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ABSTRACT: The modulus value of bituminous materials is a key factor in the design of road pavements
and the estimation of their life service. This parameter can be measured in laboratory but, unfortunately,
this requires the deterioration of the pavement so as the consumption of time and resources. Therefore, this
study analyses the feasibility of using impact resonance frequency tests as an alternative to traditional meth-
ods for determining the dynamic modulus of bituminous mixtures. The sensitivity of this technique has been
studied by analyzing its repeatability and reproducibility, studying the variations in the values measured by
modifying the dimensions of the specimens, test temperatures and types of mixture tested. In addition, this
non-destructive technique has been compared with other traditional tests used to determine the elastic prop-
erties of bituminous materials. The results show that this test could be an interesting tool to characterize the
properties and damage state of asphalt layers.
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RESUMEN: Andlisis de la sensibilidad del ensayo de resonancia por impacto como herramienta para determi-
nar las propiedades elasticas de materiales bituminosos. El valor de médulo de los materiales bituminosos es
un factor clave en el disefio de pavimentos y la estimacidon de su vida de servicio. Este parametro puede ser
medido en laboratorio pero, desafortunadamente, esto requiere deteriorar el pavimento asi como el consumo
de tiempo y recursos. Por ello, este estudio analiza la viabilidad de usar el ensayo de frecuencia de resonan-
cia mediante impacto como alternativa a los métodos tradicionales para determinar el médulo dinamico de
mezclas bituminosas. La sensibilidad de esta técnica se ha estudiado analizando su repetibilidad y reproduc-
ibilidad, estudiando variaciones en los valores medidos al modificar dimensiones de probetas, temperaturas y
tipos de mezcla ensayados. Ademas, esta técnica no destructiva se ha comparado con otros ensayos tradicio-
nales empleados para determinar propiedades elasticas de materiales bituminosos. Los resultados muestran
este ensayo como una herramienta interesante para caracterizar las propiedades y estado de dano de las capas
de asfalto.
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1. INTRODUCTION

In recent years, an increase in traffic volumes
and loads per axel in roads and highways (primar-
ily due to the globalization of commerce), has led
to the need to optimize construction and mainte-
nance works. This is also the main reason why new
elements such as polymers, crumb rubber or ther-
mal power plant ashes (1, 2) are being incorporated
into bituminous mixtures, in order to achieve more
durable pavements that have minimal impact on
economic and social activities. In this respect, deter-
mining the degree of deterioration of the materials
used in the construction of these infrastructures can
be of considerable value when attempting to iden-
tify the suitability of these new components and the
optimal time to conduct rehabilitation activities.
For this purpose, it is critical to know the struc-
tural behavior of the pavement as well as the way in
which different pathologies can have an impact on
the roads during their service life (3).

Along with the thickness of the layer of the bitu-
minous mixture, dynamic modulus is one of the most
important factors influencing the structural response
of pavements (4). Its importance comes from the
natural properties of the material and its ability to
represent the stress-strain behavior as a function of
the temperature and loading rate (5). In addition,
the dynamic modulus is considered to be one of the
best indicators of the presence of plastic deforma-
tions and cracks in asphalt pavements (4, 6), and it
can therefore be of use when attempting to ascertain
the optimal time to conduct rehabilitation projects.

Given its usefulness, the evaluation of dynamic
modulus plays a fundamental role in the design of
asphalt pavements. Models such as those developed
by Witzack (7) or Hirsch (8), allow for the evalua-
tion of this property based on parameters related to
the materials (mineral skeleton, type of binder used,
voids content, etc.). However, when evaluating pave-
ment deterioration, this parameter is used rather less
extensively during the service life when compared
with the design phase. Similar concepts such as the
measurement of the pavement deflections have been
used in order to monitor the degradation of the
pavement structure and to ascertain when repairs
are needed. However, this parameter cannot make
distinctions between the different layers of the infra-
structure (foundation layers and pavement), and
their results might not only be linked to the bitumi-
nous materials. And whilst it might be possible to
conduct preliminary testing of cores extracted from
the asphalt layers using standard laboratory meth-
ods (9, 10), this approach has some drawbacks such
as the potential degradation of the asphalt layer
(caused by the drilling of the pavement to extract the
core) or the amount of time and resources consumed
(the cores must be transported to the laboratory), all
of which render the process non-competitive.

