontal heterogeneity of
SGC compacted specimens, Muraya [10] and Dubois et al.
[17] suggested coring the outside part of the specimens (i.e.,
dense-graded HMA and PFC mixtures). This suggestion is
consistent with the recommendations reported for PFC
mixtures [9] of coring from 152 to 102 mm, which was
supported in data similar to that shown in Fig. 2b. This
figure compares the typical heterogeneous distribution of
TAV content for three concentric cores in a PFC specimen,
where the e-ring 1 corresponds to the innermost core of the
specimen. Similarly, differences between the AV content in
the core and the outer portions of Marshall specimens were
previously reported [16].

Nevertheless, the coring and sawing processes may
induce variations due to the enlargement or filling of AV
with fine-aggregate particles and asphalt mastic. As a result,
future research was suggested [9] to fully validate the
effects of coring PFC mixtures given the possibility of
rearranging the internal structure during this process.

The aforementioned modifications in the specimen
fabrication process—leading to a more homogeneous
internal structure—would allow for more representative
results in the laboratory tests performed for mixture design
and evaluation. In fact, some authors [20-23] emphasized
the need to produce specimens with uniform AV
distributions to enhance testing repeatability based on
avoiding high variations of stress and strain in a particular
specimen.

4. Laboratory- and Field-Compacted Mixtures

The studies available [7,9,14,19,24-28] on the
comparison of laboratory-compacted and field-compacted
AM—assessed through analysis of road cores—
systematically concluded that minimum or sometimes even
no similarities can be found between their microstructure.
This conclusion was substantiated based on the analysis of
road cores and SGC compacted specimens of HMA
mixtures (i.e., dense-graded [7,14,24-26,28], PFC [9], and
SMA [27]) and WMA mixtures (i.e., dense-graded [7]). The
data in Fig. 2g exemplify this aspect including the
comparison of both SGC compacted specimens and road
cores, identified as “Lab” and “RC”, respectively. In fact,
the vertical AV distributions showed dissimilar tendencies
that do not allow for further macroscopic comparisons.
Additional information on the distribution of TAV in road
cores was reported by Masad et al. [29].

Recently, Dubois et al. [17] reported homogeneous
internal structures (i.e., TAV content and AVR in dense-,
open- and gap-graded HMA mixtures) and improved
comparability with field-compacted specimens using a
laboratory roller compactor. Similarly, the use of double
static compression permitted homogeneity in longitudinal—
vertical—AV  contents, although they exhibited larger
transverse scattering as compared to gyratory compaction
[17].

On the other hand, Masad and Button [14] concluded
that a relationship between field- and laboratory-compaction
is available for determining the required field compaction
effort based on the slope of a laboratory compaction curve
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determined using either the SGC or the linear kneading
compactor (LKC). However, additional research is needed
to comprehensively relate the laboratory- and field-
compaction methods and, hence, ensure more homogeneity
in the AM microstructure.

As a result of the previous conclusions, it is crucial that
further research focus on developing compaction
methodologies that allow for better comparisons between
the internal structures of laboratory- and field-compacted
AM to: a) improve their compatibility, b) allow for a more
homogeneous internal structure, and c¢) eventually, ensure
similar or superior performance.

5. Microstructure of HMA- and WMA-Mixtures

The limited information available at this time
[7,11,12,30] on the comparison of the microstructure of
laboratory-compacted (i.e., SGC specimens) HMA- and
WMA-mixtures leads to conclude that they are comparable
in terms of the vertical distribution of: TAV content, CAV
content, and AVR. More specifically, some of the WMA
additives evaluated (i.e., Asphamin®, Evotherm®, Rediset®,
and Sasobit®) [7,11,12,30], and corresponding fabrication
processes of WMA mixtures, induced limited differences in
the mixture internal structure as compared to those obtained
with the conventional—control—HMA mixtures.

In addition, Masad et al. [31] concluded that the use of
Evotherm® allowed for a more uniform distribution of TAV
and AVR as compared to that obtained in HMA mixtures
fabricated using unmodified binders. Estakhri et al. [30]
concluded that the use Evotherm® and Aspha-min® induced
changes in the compactability and thus, influenced a
particular internal structure that could be equivalent to that
of HMA mixtures depending on the materials used for its
production. However, this conclusion is not warranted due
to the limited research conducted on the WMA'’s internal
structure.

