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ABSTRACT

Fatigue is characterized by structural deterioration of a material when it is subjected to a
state of repeated stress-strain cycles, thus resulting in cracking of the pavement and eventual
failure after a sufficient number of load cycles. The laboratory test commonly employed in
Brazil to analyse the fatigue life of asphalt mixtures is the indirect tensile test in cylindrical
samples (IDT). Current design method for flexible pavements in the country take into account
the asphalt's fatigue life courses based on such test. An alternative fatigue laboratory test is the
four point bending beam tests (4PBBT) which has proved more effective when compared to field
results, yielding to closer field to laboratory behaviour approximation. The present work
examined the fatigue behaviour of an asphalt mixture with polymer-modified binder (PG 76-11)
using both IDT fatigue test and 4PBBT. A road segment was instrumented monitoring mechanic
responses in the asphalt layer allowing the comparison among all three situations: IDT fatigue,
4PBBT and in-service road. Results demonstrate the strain and stress levels on the asphalt layer
enabling a better understanding of efforts developed in the structure. The results also
demonstrate a closer relation between the 4PBB tests with in-service pavement fatigue
development.

Keywords: IDT fatigue test, four point bending test, pavement instrumentation & fatigue
performance model.

1. INTRODUCTION

The fatigue cracking is recognized as one of the main distress types in asphalt concrete
pavements [1-2]. This phenomenon occurs due the accumulation of damage under the effect of
repeated traffic loading. The tensile strain developed in the bottom of the wearing course leads
the layer to cracking and consequent loss of structural capacity.

Various laboratory testing methods have been developed to characterize the fatigue
response of asphalt concrete mixtures. In Brazil, the test commonly employed to analyse the
fatigue life of asphalt mixtures is the indirect tensile test by diametrical compression in
cylindrical samples (IDT). This test is relatively simple to conduct and low cost, but some known
disadvantages, as permanent deformation on the loading strips, underestimates the fatigue life
[3]. Nonetheless, four point bending beam tests have recognized better ability to simulate field
conditions [4].

The monitoring of stresses and strains developed in pavement structures is of interest to
pavement researches and engineers for the proper understanding of their structural behaviour,
which is crucial to the pavement design, performance prediction and road management systems
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[5]. The measuring of the mechanical and environmental response of an in-service segment
through instrumentation allows the comparison with laboratory behaviour of the same asphalt
mixture.

Pavement instrumentation can be an important tool to monitoring in-service material
performance, structural responses under actual environmental and loading conditions, and also
assist in calibration of models [6]. Various segments were instrumented for this purpose,
allowing the validation and calibration of models that are actually used in mechanistic-empirical
pavement design methods [7-9].

In roads under concession, the development of a significant superficial cracked area is not
allowed by the control agencies, under penalty of a fine. Thus, a proper fatigue performance
model is important to identify the right moment of an intervention or repair in the structure.

Thus, this research is divided in two stages, the field instrumentation of a segment in a
federal highway under concession and laboratory tests. Since the relation between the field and
laboratory response is considered a challenge for road engineers along the history.

2. EXPERIMENTAL INVESTIGATION

The instrumentation process of the road segment and laboratory tests are described
below.

2.1 Field instrumentation

The structure of test section selected consists in a flexible pavement with a bituminous
layer of a hot mix asphalt (HMA) with polymer-modified binder (10 cm thickness), a dense-
graded aggregate base (15 cm) and granular subbase (30 cm) over a sandy subgrade.

Sensors embedded in pavement sections have proven useful in providing measured
responses as a basis of comparison. Various researchers have instrumented pavement layers
using strain gages and pressure cells to measure dynamic response to load in the form of strains
and pressures [7, 10, 11-12]. In this sense, a road segment on BR-116/RS, in southern Brazil,
was instrumented with these sensors in the bottom of asphalt wearing course.

The sensors, selected in accordance with literature and authors experience, include two
pressure cells (PC) (FIGURE 1a), six strain gages (SG) (FIGURE 1b) and six thermocouples
(FIGURE 1c). One of the pressure cells (model Geokon Earth Pressure Cell) have the capacity of
1.0 MPa (PC1) and the other 2.5 MPa (PC2), the strain gages (model Kyowa KM-120-120-H2-
11-W1M) are oriented to measure longitudinal, transverse and 45° strain, and the thermocouples
(model LM35) have the temperature range from -55 °C to +150 °C with £ 0.5°C accuracy.

(a) (b) (©
FIGURE 1 a) Pressure Cell; b) Strain Gage; c) Thermocouple
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All the sensors are installed in the bottom of wearing course, the first set (PC2 + 3 SG)
are spaced 5 m apart longitudinally from the second set (PC1 + 3 SG), and located under the
external wheel path of the external track. The FIGURE 2 shows the sensor layout along the
external wheel path.