Thus, the use of non-destructive methods (such as
the impact resonance frequency test) could provide
an alternative to determine the damage that occurs
in bituminous materials during their service life in
the pavement. One advantage of these tests is that
they do not damage the properties of the materials,
and they are effective in saving time and resources. In
addition, the measures involved in these methods are
significantly faster, simpler in their execution, and
require relatively low-cost equipment that can offer
a high level of repeatability without requiring the
production of a large number of samples (11). These
tests have also been widely used in many other fields,
such as metals and cement concrete. For instance, in
the field of asphalt materials, previous studies (6, 12,
13) have explored the application of this type of
testing on cylindrical specimens of bituminous mix-
tures. These have yielded a good correlation between
the values of modulus obtained with the natural
resonance frequency tests, and the values obtained
with traditional laboratory tests. Furthermore, in
recent years, several studies have sought to extend
the potential of these tests through the analysis of
the signal recorded (14), the use of ultrasonic com-
pression waves “P” or shear waves “S” (15), the mea-
surements of frequency response functions (FRFs)
and their correlation with different models such as
a finite element computed frequency response. Such
studies aimed to improve the estimation of damp-
ing properties (16, 17), or apply the tests to different
geometries such as thin disk specimens (18). In some
cases, work was aimed at exploring the possibility of
estimating the damage in asphalt mixes (17, 19).

Nonetheless, in order to extend the use of these
methods to determine the degree of degradation of
asphalt pavements on-site, it is necessary to study
in more depth the impact of different variables on
the relevant measures (such as the dimensions of the
sample measured, the temperature of the material,
or the type of mixture tested). For this purpose, this
paper analyzes the feasibility of applying this type of
non-destructive technique to the study of the struc-
tural behavior of asphalt pavements by determin-
ing the dynamic modulus in prismatic specimens.
In particular, the present study will assess the vari-
ability of the results in relation to various factors,
whilst comparing the findings with those obtained
in traditional laboratory tests.

2. METHODOLOGY
2.1. Materials

The use of non-destructive tests for defining
the damage state of asphalt pavements is primarily
applied in the surface layer (given that access to the
subjacent layers is not possible without degrading
the pavement). The present study employed a bitu-
minous mixture commonly used in the surface layers
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of pavements worldwide. Further, given that impact
resonance methods tend to be more effective when
using homogeneous and continuous media (where
the vibrations can be propagated easily and with a
clearer signal) mixtures with a lower void content
such as those composed of a continuous mineral
skeleton (asphalt concrete EN 13108-1) (20), would
be the most appropriate. However, since this study
aimed to analyze if these methods can be extended
to all types of asphalt mixtures, a mixture with a
gap-graded mineral skeleton was selected. In partic-
ular, a surface layer mixture of the type BBTM11A
(UNE-EN 13108-2) (21) was chosen for this study.
The mineral skeleton of this mixture was com-
posed of limestone aggregate in the sand fraction
(0/6 mm), ophites in the gravel fraction (6/12 mm),
and cement in the filler fraction (the mineral skel-
eton employed can be observed in Figure 1).

In order to evaluate different types of materials,
two different mixtures were studied. Both mixtures
use the same mineral skeleton as that just described,
but they were manufactured with different bind-
ers: conventional bitumen B 35/50 (commonly used
in low volume traffic roads), and high-performance
polymer-modified bitumen BM3c (commonly used in
high volume traffic roads and highways). The main
characteristics of the binders used (B35/50 and BM3c)
and the mixtures designed (BBTM 11A-B35/50 and
BBTM 11A-BM3c) are summarized in Tables 1
and 2. As can be observed, the mixtures were designed
with very similar characteristics in order to assess if
the impact resonance tests are sufficiently precise to
reveal differences between quite similar materials.

