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tant for enhancing the durability of these structures. In spite of the advances achieved in the understanding
of the fatigue phenomenon in bituminous materials, there remain some questions that are in need of further
research. Firstly, the majority of studies do not consider the influence that permanent deformations can exert

on the mechanical response of materials. Secondly, reversible phenomena that co-exist with damage during

Key‘words: the development of fatigue processes make it difficult to accurately measure the latter. Further, given that
Fatigue . . . . .

Bituminous mixtures the fatigue phenomenon has both global and local effects that cannot be dissociated, the analysis and failure
Thixotropy criteria used could lead to non-homogenous results and incorrect fatigue life predictions. This research
Asphalt therefore constitutes a deeper examination of these issues and proposes a new approach that allows for a
Permanent deformations global analysis of the fatigue phenomenon. This approach has been tested through the study of various types
Review of materials under different test conditions using the UGR-FACT device. Results have shown that using this

approachitis possible to distinguish between the different phenomena that appear during cyclic loading and
to establish a homogenous failure criterion. In addition, it has been demonstrated that molecular mobility
could play a significant role in the appearance of fatigue damage in bituminous materials.

© 2016 Elsevier Ltd. All rights reserved.

Contents

B R U o T L Tot o 1o 4 U PP 928
2. Previous CONSIABTATIONS . . . . ¢ . vttt ettt et e et e e e e e e e e e e e e e e e e e e e e e e et e e e e e e e e e 929
3. Description of the NeW apPIOaCh . .. ..ottt ettt et e e e e e e e, 931
4, Validation of the New approach .. .. ... . e e e e e e, 933
4.1. Materials and testing PIAN . . . . ...ttt e e e e e e e e e e 933
4.2, Analysis Of the TeSUILS. . ... .. ot e ettt et e e 934
4.2.1. Influence of molecular mobility on fatigue damage. . . ... it e 934
4.2.2. Comparison of the new approach with a traditional test . ... ......... .. .ttt ittt 935
4.2.3. Sensitivity of the new approach to different types of materials .. ........ ... .. it i 935
ST € )3 Tl 11 T ) 3 PP 936
0 2 1S 1 Lo PP 937

* Corresponding author.

E-mail addresses: fmoreno@ugr.es (F. Moreno-Navarro), mcrubio@ugr.es (M.C. Rubio-Gamez).

http://dx.doi.org/10.1016/j.conbuildmat.2016.03.126
0950-0618/© 2016 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2016.03.126&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.126
mailto:fmoreno@ugr.es
mailto:mcrubio@ugr.es
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.126
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat

928 F. Moreno-Navarro, M.C. Rubio-Gdmez/ Construction and Building Materials 113 (2016) 927-938

1. Introduction

Roads and highway pavements are designed to support the traf-
fic loads and climatological events (rain, thermal changes, solar
radiation, etc.) that they will be expected to endure during their
service life. Traffic loads are cyclical and their magnitudes are con-
siderably inferior to those that cause the breakage of the asphalt
mixtures used to build them. Nevertheless, the repeated passage
of these loads (combined with the effects caused by environmental
agents) induce a fatigue process that leads to the appearance of
cracks, which, in the long-term, is one of the main causes that
can bring an end to the service life of a road. It is therefore impor-
tant to develop materials that can offer greater resistance to this
distress, and recent years have seen more studies conducted with
the aim of offering a better understanding of the fatigue phe-
nomenon that occurs in bituminous materials.

Based on these studies, the fatigue that occurs in bituminous
mixtures due to cyclic efforts can be considered as a global process
(Fig. 1) which involves three main phenomena [1]: (i) accumula-
tion of permanent deformations; (ii) reversible degradation (thixo-
tropy) and initiation of irreversible damage (micro-cracks); (iii)
crack propagation (the coalescence of micro-cracks produces the
localization and propagation of macro-cracks).

