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ANALYSIS OF THE CORRELATION BETWEEN
THE STATIC AND FATIGUE TEST RESULTS OF THE
INTERLAYER BONDINGS OF ASPHALT LAYERS

A.SZYDLO', K. MALICKI?

The bonding state of the asphalt layers in a road pavement structure significantly affects its fatigue life. These
bondings, therefore, require detailed tests and optimization. In this paper, the analyses of the correlation between
the results of laboratory static tests and the results of fatigue tests of asphalt mixture interlayer bondings were
performed. The existence of the relationships between selected parameters was confirmed. In the future,
the results of these analyses may allow for assessment of interlayer bondings’ fatigue life based on the results

of quick and relatively easy static tests.
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1. INTRODUCTION

The structure of flexible road pavement consists of interconnected layers of asphalt mixtures in the
upper section. The state of bonding between the layers plays an important role in the durability of
the whole structure. In the absence of an adequate bond, interlayer bond weakening and acceleration
of road pavement degradation occur [1, 2, 3, 4, 5]. Typically, relatively easy and quick static
methods are used for laboratory evaluation of interlayer bonding strength. However, interlayer
bondings are subject to dynamic load coming from car wheels. Thus, their degradation over time
should rather be seen as a fatigue process.

Static and fatigue tests of interlayer bondings were conducted by Diakhaté et al. [6]. A comparison

of the test results was performed and a formula was proposed to determine the fatigue life of the
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bonding. Fatigue tests were also carried out by Jaskuta [7]. It was observed that, at high shear stress,
the factor determining the durability of the bonding is the occurrence of the interlayer tack coat.

In this paper, an attempt was made to analyze the correlation between the results of static tests and
fatigue tests of interlayer bondings carried out under shear mode. By comparing the results, the
occurrence of significant trends and relationships were sought. Fatigue analysis is based on the
results obtained by an individual laboratory research method [8]. Similar analyses, in the future,
may allow for assessment of fatigue life of asphalt mixture interlayer bondings based on the results
of quick and relatively easy static tests. Thus, it is a key issue both from the scientific and technical

point of view as well as the economic one.

2. RESEARCH METHODS AND THE EVALUATION PARAMETERS OF
INTERLAYER BONDING PERFORMANCE
The tests on interlayer bondings were conducted in shear mode in the Leutner apparatus using static
load and cyclic load causing the fatigue process. The tests were carried out at a temperature of +20 ©

C. This paper presents only selected parameters and the most important elements of the research

methods used; their wider description can be found in the literature [8, 9, 10].

2.1. STATIC TESTS

The static tests were based on the German manual [11] and its Polish counterpart [12]. The Leutner

apparatus used in the shear tests is shown in Figure 1.
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Fig. 1. The Leutner apparatus for testing asphalt mixture interlayer bondings under shear load together

with the sample prepared for testing
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During the test, the equilibrium path of the interlayer bonding performance between an applied
shear stress t and occurring vertical displacement p is achieved. The shear stress was determined as
the ratio of shear force to the sheared surface area of the specimen. A sample graph for the Gl

sample is shown in Figure 2.
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Fig. 2. Equilibrium path of the interlayer bonding performance for the G1 sample with a diameter of 100 mm

The analysis of the resulting equilibrium path can be differentiated into four typical work stages of
bonding that can be described using the selected parameters.

A zero stage of a variable length occurs at the beginning of the test and is associated with an
adjustment of the sample to the testing apparatus. It is not included in the basic description of the
material performance.

In the next, or first work stage, the period of stable response of the tested bonding is visible.
Through the regression method, a line tangent to the graph t — p is determined, which is denoted by
the green line in Figure 2. The extension of the regression line to the abscissa allows for introducing
a parameter of the adjusted displacement p; and allows elimination of the influence of the zero stage
on further descriptions of the bonding performance. p;, parameter is defined as a displacement
between the point of intersection of the tangent to the function with the abscissa and the

displacement corresponding to the maximum tangential stress.
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The resulting linear relationship describes solid rigidity of the bonding at this stage of its operation.
This rigidity can be expressed by the Goodman model and written as an interlayer reaction

tangential modulus K [MPa/mm] according to the following formula [1]:

_
@.1) K=o

where:
dr — increase of interlayer shear stress at the stage of solid rigidity of the bonding [MPa], dp, — increment of

adjusted interlayer displacement corresponding to the growth of shear stress dr [mm].