2.2. Testing plan
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For this purpose, it is necessary to control the qual-
ity of the signal obtained in the waves, as well as the
repeatability and reproducibility of the results, given
the variations in the main variables that could affect
the measures. Furthermore, to assess the accuracy of
this non-destructive test, it is necessary to compare
the results with those obtained from other traditional
laboratory tests.

The non-destructive method used for studying
the materials was an impact resonance test, com-
monly used for detecting the elastic properties of
cement concretes (29). The main components of
the test equipment are a hammer that acts as an
exciter, an accelerometer (which registers the vibra-
tions caused by the impact of the hammer), a poly-
styrene support where the specimen is placed (to
ensure constant boundary conditions), and a device
that analyzes the signal recorded by the accelerom-
eter (Figure 2). The principle of the test is to induce
elastic excitation with the hammer in one point of
the specimen, and to register the characteristics of
the mechanical vibrations caused using the accel-
erometer in another point of the specimen. These
mechanical vibrations are transformed into signals
and transferred to the frequency domain by using
the fast Fourier transform algorithm (6), in order to
determine the resonance frequency of the material.
As this parameter is directly related to the stiffness of
the material [1], it can be used to define its modulus
and to detect the presence of internal defects. In this
respect, it is worth noting that bituminous mixtures

TABLE 1. Properties of the binders used in the study

Property B35/50 BM3c
Penetration at 25 °C (dmm, EN 1426 [22]) 44 62
The mail} OEJ'CCtiVe Olf this study ifS to detefmiﬂehthde Softening Point (°C, EN 1427 [23]) 532 684
sensmVltyQ 't € natura resonance frequency met 0 Fraass Fragility (°C, EN 12593 [24]) -3 ~17
for determining the modulus of bituminous mixtures.
0] T TTT T T T | TR e e o T T | e I s e e o
0.01 0.1 1 10 100
Sieve (mm)

FIGURE 1. Mineral skeleton of the mixture BBTM 11A.
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TABLE 2. Properties of the mixtures designed for the study

Property BBTM 11A-B35/50 BBTM 11A-BM3c
Type of Bitumen B35/50 BM3c
Bitumen Content (% over the total weight of the mixture) 4.8 4.8

Bulk Density (g/cm’, EN 12697-6 [25]) 2.496 2.464

Air Voids (%, EN 12697-26, C [26])) 4.8 5.2
Marshall Stability (kN, EN 12697-34 [27]) 8.662 9.301
Marshall Flow (mm, EN 12697-34 [27]) 33 3.9
Indirect Tensile Strength at 15°C (kPa, EN 12697-23 [28]) 1574.6 1502.7

FIGURE 3.

have a certain damping due to their partly viscous
nature, and this should be taken into account when
determining the resonance frequency. Therefore, the
natural frequency (f,,) that will be used in the calcu-
lation of the modulus must be calculated from the
frequency obtained in the measure (fy) [2] (13).

o[ P
E=0.96510 6-[b.h3J-T-W-f,f [1]

Where E is the modulus of the material; 1 is the
length of the specimen; b is the width of the speci-
men; h is the height of the specimen; T is a factor
that relates to the length of the specimen and the
radius; W is the weight of the specimen; and f, is the
resonance frequency.

fo=fi1-8 2]

Where & is the damping factor measured.

Details of the type of specimens used during this study.

As defined, the resonance frequency of a solid
material depends on its stiffness, mass, dimensions,
and boundary conditions. It therefore follows that
the dimensions of the test specimens will influ-
ence the measurement of the modulus using the
impact resonance test. Consequently, it is necessary
to evaluate the impact of this variable on the cal-
culated value of the dynamic modulus, in order to
validate the results obtained. For this purpose, two
different lengths of specimen were used (260 mm and
206 mm), maintaining a constant width of 60 mm
and a height of 40 mm (Figure 3). When establish-
ing these sizes, the recommendation included in the
standard ASTM-C215 (29) was taken into account,
stipulating that the ratio between the length and the
largest dimension in the transverse direction must
be at least 2:1.