FIGURE 2 Sensors Installation Layout

A custom data acquisition system (DAS) was developed as part of this research. The
DAS performs signal conditioning, analog signal filtering and amplification, digitization and
data pre-processing before sending it to an embedded single board computer for storage. The
pre-processing implements a high pass filter to remove base line level variations (caused mainly
due to temperature variations) and a trigger algorithm that sends a flag indicating the start of a
dynamic event. The event flag is set when the signal variation is higher than a user defined
threshold. The system samples the analog signals at a rate of 450 points per second.

2.2 Laboratory tests

To evaluate the laboratory performance two test configurations were used, the indirect
tensile test and the four point bending beam. The samples required for the tests were cored direct
from the field, both cylindrical (IDT) and trapezoidal (4PBB), to evaluate the actual density
condition and because the mixtures produced in an asphalt plant and in the laboratory may have
differences in performance [13].

The IDT was conducted under stress controlled mode of about 10%, 20%, 30%, 40% and
50% the static tensile strength, in two samples per level. The 4PBB test were carried out under
strain controlled mode of 400 microstrains (pe), 500 pe and 600 pe, in three samples per level.
The failure criteria adopted was 50% reduction in the initial resilient modulus for IDT and in the
initial flexural stiffness for 4PBB, both in temperature of 20°C.

3. RESULTS

For validation of data acquisition system and instruments, the strains and stresses pulses
obtained were compared to other researches results. The results seemed coherent and quite
similar to literature review [8, 11, 14]. FIGURE 3 (a) shows the longitudinal strains and pressure
cells signals simulated by pavement analysis software’s and collected in field by instruments
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[11]. The signals obtained in the present research have the same shape, enabling also the
identification of different axles types (FIGURE 3 (b))
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FIGURE 3 Experimental waves signal, for a three axle truck (a) [11], sensors
readings and identification of different axles (b)

The longitudinal strain gage shows alternate signal of compression and tension, due to
dynamic nature of the loads, which impose different efforts depending on the position of gage in
relation to the axle [14]. The vertical stress is always compression.

In laboratory, the efforts are controlled by the test machines, differently from the field. In
IDT the strains increase along the test, under the same level of controlled stress, due to reduction
in resilient modulus of the sample. In the 4PBB the stress decrease along the test, under the
constant level of controlled strain, also due to reduction in stiffness. The FIGURE 4 presents the
fatigue results of both IDT and 4PBB fatigue tests.
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FIGURE 4 Fatigue results for both IDT and 4PBB fatigue tests

The fatigue results are typically adjusted by a curve in which is related the effort imposed
in the test with the number of cycles to the failure - Nt (Wohler curves). However, knowing the
actual effort induced in the field is important to determine in which level the fatigue behaviour
should be analysed, since the laboratory tests are carried out in different levels.

In this sense, a series of 1000 events were collected to determine the level of stress and
strains developed in the bottom of asphalt layer. The results (FIGURE 5) demonstrates that the
longitudinal strains and vertical stress rarely exceed 300 microstrains and 300 kPa, respectively.
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FIGURE 5 Serie of events collected for strain (a) and stress (b) in the bottom of
asphalt layer

In laboratory, normally the strain level is higher than those obtained from the field data,
to make the tests faster. In the strain level observed in field data (less than 300 pe), the 4PBB
shows a N+=1.73*10°, while IDT shows a N¢=1.41*102, demonstrating a longer fatigue lifecycle

for 4PBB in relation to IDT, what was expected [4].
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The number of repetitions of a standard axle (N) in the segment until now, based on the
United States Army Corps of Engineers (USACE) method, is N=4.15*10°, value higher than the
Ns from fatigue tests, even considering the same tensile strain observed in field, but the pavement
section does not develop superficial cracked area during this period. This occurs due to the need
of a correlation factor, or transfer function, from the laboratory to field result [8, 15, 16].

4. CONCLUSIONS

The understanding on the efforts developed on the pavement structure has an important
role in the fatigue behaviour, and the monitoring of the pavement mechanic response in-service,
under actual traffic load conditions, by means of sensors embedded on asphalt layer has been
demonstrated as a potential tool to access these data.

The data acquisition system developed has proven to be effective and the readings are
reliable, according to the theory. The filtering and pre-processing of signals allows a loading
wave shape without interferences, therefore becoming easily understandable and interpretable.
The algorithm for identification of a new event is also adequate, showing a good sensibility for
this application.

Even the pavement structure showing longer fatigue lifecycle than laboratory tests, the
4PBB have a closer relation with field performance, since that presents a Nf, for 300 pe,
approximately 10* times longer than in IDT test.

The pavement section does not develop superficial cracked area during the research
period, but continues to be monitored, and it was expected that the pavement failure allows an
accurate calibration of the concessionary fatigue model and laboratory to field correlation for
both IDT and 4PBB tests.

ACKNOWLEDGEMENTS

The authors wish to express their gratitude for the Lapav-UFRGS, UERGS, Concepa concession,
National Agency of Land Transportation (ANTT) and all other laboratory partners for their
technical contribution and financial support to the research group.