At this point, more research is required to further assess
the influence of different aggregate gradations, specimen
height and diameter, and the use of additional WMA
additives and compaction methods on the microstructure of
WMA -mixtures.

6. Effects of Additives, Temperature, and Compaction
6.1. Additive effects

Currently, a wide range of additives are available in the
global market for the production of modified asphalts, and
more recently of WMA mixtures. In addition, the effects of
using additives on the internal structure of AM need to be
accounted for, since they may differ from one mix to
another as a result of factors including the: a) type of mix,
b) type of additive, c) additive-asphalt-aggregate
compatibility, and d) mixture fabrication protocol.

As a result, in terms of AM microstructure, the main
practical lesson concerns the careful selection of the
additive for the production of AM in accordance with the
materials involved in its production and the specific mixture
design. For instance, according to Wegan and Nielsen [32]
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the effect of using polymer modified asphalt on the
microstructure of AM depends on the type of neat binder,
the mixture gradation, as well as the temperature and mode
of compaction.

In addition, the comparison of PFC mixtures produced
with polymer modified asphalt and asphalt rubber [13], led
to conclude that these mixtures are different materials with
particular internal structures that require the use of different
fabrication protocols (i.e., specifications for mix design), as
well as specific handling and control techniques.

Consequently, additives play a specific and relevant role
on the AM production and its internal structure, which
should be further studied in order to better define the most
appropriate additives doses, types, and conditions for a
homogeneous internal  structure, and high-quality
performance in the field.

6.2. Temperature effects

The mixture temperature during compaction in both the
field and laboratory has to be carefully controlled to
minimize the temperature gradients, which can lead to
diverse heterogeneous microstructures in AM. However,
additional information is still required to clearly assess the
effect of the temperature gradients, especially in field
compaction conditions.

In the laboratory, based on the compaction of SGC
specimens, Masad et al. [31] concluded that more
homogeneous temperature profiles can lead to more
homogeneity in the internal structure (i.e., vertical
distribution of TAV content). However, the relationship was
reported as weak and does not warrant improved
homogeneity. In addition, the authors concluded that the
heterogeneity is not only the result of the temperature
profile, but it is also due to the friction against the metallic-
mold boundaries.

Research on WMA mixtures [11] concluded that
different compaction temperatures generated internal
structures—TAV content and AVR—with insignificant
statistical differences (see Fig. 2c; specimens fabricated
using Evotherm®). On the contrary, Estakhri et al. [30]
stated that different laboratory compaction temperatures
induced changes in the TAV content of both HMA- and
WMA-mixtures (i.e., fabricated using Evotherm DAT®,
Sasobit®, and Advera®), which is due to the differences
among the physico-chemical properties of the additives
used.

Future research should look for improved comparisons
between different types of AM to determine the most
suitable conditions of temperature control to promote
homogeneity in the internal structure of both field- and
laboratory-compacted AM.

6.3. Compaction effects

Compaction is one of the most critical variables to be
considered in the design and construction of AM, since both
the density and microstructure acquired by AM is related to
their performance. Therefore, adequate compaction control
in both the field and laboratory has to be conducted to
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produce AM with proper performance [33].

Previous research [14,17,19,34] concluded that the
compactor type and its mode of energy application, as well
as the compaction energy influence to a great extent the
internal structure of AM. Regarding the type of compactor,
Harvey and Monismith [35] reported dissimilar mechanical
responses when using different compaction methods (i.e.,
rolling wheel, kneading compaction, and gyratory
compaction), since they induced different internal
structures. In general, the strongest conclusion of their study
regards the disability to interchange different compaction
methods in the laboratory due to their strong influence on
AM performance.

More recently, Jonsson et al. [36] compared the rolling
wheel, Marshall, and gyratory compaction using X-ray CT
and concluded that none of these methods produced
homogeneous distributions of TAV content. The Marshall
compaction led to the most homogenous horizontal and
vertical distributions of TAV [36]. In terms of the gyratory
compaction, numerous studies [8-10,13,14,17] have
reported the production of heterogeneous distributions of
TAV content —as shown in Fig. 2 and previously
discussed—and CAV content [9].