As this method was originally intended for con-
crete cement specimens, it is necessary to consider
certain issues. Firstly, it should be noted that the
values obtained with this test correspond to those
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associated with the modulus at high frequencies, due
to the high frequencies produced by the impact of
the hammer (in the order of kHz) (13). Thus, the
values obtained cannot directly be compared with
those obtained using other laboratory methods such
as the stiffness test (9). Secondly, as bituminous
mixtures are visco-elastic materials that behave in a
more viscous manner as the temperature increases,
the test will suffer a loss of quality in the recorded
signals under these circumstances (the damping
factor depends on the test temperature, reduc-
ing its value when the temperature decreases) (6).
Therefore, it is necessary to analyze the influence
of the test temperature on the calculated value of
the modulus obtained with the impact resonance
test. The specimens were therefore tested at differ-
ent temperatures, starting at —15°C, and increasing
in increments of 5°C up to a maximum of 30°C. The
specimens were conditioned for 4 hours at the test
temperature before the measurements were taken,
and the temperature was controlled with an infrared
camera during the test (Figure 3). In addition, the
vibrations transmitted with the impact of the ham-
mer will depend on the type of material used, thus
making it worthwhile to evaluate two different types
of bitumen (B35/50 and BM3c).

Twelve specimens of each type of mixture
(BBTM 11A-BM3c and BBTM11A-B35/50) were
tested at the different temperatures, six with a
length of 260 mm and another six with a length of
206 mm. Each specimen was tested twenty times at
each temperature. Thus, the analysis of sensitivity
of the impact resonance test for the measurement
of the modulus of bituminous mixtures was evalu-
ated as a function of the main variables that could
affect the results (size of the specimen, tempera-
ture, and type of material). For this purpose, the
repeatability (variations obtained in the measure-
ments made in a given specimen under the same
test conditions) and reproducibility (variations
obtained in the measurements made in different
specimens of the same material under the same
test conditions) of the test was evaluated using the
coefficient of variation [3].

(a)

FIGURE 4.

Coetficient of Variation,

cv ( % ): Standard deviation 100 3]
Average value

Finally, in order to compare the results obtained
in the impact resonance test, a different laboratory
method was used to calculate the modulus of the
bituminous materials. Given that the only difference
between the mixtures was the type of binder used in
their manufacture (they were manufactured with the
same mineral skeleton and quantity of bitumen),
along with the fact that a direct correlation between
the characteristics of the binder and the mixture has
been demonstrated (30), two different modulus tests
were conducted on the binders (B35/50 and BM3c).

In one test, the modulus was tested through the
rheological response of the binders, analyzed using
the frequency sweep test at various temperatures
(10, 20, 30°C) This test was carried out using the
Dynamic Shear Rheometer (DSR - see Figure 4a)
where an oscillatory shear loading was applied at
constant amplitude (0.1% strain) and at a frequency
of 5 Hz. During the tests, the complex shear modu-
lus (G*) was recorded (EN 14770).

In the other test, the modulus was measured
under tensile strain conditions (0.1% of strain at
10 Hz at —5°C, 5°C, and 10°C) using a dynamic
press (Figure 4b). In addition, the stiffness modu-
lus of the mixtures was also determined at differ-
ent temperatures (10°C, 20°C and 30°C) using the
indirect tensile (IT) test described in the standard
EN 12697-26, Annex C (Figure 4c). The test sam-
ples were cylinders, which had a thickness of 30-75
mm and a diameter of 101.6 £ 0.1 mm, and man-
ufactured with an impact compactor (UNE-EN
12697-30). The specimens were stored at a tempera-
ture of 5°C and then allowed to adjust to the test
temperature (10°C, 20°C and 30°C). After placing
and securing the specimen in a vertical position at
one of its diameters, 10 load pulses were applied
so that the device could adjust to the magnitude
of the load and its duration. In order to measure

Detalil of the different laboratory tests used to compare the results obtained in the impact resonance test.
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the deformation of the diameter, 5 additional load
pulses were applied to measure and record the load
variation and deformation in the time period of
each pulse. At the same time, the surface load fac-
tor was also determined. As a result, the stiffness
modulus was obtained for two diameters of the
specimen (forming an angle of 90 + 10°).