REFERENCES

[1] HARVEY, J. T., DEACON, J. A., TSAI, B-W. and MONISMITH, C. L. Fatigue
Performance of Asphalt Concrete Mixes and its Relationship to Asphalt Concrete Pavement
Performance in California. Report Prepared for California Department of Transportation, N°
RTA-65W48-2, Asphalt Research Program, Institute of Transportation Studies, University of
California, Berkeley. 1995.

[2] DI BENEDETTO, H., DE LA ROCHE, C.; BAAJ, H.; PRONK, A. and
LUNDSTROM, R. Fatigue of Bituminous Mixtures. Materials and Structures, vol. 37, p. 202-
216. 2004.

[3] TANGELLA, S. C. S. R.,, CRAUS, J., DEACON, J. A. and MONISMITH, C. L.
Summary Report on Fatigue Response of Asphalt Mixtures. Prepared for Strategic Highway
Research Program, Project A-003-A. Institute of Transportation Studies, University of
California, Berkeley. 1990.



OO ~NOUTPAWN P

[4] TAYEBALI, A. A.; DEACON, J. A.; COPLANTZ, J. S;; FINN, F. N. and
MONISMITH, C. L. Fatigue Response of Asphalt Aggregate Mixtures, Part | e Il. Strategy
Highway Research Program, Project A-404. Asphalt Research Program, Institute of
Transportation Studies, University of California. 1994.

[5] ZEJIAO, D.; YIQIU, T. and MEILI, L. Design and Implementation of a Full-scale
Accelerated Pavement Testing Facility for Extreme Regional Climates in China. Advances in
Pavement Design through Full-scale Accelerated Pavement Testing. Taylor & Francis Group, pp.
39-45. 2012.

[6] LEIVA-VILLACORTA, F. and TIMM, D. H. Simulating the Effects of
Instrumentation on Measured Pavement Response. Advances in Pavement Design through Full-
scale Accelerated Pavement Testing. Taylor & Francis Group, pp. 153-161. 2012.

[7] TIMM, D. H.; PRIEST, A. L. and MCEWEN, T. V. Design and Instrumentation of
the Structural Pavement Experiment at the NCAT Test Track. National Center for Asphalt
Technology, NCAT, Auburn University, NCAT Report 04-01. 2004.

[8] PRIEST, A. L. Calibration of Fatigue Transfer Functions for Mechanistic-empirical
Flexible Pavement Design. Thesis (Masters of Science). Faculty of Auburn University, Aubum,
Alabama. 2005.

[9] ULLIDTZ, P.; HARVEY, J.; TSAI, B.-W. and MONISMITH, C. L. Calibration of
CalME models using WesTrack Performance Data. California Department of Transportation
Division of Research and Innovation Office of Roadway Research, Report n® UCPRC-RR-2006-
14. 2006.

[10] GONGALVES, F. J. P. Estudo do Desempenho de Pavimentos Flexiveis a partir de
Instrumentacdo e Ensaios Acelerados. Tese (Doutorado em Engenharia). Universidade Federal
do Rio Grande do Sul, Porto Alegre. 2002.

[11] LEANDRI, P.; BACCI, R.; DI NATALE, A.; ROCCHIO, P. and LOSA, M.
Appropriate and Reliable use of Pavement Instrumentation on In-service Roads. Airfield and
Highway Pavement 2013: Sustainable and Efficient Pavements, pp. 1424-1433. 2013.

[12] CHAVES, J. M. et al. Desenvolvimento do Modelo de Deterioracdo de Pavimentos
Asfalticos com Uso de Instrumentacdo e Sistema Weight in Motion. Autopista Ferndo
Dias/ANTT, Recursos para Desenvolvimento Tecnoldgico — RDT, Projeto 06, SGP/AFD_06
REV.0. 2016.

[13] RAHBAR-RASTEGAR, R. and DANIEL, J. S. Laboratory versus Plant Production:
Impact of Material Properties and Performance for RAP and RAS Mixtures. International
Journal of Pavement Engineering. pp. 1-12. 2016.

[14] PERRET, J. Déformations des Couches Bitumineuses au Passage D‘une Charge de
Trafic. 2003. 263 f. Tese (Doutorado em Engenharia Civil). Ecole Polytechnique Fédérale de
Lausanne, Lausanne. 2003.

[15] NASCIMENTO, L. A. H. do. Implementation and Validation of the Viscoelastic
Continuum Damage Theory for Asphalt Mixture and Pavement Analysis in Brazil. Dissertation
(Doctor of Philosophy). Faculty of North Carolina State University. Transportation Materials.
Raleigh, North Carolina — USA. 2015.

[16] FRITZEN, M. A. Desenvolvimento e Validacdo de Funcdo de Transferéncia para
Previsdo do Dano por Fadiga em Pavimentos Asfalticos. Tese (Doutorado em Engenharia).
Universidade Federal do Rio de Janeiro — UFRJ/COPPE. Rio de Janeiro. 2016.