According to Verdi et al. [37], the AM final density
depends principally on the number of gyrations and less on
the vertical pressure applied by the gyratory compactor. In
addition, recent research [10,17] suggested that the number
of gyrations cannot be used as a control parameter for
compaction due to the scattered AV distributions.

In this regard, although “theoretically” higher compaction
efforts are used to get homogeneous distributions of AV, this
case does not often occur, because of external factors affecting
the aggregates packing in the AM [31]. Fig. 2f and 2h and
Fig. 3 show data supporting the effect of the compaction
energy—number of gyrations—for specimens fabricated with
different mixture types and at two heights. Similar results
were reported for PFC mixtures [9].

Future studies should be able to determine which types
of compaction—equipment and methods—are more
efficient for obtaining homogeneous AM specimens in both
the laboratory and field.
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7. Stone-on-Stone Contact

The arrangement—microstructure—of the structural
skeleton formed by the aggregates in the compacted AM
determines to a vast extent its mechanical response. This
aspect is particularly critical to ensure the proper
performance of PFC- and SMA-mixtures based on a fully
developed condition of stone-on-stone contact in the coarse
aggregate. This contact condition is mostly evaluated
conducting macroscopic evaluations according to the
VCA—voids in the coarse aggregate—method [38,39].
Additional research [40], based on the application of X-ray
CT and image analysis, further validated the VCA method.
However, the authors [40] highlighted the advantage of
image analysis over the VCA method, since it can allow the
quantification of the number of contact points as well as
optimizing the aggregate gradation.

As in the case of the TAV- and CAV-content, a
homogeneous vertical distribution of the number of contact
points is desirable. However, a recent study based on X-ray
CT and image analysis showed the existence of
heterogeneous distributions of contact points (as an index of
stone-on-stone contact) in SGC compacted specimens of
PFC mixtures [41]. Thus, the need for a homogeneous
microstructure still includes both the AV- and aggregates-
arrangement.

Recent research [42-45] also determined the influence of
stone-on-stone contact and aggregates characteristics on the
internal structure and corresponding mechanical response of
the dense-graded and SMA mixtures. In particular, the main
practical lesson derived from these studies [42-45] concerns
maximizing the number of contact points for a stiff
structural skeleton capable of providing a good mixture
performance. The ways of obtaining these may include use
of adequate compaction: a) vertical pressures and b)
angles—gyratory compactor—to get an appropriate
orientation of the aggregates and enhance the mechanical
response.

Future research should focus on determining the
relationship between the aggregate geometric characteristics
(e.g., evaluated using nondestructive technology) and the
internal structure of AM to obtain conclusive results that
can be used as inputs for mix design, modeling, and field
applications.

8. Relationship between Internal Structure and
Performance

The AM field performance largely depends on the
mixture microstructure [8,14]. Previous research [31] stated
that gyratory-compacted specimens exhibited the poorest
mechanical response, evaluated by means of the shear
permanent deformation (PD) test, while linear kneading-
compacted specimens had the highest resistance to PD, and
the rolling wheel-compacted specimens reported
intermediate results. The differences in the internal structure
of the specimens—exemplified in Fig. 2d—can partially
explain their diverse mechanical response.

In addition, Masad et al. [31] concluded that similar
TAV contents can lead to comparable rut depth between
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field- and laboratory-specimens, and the Hamburg PD test
results were more affected by the AV content rather than by
the microstructure. However, specimens with a uniform
distribution of TAV content had less variation in the
Overlay test (i.e., cracking resistance) than those with a
heterogeneous microstructure.

Studies on PFC mixtures [9,46] concluded that their
particular responses to mechanical tests, used to assess the
mixture performance as a result of their specific gradations,
type of binders, and mix design, are highly dependent on the
internal structure and exhibited different responses to those
typically identified for dense-graded HMA.

In years to come, research on assessing performance of
AM should further account for the microstructure to
determine their relationship. This will lead to a better
understanding on the best scenarios for obtaining the
performance pursued when designing different types of
AM.

9. Modeling Applications

The X-ray CT outputs constitute a vast amount of
relevant information for the development of mathematical
models used to determine the possible scenarios at which
the pavement materials could fail, be susceptible to damage
or develop inappropriate performance in the field.
Therefore, the integration of X-ray CT and mathematical
models turn out to be critical and essential to have a deeper
understanding on the AM characteristics and account for
new approaches in their design, production, and placement
in the field.