3. ANALYSIS OF RESULTS

The results from the analysis of the quality of
the signal recorded under different test conditions
(temperature, mixture type, and size of the test spec-
imen) are shown in Figure 5. For evaluation pur-
poses, the test equipment supplied a quality index
ranging between 1 and 9 (the latter value indicating
the highest signal quality).

Figure 5 (where the average values obtained in the
different mixtures are compared) shows a decline in
the quality of the signal obtained on the resonance
test as the test temperature increased (regardless of
the size of the specimen used). This implies a pos-
sible limitation of this test method, since rates below
4 indicates that the acquired signal is not sufficiently
accurate and the value of the modulus could not
be representative. Thus, at least for the mixtures

(a) Temperature (°C)
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(b)

tested here, it could be argued that measurements
over 30°C might not be reliable and are therefore not
to be recommended (as at these temperatures, the
mixtures reached values close to 4). Values between
8 and 9 can be considered as the most appropriate to
take the measurements, and they were obtained at a
temperature of approximately 5°C in the case of the
mixture manufactured with the BM3c, and approxi-
mately 10°C in the case of the mixture manufactured
with the B35/50. Comparing the sizes of the speci-
mens suggests that as the size decreases, the quality
of the signal also decreases (nonetheless, the impact
of this variable is lower than that caused by the test
temperature). Finally, a comparison of the two types
of mixtures reveals that the mixture manufactured
with the B 35/50 has a better quality of signal than
that manufactured with the BM3c. This could be due
to a stiffer response of the mixture (caused by the
type of binder, which has a lower penetration grade),
which allows it to perform more elastically. In this
case, it is possible that mixtures with a higher stiffness
(for example those manufactured with a low penetra-
tion binder) can be evaluated at higher temperatures.

Figure 6 shows the errors of the measurements
in terms of the repeatability of the test, dur-
ing assessment of the modulus using the impact
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Evolution of quality signal of the samples of BBTM 11B-BM3c (a), and BBTM 11A-B35/50 (b).
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FIGURE 6. Average results of the repeatability of impact resonance test in the mixtures studied: BBTM 11B-BM3c (a), and BBTM
11A-B35/50 (b).
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resonance method. As with the case of signal qual-
ity, it was found that as the temperature increased
and the stiffness of the mixture decreased, the
repeatability of the test decreased (which is due to
a more viscous behavior that induces an increase
in the damping of the vibration), and therefore the
resulting measurement can be considered less reli-
able. This effect is clearly observed regardless of the
size of the specimen, which is the variable that least
affects the measurements made. This conclusion
is in accordance with other studies that also show
that the different dimensions of the specimens did
not affect the modal test results in cylindrical geom-
etries unless they had a thickness of less than 4 cen-
timeters (16, 17, 18, 19). Nonetheless, it should be
pointed out that for the mixtures tested and the tem-
perature used here, the obtained values have high
repeatability, suggesting that the resonance impact
test is suitable for assessing changes in the modulus
of bituminous mixtures. In any case, in order to cor-
rectly apply this method and achieve reliable mea-
sures, it is necessary to control some factors such as
the test temperature and the type of binder used.

Figure 7 shows the reproducibility of the method,
measured using the coefficients of variation obtained
from the various tests with different specimens hav-
ing the same geometry (length of 206 mm). Once
again, the effect of damping reduces confidence in
the results obtained with this method (the repro-
ducibility of the method decreases with an increase
in temperature and a decrease in the stiffness of
the mixture). Nonetheless, the results obtained for
the mixtures and temperatures tested here show an
acceptable value of reproducibility in the calculus of
the stiffness modulus, if they are compared with the
results obtained in other laboratory tests.
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Figure 8 shows, for the various specimens of the
two mixtures, the average results of the stiffness
modulus obtained as a function of the tempera-
ture (calculated using the impact resonance test).
The value of the modulus appears to decrease as
the temperature increases, regardless of the size
of the specimen and the type of bituminous mix-
ture. This trend is in accordance with the results
of mechanical tests performed on both the binders
(DSR and tension-compression tests) and mixtures
(indirect tensile stiffness tests), where the modulus
of the bituminous materials also decreases as a func-
tion of the temperature. These results also confirm
that the weaker the relationship between the length
and the width of the sample, the higher the value
of the modulus obtained. In this regard, it should
be pointed out that higher values of modulus were
found in the mixture manufactured with the bitumen
B35/50, which is in line with the results obtained in
the laboratory tests conducted on the binders and
mixtures, and also confirms the viability of using
this method to compare different types of mixtures.