The second instantaneous stage concerns the moment of maximum shear stress, marked in Figure 2
with a red circle. The evaluation parameter of this stage is the shear strength of the bonding z.
[MPa], defined as the ratio of the maximum shear force set to the surface area of the sample
subjected to shear [12].

After obtaining the maximum value of shear stress, a third agreed stage of the work occurs in which
it is assumed that the bonding is damaged and no longer carries the load.

Thus, whereas four stages of bonding operation (including the zero stage) were distinguished, only
the first and second stages were picked for further analysis. The parameters adopted for the

operation description for those stages are summarized in Table 1.

Table 1. Parameters of bonding operation description for the selected stages

Stage number Stage name Evaluation parameters Pal:amefer
designation
o Interlayer reaction tangential modulus K
I Solid rigidity stage ) )
Adjusted displacement Pk
1I Strength stage Shear strength 7.

2.2. FATIGUE TESTS

In the development of interlayer bonding strength test methods, a method of direct shear under
cyclic load was developed. The test was carried out in a controlled stress mode with a coefficient of
cycle asymmetry R = 0. The load at a frequency of 0.833 Hz with a duration of 240 ms was applied.
The stand for the fatigue test of interlayer bondings is shown in Figure 3.
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Fig. 3. Stand for fatigue tests using shearing

The developed fatigue testing method was based on the concept of dissipated energy by Van Dijk
[13], which found a widespread use in the research of the asphalt mixture fatigue process [14, 15,
16, 17]. At sinusoidal loading the dissipated energy in a cycle in testing material can be represented

by the following formula:

2.2) W=m-0-¢"sing

where:
W — dissipated energy per cycle, per unit volume [J/m’], o, & — stress and strain amplitude [MPa], [-],

¢ — phase angle [rad].

The method assumes that there are three phases of material degradation: the initial stabilization
phase, the phase of micro-crack initiation and propagation and the phase of macro-crack formation
and propagation leading to the destruction of the material. An example of interlayer bonding

degradation in the form of changes in displacement « during the fatigue test is shown in Figure 4.
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Fig. 4. Displacement in interlayer bonding of G5 sample during the fatigue test

Using a dissipated energy parameter at the beginning of the test and the dissipated energy in the
given load cycle, their ratio is determined, written as a symbol of the ER (Energy Ratio). It may be
represented by the product of the asphalt mixture stiffness modulus in the given load cycle and the
number of load cycles N. The shear stiffness modulus for the interlayer bonding 4K [MPa/mm] was

defined by following formula [6]:

A
(2.3) AK(N) = A_H{N)

where:
Af — range of the shear force [kN], # — displacement in the given load cycle [mm], 4 - initial cross-sectional

area of the sheared sample [mm?].

For such defined parameters, it is possible to determine maximal coefficient ER(N). It was
identified with the occurrence of macro-cracks in the examined interlayer bonding and adopted as a
criterion for destruction. For that moment of the test, the value of the displacement u,, occurring in
the bonding and the value of the shear stiffness modulus 4K, were determined.

For the model description of the bonding fatigue life, the Wohler law was used according to the

following equation [6]:

2.4) At=a-N!

where:

At — range of the shear stress defined as the ratio of shear force range to the initial shear surface of the
sample [MPa], N,, — number of load cycles until the occurrence of macro-cracks in the bonding [-],

a, b — coefficients calculated by linear regression.
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3. PREPARATION OF SAMPLES

The tests used layered cylindrical samples prepared by the static method. Stone mastic asphalt with
a maximum aggregate size equal to 11 mm (SMA 11) was used for the wearing course and asphalt
concrete with a maximum aggregate size equal to 20 mm (AC 20) was used for the binder course.
An example of a sample prepared for the test is shown in Figure 1.

Three variants of performing the bonding and their summaries are given in Table 2.

Table 2. Summary of interlayer bonding variants

Description of the bonding conditions Series designation
Modified bituminous emulsion tack coat F
Lack of tack coat G
Geosynthetic glued by modified bituminous emulsion H

In the F series, polymer modified bituminous emulsion in an amount of 0.2 kg/m? of the remaining
asphalt was used as a tack coat. The G Series included the interlayer bonding in which no tack coat
was introduced to form a bonding layer. In the H series, a glass-carbon grid, designed for the
reinforcement of asphalt pavement layers and glued through modified bituminous emulsion in the
amount of 0.18 kg/m?, was introduced [18]. The spreading of the emulsion and the geosynthetic was
performed manually. Samples with a geosynthetic interlayer were made with a diameter of 150.0
mm and the others, a diameter of 101.5 mm. The tests were carried out on 90 samples. The detailed

sample preparation method was described in [8].