In response to this need of understanding the relation
between the mixture’s internal structure and the distresses
affecting the AM, numerous mathematical-modeling
applications have been accomplished by means of the
information available from X-ray CT. Ultimately, the main
objective of these studies has to do with finding accurate
simulations of field response, based on inputs from the
laboratory, and get valid information for improving the
design, construction, and forensic evaluation of AM [14].

In particular, based on X-ray CT images, Caro [47]
proposed a coupled micromechanical model to evaluate
moisture damage induced in AM. This research, along with
similar studies [48-50] led to a more comprehensive
analysis of the microstructure effects on the performance
and damage phenomena of AM as compared to the
conventional phenomenological approaches applied for their
study. One of the strongest recommendations offered by the
authors concerns the advance in innovative probabilistic
models and enhancement of the existing ones to have more
accurate predictions of moisture induced damage and have
improved predictions of the AM field performance.

Mathematical models have also been proposed to predict
the fatigue life, aging process, influence of chemical
substances [51], and permeability of dense-graded HMA
[29] and PFC mixtures [52]. Additional information on
similar studies related to modeling and simulation on AM
can be found in work by Liu et al. [51].

All the efforts and innovation conducted in the modeling
of AM damage by means of non-destructive techniques
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constitute a highly valuable element of research that allows
for future pavement structures with enhanced durability,
better functionality, and performance. Therefore, there is a
long way to go in this regard for future research.

10. Conclusions and Recommendations

This paper summarized the main practical lessons learnt

from the use of X-ray CT and image analysis for the
evaluation of the internal structure of AM (mainly based on
the analysis of the distributions of AV content). Based on
the information presented, the following conclusions and
recommendations are offered:

X-ray CT and image analysis enable the computation of
the internal structure for AM, which have allowed a
better understanding of AM characteristics and response
including, for example, the nondestructive analysis of
the AV characteristics and the computation of
aggregates distribution, orientation, and contact.

This feasible quantification of the AM microstructure,
based at present primarily on the analysis of AV
characteristics, supported extensive analysis of both
laboratory- and field-compacted AM leading to multiple
practical applications as previously documented.

The control of the variables affecting the AM internal
structure (e.g., asphalt-, aggregate-, and additive-
properties, mixture type, production methods,
temperature, and compaction) is to be further studied to
define the conditions to ensure an optimum
microstructure and, consequently, an optimum AM
performance.

In the coming years, the advancement of non-destructive
material characterization techniques should allow for a
more comprehensive  evaluation of the AM
microstructure that lead to better mixture designs and
higher durability over time in the field. For this purpose,
more detailed studies of internal structure of different
AM need to be performed as well as development of
new devices and equipment with higher accuracy and
representativeness.

11. Disclaimer

This paper does not constitute a standard, specification,

nor is it intended for design, construction, bidding,
contracting, or permit purposes. Trade names were used
solely for information and not for product endorsement.

Acknowledgements

The authors thank the support provided by the Vice-

research Office at the University of Magdalena for the
successful completion of this study.

References
[1]  Shashidhar, N. X-ray tomography of asphalt concrete.
Transportation Research Record, 1681, pp. 186-192, 1999.

(2]

http://dx.doi.org/10.3141/1681-22
Masad, E. X-ray computed tomography of aggregates and asphalt
mixes. Materials Evaluation Journal, 62 (7), pp. 775-783, 2004.

58

[3]
(4]
[3]
(6]
(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

Hassan, A. Microstructural characterisation of rubber modified
asphalt mixtures, Doctoral Thesis, University of Nottingham, 2012.
Rasband, W. Imagej 1.410. National Institutes of Health, Available
at: http://imagej.nih.gov/ij/, Retrieved on June 2011.

Media Cybernetics, L. P. Image-pro® plus, version 5.1.2. Georgia,
M.D., 1999.

RILEM TG-2; The University of Wisconsin-Madison; Michigan
State University. Ipas - image processing & analysis system. 2011.
Alvarez, A. E., Carvajal, J. S., Reyes, O. J., Estakhri, C. and
Walubita, L. F., Image analysis of the internal structure of warm mix
asphalt (wma) mixtures, Proceedings of TRB 91* Annual Meeting,
pp. 1-17,2012.