Figure 9 displays the relationship between the
values obtained in the non-destructive test and the
laboratory tests conducted on the binders and mix-
tures. The values of modulus obtained vary between
the different methods, since the non-destructive test
applies frequencies that are considerably higher than
those used in the laboratory tests, and these tests
are therefore not comparable. This is something
characteristic of the test, which occurs systemati-
cally, particularly at higher temperatures, as found
in several studies (15, 16, 19). Thus, higher values
are obtained when determining the modulus with
the impact resonance test (it should be pointed out
that the values obtained from different laboratory

4
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[
m
m
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FIGURE 7. Average results of the reproducibility of the impact resonance test in the mixtures studied.
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FIGURE 9. Relationship between binder laboratory tests (a), bituminous mixture laboratory test (b), and the impact resonance
frequency test.

methods are also not comparable, since they apply
different types of efforts and frequencies). However,
it is worth nothing that, in the present study, there
is a high linear correlation between the values
obtained at different temperatures and with the dif-
ferent methods employed. This result provides sup-
port for the use of non-destructive tests as a tool
to identify the changes in the modulus produced in
asphalt materials in order to monitor alterations in
their mechanical properties without damaging the
infrastructure.

4. CONCLUSIONS

This paper analyses the application of a non-
destructive test (impact resonance frequency) for
evaluating the elastic properties of bituminous
materials. This analysis involved studying the main
variables that can affect the measurements made
with this method, as well as their repeatability and
reproducibility. Furthermore, the results obtained
with the impact resonance test were compared
with those from other traditional laboratory tests.

The main conclusions obtained in this research
study can be summarized as follows:

- Given that bituminous mixtures are visco-elastic
materials, the measurement of their modulus
using the impact resonance test can be highly
influenced by the damping of the vibrations. It
has been demonstrated that some variables such
as the temperature or the type of bitumen could
play an important role in determining the accu-
racy of this method in assessing the modulus
of an asphalt layer. The results obtained for the
materials studied here suggest that, regardless
of the type of bitumen used, for temperatures
between 0 and 10°C the impact resonance test
has shown to be a reliable method for determin-
ing the elastic modulus of bituminous layers.

- The size of the specimen could affect the values
of the elastic modulus. Nonetheless, it was shown
that the impact of a variation of more than 5 cm
does not considerably affect the measurement,
or its quality. In this respect, the variations in
the size produced during the manufacture of
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the specimens in the laboratory (which have an
order of mm) can be disregarded, as they will
not affect the measures taken with this method.
Based on the conclusions previously described,
the impact resonance frequency test appears to
have good repeatability and reproducibility, and
could therefore be used as a substitute for tradi-
tional laboratory tests to determine the elastic
properties of bituminous materials and to ascer-
tain their damage state. It is also worth noting
that this non-destructive test can be applied more
rapidly than traditional laboratory tests and
thus has the potential to save time and economic
resources when evaluating these materials.

The impact resonance frequency test has suf-
ficient precision to characterize the elastic
parameters of bituminous mixtures that have
very similar properties. This feature is of inter-
est, as this tool could be used to monitor the
changes produced in an asphalt pavement due
to the development of damage.

Finally, it is important to note that comparing
the impact resonance frequency test results with
those of other traditional laboratory tests reveals
a high correlation between them. This finding
suggests the potential for using this method to
determine the elastic properties of these materi-
als. Nonetheless, it is necessary to remember that
as the frequency of the impact is very high, the
modulus values calculated are considerably higher
than those obtained in the laboratory tests.
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