4. ANALYSIS OF THE CORRELATION BETWEEN SELECTED STATIC
AND FATIGUE TEST RESULTS
By comparing the results of static and fatigue tests, certain trends and relationships occurring

between them were sought. The values of the selected parameters determined in laboratory tests

were subject to analysis.
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4.1. PARAMETERS SELECTED FOR ANALYSIS

A comparison of the parameters listed in Table 3 was conducted.

Table 3. Summary of compared parameters

STATIC TESTS FATIGUE TESTS
Parameter Designation Parameter Designation
Average shear strength - Directional coefficient of fatigue a
curve
Average value of adjusted Average displacement at the time of
displacement Pha macro-crack Hma
Average value of interlayer reaction X Average value of shear stiffness UK
tangential modulus ¢ modulus at the time of macro-crack ma

4.2. ANALYSIS OF THE RESULTS OF STATIC STRENGTH AND THE COEFFICIENT OF

FATIGUE CURVE

It was observed that the value of the directional coefficients of the Wohler fatigue curves obtained
for the tested contact conditions corresponds to the average shear strength tested in the static test.
Compared values with the basic statistics are summarized in Table 4. The Wohler fatigue curves

were described in detail and illustrated in [9].

Table 4. Values of shear strength and directional coefficient of the fatigue curve for the tested series

. Average static Standard deviation Dlrectl(_)nal Coefﬁc_len§
Series . coefficient of determination
strength of static strength . .
of fatigue curve of fatigue curve
F 2,33 0,45 2,12 0,82
G 2,38 0,32 2,25 0,74
H 1,41 0,12 1,40 0,86

Among the values of the compared parameters, there were some differences. Distribution of the
results of static strength (Fgat, Gstat, Hstat) together with a standard deviation and values of the
directional coefficient of fatigue curves (Fg, G, Hrat) for each series are shown graphically in

Figure 5.
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Fig. 5. Distribution of the results of static and fatigue tests for each series

The observed differences were most likely due to the randomness of the fatigue process. Therefore,
it was necessary to conduct a statistical analysis to assess the occurrence of significant differences
between the parameters. For this purpose, the Student’s t-test was used to compare the value of the

statistical parameter #, determined according to Eq. (4.1), with its critical value [19].
“4.D t= |Tca_a|/s'\/H

where:
T, — average static shear strength of the bonding [MPa], a — directional coefficient

of fatigue curve, s — standard deviation of the average static strength, » — number of static strength test

results.

The analysis was performed at the significance level of 0.05 for the number of degrees of freedom

equal to 3. The results were summarized in Table 5.

Table 5. Summary of the analysis results of the significance of differences in average shear strength and directional

coefficients of fatigue curves

Series F G H
Average static shear strength 2,33 2,38 1,41
Value of the directional coefficient of fatigue curve 2,12 2,25 1,40
Statistical parameter ¢ 0,92 0,30 0,13
Critical value of the parameter ¢ 3,18 3,18 3,18
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For all analyzed series, statistical parameter # value was less than the critical value for the accepted
level of significance. Therefore, there were no statistically significant differences between the
average static strength and the value of the directional coefficient of fatigue curve.

Confirmation of the presence of such a relationship is an important element that can be used in the
future for the construction of regression models for interlayer bonding durability for the various

contact conditions based on the results of static strength tests.

4.3. ANALYSIS OF THE DISPLACEMENT RESULTS

In the next step of the analysis, the average values of adjusted displacement from static tests py, and
the values of displacement at the time of macro-crack u,,, were compared. The analysis assumes
that the shear strength 7., is treated as a range of shear stress 4t. Distribution of results is shown in
Figure 6. The three results on the right side of the graph relate to displacement obtained in static

tests px, and the results on the left side of the graph relate to fatigue tests.
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Fig. 6. Distribution of displacement results in static and fatigue tests

The test results indicate that the value of adjusted displacement in static tests is about twice higher
than the average displacement at the moment of macro-crack obtained in fatigue tests. It is difficult,
however, to clearly indicate the impact of the variant of bonding conditions on the resulting

displacement value.
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4.4. ANALYSIS OF MODULI RESULTS

In a similar way, the average values of shear stiffness modulus 4K, were compared for the applied
stress ranges and interlayer reaction tangential moduli K, determined in static tests. The distribution
of the results is shown in Figure 7. The three results on the right side of the graphs 7a and 7b

concern moduli K, obtained in the static tests.
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Fig. 7. Distribution of results of shear stiffness modulus and interlayer reaction tangential modulus together with the
rectilinear (a) and curved (b) function adjustment for the results of the G series