Walubita, L. F., Jamison, B., Alvarez, A. E., Hu, X. and Mushota, C.
Air void characterisation of hma gyratory laboratory-moulded
samples and field cores using x-ray computed tomography (x-ray
ct). Journal of the South African Institution of Civil Engineering, 54
(1), pp. 22-31, 2012.

Alvarez, A. E., Epps Martin, A. and Estakhri, C. Internal structure of
compacted permeable friction course mixtures. Construction and
Building  Materials, 24  (6), pp. 1027-1035, 2010.
http://dx.doi.org/10.1016/j.conbuildmat.2009.11.015

Muraya, P. M. Homogeneous test specimens from gyratory
compaction. International Journal of Pavement Engineering, 8 (3),
pp. 225-235,2007. http://dx.doi.org/10.1080/10298430701289323
Alvarez, A. E., Carvajal, J. S. and Reyes, O. J. Internal structure of
laboratory compacted warm mix asphalt. DYNA, 79 (172), pp. 38-
45,2012.

Alvarez, A. E., Macias, N. and Fuentes, L. G. Analysis of connected
air voids in warm mix asphalt. DYNA, 79 (172), pp. 29-37, 2012.
Alvarez, A. E., Fernandez, E. M., Epps Martin, A., Reyes, O. ],
Walubita, L. F. and Simate, G. S. Comparison of permeable friction
course mixtures fabricated using asphalt rubber and performance-
grade asphalt binders. Construction and Building Materials, 28 (1),
pp- 427-436, 2012.
http://dx.doi.org/10.1016/j.conbuildmat.2011.08.085

Masad, E. and Button, J. Implications of experimental measurements
and analyses of the internal structure of hot-mix asphalt.
Transportation Research Record, (1891), pp. 212-220, 2004.
Alvarez, A. E., Carvajal, J. S. and Walubita, L. Comparison of
internal structure of different hot mix asphalt types. Ingeniare.
Revista chilena de ingenieria, 22 (1), pp. 74-87, 2014.

Partl, M., Flisch, A. and Jonsson, M. Comparison of laboratory

compaction methods wusing x-ray computer tomography.
International Journal of Road Materials and Pavement Design, 8 (2),
pp. 139-164, 2007.

http://dx.doi.org/10.1080/14680629.2007.969007 1

Dubois, V., De La Roche, C. and Burban, O. Influence of the
compaction process on the air void homogeneity of asphalt mixtures
samples. Construction and Building Materials, (24), pp. 885-897,
2010. http://dx.doi.org/10.1016/j.conbuildmat.2009.12.004.
Tashman, L., Masad, E., D'Angelo, J., Bukowski, J. and Harman, T.
X-ray tomography to characterize air void distribution in superpave
gyratory compacted specimens. The International Journal of
Pavement Engineering, 3 (1), pp- 19-28, 2002.
http://dx.doi.org/10.1080/10298430290029902a

Partl, A., Flisch, A. and J6nsson, M. Gyratory compaction analysis
with computer tomography. International Journal of Road Materials
and Pavement Design, 4 (4), pp. 401422, 2003.
http://dx.doi.org/10.1080/14680629.2003.9689956

Masad, E., Muhunthan, B., Shashidhar, N. and Harman, T. Internal
structure characterization of asphalt concrete using image analysis.
Journal of Computing in Civil Engineering, 13 (2), pp. 88-95, 1999.
http://dx.doi.org/10.1061/(ASCE)0887-3801(1999)13:2(88)

Chehab, G. R., O'Quinn, E. and Kim, R. Y. Specimen geometry
study for direct tension test based on mechanical tests and air void
variation in asphalt concrete specimens compacted by superpave
gyratory compactor. Transportation Research Record, (1723), pp.
125-132, 2000.

Romero, P. and Masad, E. Relationship between the representative
volume element and mechanical properties of asphalt concrete.
Journal of Materials in Civil Engineering, 13 (1), pp. 77-84, 2001.
http://dx.doi.org/10.1061/(ASCE)0899-1561(2001)13:1(77)



(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Alvarez-Lugo & Carvajal-Muiloz / DYNA 81 (188), pp. 52-59. December, 2014.

Hashin, Z. Analysis of composite materials-a survey. Journal of
Applied Mechanics, 50 (3), pp., 1983.