During the study of the fatigue behavior of asphalt mixtures, the
occurrence of these phenomena can be identified by the changes
produced in their mechanical properties (traditionally expressed
through the changes produced in the phase angle and modulus
[2]). Thus, the results obtained in a typical cyclic loading test can
be divided into three stages (Fig. 2a, [3]): (1) a rapid decrease of
the modulus and increase of the phase angle (which is related to
the occurrence of plastic deformations, along with other visco-
elastic reversible phenomena such as heating or thixotropy [1]);
(2) a quasi-stationary stage where the changes produced in these
parameters are small (due to the effect of the reversible phenom-
ena and the initiation of the fatigue damage in the form of
micro-cracks); (3) a rapid decrease of modulus and phase angle
(due to the occurrence and propagation of the macro-crack). The
study of the fatigue behavior of asphalt mixtures should therefore
be approached as a global study that takes into account the devel-
opments and changes that asphalt materials suffer during the
entire process.

Nonetheless, as several authors have pointed out [4-8], this
type of analysis is not easy to accomplish, and more research is
needed in order to offer a better understanding of this
phenomenon.

One of these aspects is the effect caused by the permanent
deformations that appear during the cyclic loading process, which
in turn leads to fatigue. Whilst these deformations cannot be con-
sidered as fatigue damage, their appearance changes the viscoelas-
tic properties of the material (making it more elastic and rigid, due
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to the strain hardening phenomenon [9,10]), and therefore they
can exert a significant influence on its mechanical response. Thus,
when a controlled stress fatigue test is used, the initial decrease of
the modulus can be largely due to the effect of permanent defor-
mations, which can conceal the real damage produced by the fati-
gue process (Fig. 2b) [11]. Given this possibility, the majority of
fatigue tests are conducted under controlled strain conditions
(with the aim of avoiding the effects caused by permanent defor-
mations when studying fatigue damage) [12-15]. However, this
type of test does not reproduce the same load conditions that affect
bituminous materials during their service life (a stress relaxation
and fatigue process under constant strain occurs in the laboratory
tests, whilst creep, strain hardening, and fatigue process occurs in
the roads due to the presence of constant loads). Therefore, signif-
icant differences can be obtained between laboratory fatigue-life
predictions and real fatigue lives [16,17], and between laboratory
tests carried out at controlled stress or strain conditions [18]. Thus,
despite the fact that permanent deformations do not cause dam-
age, their effect on the mechanical properties of the bituminous
mixture cannot be neglected when analysing fatigue processes.
For this reason, it is necessary to use tests that take into account
the influence of this phenomenon and its relationship with fatigue
behavior.

Another aspect that limits the analysis of fatigue in bituminous
mixtures is the presence of other phenomena that co-exist with
damage during cyclic loading (heating, thixotropy, etc.) [1,19,20].
Indeed, many studies have demonstrated that in the stages where
these phenomena co-exist (stages 1 and 2, Fig. 2a), it is very diffi-
cult to distinguish which of them causes the changes in the
mechanical properties of the material, and similarly, it is difficult
to quantify the changes that are due only to real damage [21].
Other authors have stated that, due to the large and relatively sud-
den recoveries produced in the modulus during a short rest period
[22-24], the observed recoveries cannot only be related to the
healing of the damage (as it is not possible to produce such an
amount of healing in such a short time period) [25,26]. These stud-
ies have shown that a considerable part of the loss in modulus that
occurs during the first stages of a cyclic loading test is due to these
reversible phenomena. During the loading process, thixotropy
causes the bitumen to change progressively from a gel to a sol
structure (ascribed to the dissociation and deformation of inter-
and intra-molecular bonds), which reduces the viscosity and the
modulus of the material (on the cessation of the loads, viscosity
and modulus increase again) [27,28]. Heating is caused by molec-
ular friction during the loading process; it produces chain separa-
tion due to thermal expansion and a consequent reduction of the
secondary intermolecular forces (this reduces the modulus of the
material, which is recovered when the loads disappear and the
molecular temperature is restored) [29-31]. Therefore, the fatigue
life calculated in traditional tests (where damage is measured

IRREVERSIBLE
DEGRADATION
CRACK INITIATION
(Micro-Cracks)

DAMAGE
LOCALISATION
CRACK PROPAGATION
(Macro-Crack)

Localised
Damage

Damage in
the volume

Fig. 1. Sketch of the global process due to the action of cyclic loading.
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