The distribution of results indicates the existence of a clear trend. Interlayer reaction tangential
moduli values are in the area of extrapolation of shear stiffness moduli trend obtained in the fatigue
tests. It is possible to determine both straight and curved dependencies between them. For example,
for interlayer bondings without a tack coat (G series), a very good correlation for both linear (Fig.
7a) and curved function (Fig. 7b) was obtained. In order to determine the final relationships, it is

necessary to undertake further static and fatigue tests.

5. CONCLUSIONS

In this paper, the selected results of static and fatigue tests based on the presented method were
compared. The results of the analysis confirmed the presence of significant correlations among the
selected test parameters of asphalt mixture interlayer bondings:
— No statistically significant difference between the average values of the shear strength in the
static tests and the directional coefficients of fatigue curves was proved.
— Adjusted displacement in static tests takes a value about twice as high than the displacement

at the moment of macro-crack in fatigue tests.
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Interlayer reaction tangential moduli values from the static tests are in an area of

extrapolation of shear stiffness moduli trend obtained in fatigue tests.

These results are crucial and, in the future, can be used to build regression models for interlayer

bonding durability for various contact conditions based on the results of quick and relatively easy

static studies. It is also reasonable to carry out further work on this issue because its results are

important from the scientific, technical and economic point of views.
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ANALIZA ZALEZNOSCI POMIEDZY WYNIKAMI STATYCZNYCH I ZMECZENIOWYCH BADAN POLACZEN

MIEDZYWARSTWOWYCH WARSTW MINERALNO-ASFALTOWYCH

Stowa kluczowe: potaczenie migdzywarstwowe mieszanek mineralno-asfaltowych, trwato$¢ zmeczeniowa

STRESZCZENIE:

Konstrukcja podatnej nawierzchni drogowej sktada si¢ w gornej czgsci z polaczonych ze soba warstw mieszanek
mineralno-asfaltowych (MMA). Stan tego polaczenia odgrywa istotng rol¢ w trwatosci catej konstrukcji. W przypadku
braku wlasciwego zwiazania nastgpuje ostabienie potaczenia migdzywarstwowego i przyspieszenie degradacji
nawierzchni. Zazwyczaj do laboratoryjnej oceny stanu polaczen migdzywarstwowych wykorzystywane sa stosunkowo
tatwe i szybkie metody statyczne. Jednak potaczenia miedzywarstwowe pracuja pod obciazeniem dynamicznym od kot
pojazdéw samochodowych. Zatem ich degradacj¢ w czasie nalezy rozpatrywac raczej jako proces zmgczeniowy.

W niniejszej pracy podjgto probe analizy zaleznosci pomigdzy wynikami badan statycznych a wynikami badan
zmeczeniowych potaczen migdzywarstwowych realizowanych w warunkach $cinania. Porownujac wyniki poszukiwano
wystgpowania pomigdzy nimi istotnych zaleznosci i tendencji. Analizy zmeczeniowe oparto na wynikach uzyskanych
wg wlasnej laboratoryjnej metody badawczej.

Badania pofaczen migdzywarstwowych przeprowadzono w trybie $cinania w aparacie Leutnera z zastosowaniem
obciazenia statycznego oraz cyklicznego powodujacego proces zmgczeniowy. Badania przeprowadzono w temperaturze
+20°C. W niniejszej pracy przedstawiono jedynie wybrane parametry oraz najwazniejsze elementy zastosowanych
metod badan a ich szerszy opis znajduje si¢ w literaturze.