Consuegra, A., Little, D. N., Von Quintus, H. and Burati, J. J.
Comparative evaluation of laboratory compaction devices based on
their ability to produce mixtures with engineering properties similar
to those produced in the field. Transportation Research Record,
1228, pp. 80-87, 1989.

Button, J. W., Little, D. N., Jagadam, V. and Pendleton, O. J.
Correlation of selected laboratory compaction methods with field
compaction. Transportation Research Record, (1454), pp. 193-201,
1994.

D'Angelo, J., Paugh, C. and Hannan, T. Comparison of the
superpave gyratory compactor to the marshall for field quality
control. Journal of the Association of Asphalt Paving Technologists,
(64), pp., 1995.

Carvajal, J. S., Reyes, O. J., Alvarez, A. E. and Fuentes, L. G.,
Evaluation of the internal structure of warm mix asphalt (wma)
using x-ray computed tomography images, Proceedings of
International Road Federation 17" International Meeting, pp., 2013.
Peterson, R., Mahboub, K., Anderson, M., Masad, E. and Tashman,
L. Superpave laboratory compaction versus field compaction.
Transportation Research Record, (1832), pp. 201-208, 2003.

Masad, E., Birgisson, B., Al-Omari, A. and Cooley, A. Analytical
derivation of permeability and numerical simulation of fluid flow in
hot-mix asphalt. Journal of Materials in Civil Engineering, 16 (5),
pp. 487-496, 2004. http://dx.doi.org/10.1061/(ASCE)0899-
1561(2004)16:5(487)

Estakhri, C., Button, J. and Alvarez, A. E. Field and laboratory
investigation of warm mix asphalt in texas, Report No FHWA/TX-10/0-
5597-2, Texas Transportation Institute-Texas A&M University, 2010.
Masad, E., Kassem, E. and Chowdhury, A. Application of imaging
technology to improve the laboratory and field compaction of hma,
Report No FHWA/TX-09/0-5261-1, Texas Transportation Institute-
Texas A&M University, 2009, P.

Wegan, V. and Nielsen, C. B. Microstructure of polymer modified
binders in bituminous mixtures, Report 109, Danish Road Institute
(DRI), 2001, P.

Epps, J., Gallaway, B., Harper, W. and Scott, W. Compaction of
asphalt concrete pavements, Research Report 90-2F, The Texas
Highway Department and US Department of Transportation, 1969.
Alvarez, A. E., Epps Martin, A. and Estakhri, C. Effects of
densification on permeable friction course mixtures. Journal of
Testing and Evaluation, 37 (1), pp. 11-20, 2009.

Harvey, J. and Monismith, C. L. Effects of laboratory asphalt
concrete specimen preparation variables on fatigue and permanent
deformation test results using strategic highway research program a-
003a proposed testing equipment. Transportation Research Record,
1417, pp. 38-57, 1993.

Jonsson, M., Partl, M. N. and Flisch, A. Comparison of different
compaction methods using x-ray tomography, EMPA-No.
FE840544, Road Engineering/Sealing Components Highway
Engineering; Swedish Royal Institute of Technology, 2002, P.

Verdi, A., Shah, S. and Arena, P. Compaction of asphaltic concrete
pavement with high intensity pneumatic roller. Part i, Research
Report No. 10, Louisiana Department of Highways in Cooperation
with the Bureau of Public Roads, 1963, P.

Brown, E. R. and Mallick, R. B. Evaluation of stone-on-stone
contact in stone-matrix asphalt. Transportation Research Record,
(1492), pp. 208-219, 1995.

Kandhal, P. S. Design, construction, and maintenance of open-
graded asphalt friction courses, Information series 115, National
Asphalt Pavement Association, 2002, P.

Watson, D. E., Masad, E., Moore, K. A., Williams, K. and Cooley
Jr., L. A. Verification of voids in coarse aggregate testing,
determining stone-on-stone contact of hot-mix asphalt mixtures.
Transportation Research Record, 1891, pp. 182-190, 2004.
http://dx.doi.org/10.3141/1891-21

Alvarez, A. E., Mora, J. C. and Caballero, M. M., Analisis del
contacto agregado-agregado en mezclas drenantes empleando
tomografia computarizada con rayos-x y andlisis de imagenes,
Proceedings of XIX Simposio Colombiano Sobre Ingenieria de
Pavimentos, pp., 2013.

59

[42] Hunter, A. E., Airey, G. D. and Collop, A. C. Aggregate orientation
and segregation in laboratory-compacted asphalt samples.
Transportation Research Record, 1891, pp. 8-15, 2004.
http://dx.doi.org/10.3141/1891-02

Yue, Z. Q. and Morin, 1. Digital image processing for aggregate
orientation in asphalt concrete mixtures. Canadian Journal of Civil
Engineering, 23, pp. 480-489, 1996. http://dx.doi.org/10.1139/196-
052

Saadeh, S., Tashman, L., Masad, E. and Mogawer, W. Spatial and
directional distributions of aggregates in asphalt mixes. Journal of
Testing and Evaluation, 30 (6), pp. 483-491, 2002.

Wang, L. B., Paul, H. S., Harman, T. and Angelo, J. D.
Characterization of aggregates and asphalt concrete using x-ray
computerized tomography: A state-of-the-art report. Journal of the
Association of Asphalt Paving Technologists, 73, pp. 467-500,
2004.

Lu, Q. and Harvey, J. T., Laboratory evaluation of open-graded
asphalt mixes with small aggregates and various binders and
additives, Proceedings of Transportation Research Board 90th
Annual Meeting pp. 1-18, 2011.

Caro, S. A coupled micromechanical model of moisture-induced
damage in asphalt mixtures: Formulation and applications, Ph.D.
Thesis, Texas A&M University, College Station, TX., 2009.
Al-Omari, A., Tashman, L., Masad, E., Cooley, A. and Harman, T.
Proposed methodology for predicting hma permeability. Journal of
the Association of Asphalt Paving Technologists, 71, pp. 30-58,
2002.

Birgisson, B., Roque, R. and Page, G. Evaluation of water damage
using hot mix asphalt fracture mechanics. Journal of the Association
of the Asphalt Paving Technologists, 72, pp. 424-462, 2003.
Birgisson, B., Roque, R. and Page, G. The use of a performance-
based fracture criterion for the evaluation of moisture susceptibility
in hot mix asphalt. Transportation Research Record, 3431, pp. 55-
61,2004. http://dx.doi.org/10.3141/1891-08

Liu, Y., You, Z., Li, L. and Wang, W. Review on advances in
modeling and simulation of stone-based paving materials.
Construction and Building Materials, (43), pp. 408-417, 2013.
http://dx.doi.org/10.1016/j.conbuildmat.2013.02.043

Alvarez, A. E., Epps Martin, A. and Estakhri, C. Drainability of
permeable friction course mixtures. Journal of Materials in Civil
Engineering, ASCE, 22 6),  pp. 556-564, 2010.
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000053

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

A.E. Alvarez-Lugo, received a Bs. Eng. in Civil Engineering in 1998 from
the Universidad Nacional de Colombia. He got his MSc. degree in Civil
Engineering in 2001 from the Universidad de los Andes, and his Ph.D.
(Materials-Pavements) in 2009 from Texas A&M University. From 1998 to
2000 and 2001 to 2002, he worked in consulting engineering in the
pavements engineering sector, and since 2002 he has been working as a
professor in civil engineering and researcher. Currently, he is an Associate
Professor and Head of the Civil Engineering Department at the University
of Magdalena, Santa Marta, Colombia. His research interests include:
bituminous materials, nanotechnologies, development of new materials for
the pavement industry, non-destructive analysis of pavements, and design
and implementation of permeable friction courses (PFC) mixtures.

ORCID: 0000-0001-9010-7642

J.S. Carvajal-Muiioz, received a Bs. Eng. in Environmental and Sanitary
Engineering in 2012 and a Bs. Eng. in Civil Engineering in 2013 from the
University of Magdalena. He has research experience since 2008 working
as research assistant for the GIRPSU- and GIIC-research groups at the
same institution. In 2013 he worked as Occasional Professor for the Civil
Engineering program at the University of Magdalena. He is currently a
M.Sc. student (Materials) at Texas A&M University. His research interests
include both environmental sciences and civil engineering. In the first he is
interested in biological fertilization of soils, recycling of materials,
photocatalysis and advanced treatment of waste waters. In the civil area he
is interested in Materials science and characterization, use of recycled
materials in pavements and soils, bituminous materials, and non-
destructive characterization of asphalt mixes.

ORCID: 0000-0003-3977-5076