Analiza otrzymanej $ciezki rOwnowagi w badaniach statycznych umozliwia wyrdznienie czterech charakterystycznych
etapow pracy polaczenia, ktore moga zosta¢ opisane za pomoca wybranych parametréw. Zerowy etap o zmiennej
dhugosci wystepuje na poczatku badania i zwigzany jest z dopasowaniem probki do aparatury badawczej. Nie jest on
uwzgledniany w zasadniczym opisie pracy materiatu. W kolejnym, pierwszym etapie pracy widoczny jest okres
stabilnej odpowiedzi badanego potaczenia. Metoda regresji wyznaczana jest prosta styczna do wykresu napre¢zenie —
przemieszczenie. Przedtuzenie linii regresji do osi odcigtych umozliwia wprowadzenie parametru przemieszczenia
skorygowanego pozwalajacego na eliminacj¢ wptywu zerowego etapu na dalszy opis pracy polaczenia. Parametr ten
zostal zdefiniowany jako przemieszczenie pomig¢dzy punktem przecigeia linii stycznej do wykresu z osig odcigtych
a przemieszczeniem odpowiadajacym maksymalnemu naprezeniu stycznemu. Uzyskana zaleznos¢ liniowa opisuje stata
sztywnos¢ potaczenia na tym etapie jego pracy. Sztywnos$¢ ta moze zostaé wyrazona przy uzyciu modelu Goodmana.
Drugi, chwilowy etap dotyczy momentu wystapienia maksymalnego naprezenia stycznego. Parametrem oceny tego
etapu jest wytrzymato$ci potaczenia na $cinanie, zdefiniowana jako stosunck maksymalnej zadanej sily $cinajacej
do pola powierzchni probki poddanego $cinaniu. Po uzyskaniu maksymalnej wartosci napr¢zenia stycznego nastgpuje
trzeci umowny etap pracy w ktorym zaktada sig, iz polaczenie ulega zniszczeniu i przestaje przenosi¢ obcigzenie.
Wyrézniono zatem cztery etapy pracy polaczenia (facznie z zerowym), natomiast do dalszych analiz wybrano etapy
pierwszy i drugi.

W rozwoju metod badan wytrzymatosci potaczen migdzywarstwowych opracowano metod¢ bezposredniego $cinania
pod obciazeniem cyklicznym. Badania zrealizowano w trybie kontrolowanego napr¢zenia o wspétczynniku asymetrii

cyklu R=0. Zastosowano obcigzenie o czgstotliwosci 0,833 Hz, z czasem trwania wynoszacym 240 ms.
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Opracowana metoda badan zmeczeniowych zostata oparta na koncepcji energii rozproszonej Van Dijk’a, ktora znalazta
szerokie wykorzystanie w badaniach procesu zmeczenia MMA. W metodzie zaktada si¢ wystgpowanie trzech faz
degradacji materiatu: poczatkowej fazy stabilizacji, fazy inicjacji i propagacji mikropgknie¢ oraz fazy powstania
i propagacji makropgknigcia az do zniszczenia materiatu.

Wykorzystujac parametr energii rozproszonej na poczatku badania oraz energii rozproszonej w danym cyklu obciazenia
wyznaczany jest ich stosunek, ktory zapisywany jest symbolem ER (Energy Ratio). Moze on by¢ reprezentowany
poprzez iloczyn modutu sztywnosci MMA w danym cyklu obcigzenia oraz liczby cykli obcigzenia N.

W badaniach wykorzystano warstwowe probki cylindryczne przygotowane metoda statyczng. Na warstwe $cieralng
uzyto mieszanke grysowo-mastyksowa (SMA 11), a na warstweg wigzaca beton asfaltowy (AC 20). Rozwazno trzy
warianty wykonania potaczenia.

Zaobserwowano, iz warto$¢ wspotczynnikéw kierunkowych krzywych zmeczeniowych Wohlera uzyskanych
dla badanych warunkéw kontaktu koresponduje z $rednig wytrzymatos$cia na $cinanie badang w probie statycznej.
Potwierdzenie wystgpowania takiej zaleznosci stanowi istotny element, ktory moze zosta¢ w przysztosci wykorzystany
przy budowie modeli regresyjnych trwatosci potaczen migdzywarstwowych dla réznych warunkéw kontaktu w oparciu
o wyniki badan wytrzymatosci statyczne;j.

Wyniki badan wskazuja, iz przemieszczenie skorygowane w badaniach statycznych przyjmuje okoto dwukrotnie
wyzsza warto$¢ niz $rednie przemieszczenie w momencie makropgknigcia uzyskane w badaniach zmeczeniowych.
Trudne jest natomiast wskazanie wyraznego wplywu wariantu wykonania polaczenia na uzyskana warto$é
przemieszczenia.

Uzyskany rozklad wynikow wskazal na wystegpowanie wyraznej tendencji. Wartosci modutéw stycznych znajduja
si¢ w obszarze ekstrapolacji trendu modutéw sztywnosci Scinania uzyskanych w badaniach zmeczeniowych. Mozliwe
jest wyznaczenie migdzy nimi zaréwno zaleznosci prosto jak i krzywoliniowych. Dla polaczen migdzywarstwowych
bez warstwy sczepnej uzyskano bardzo dobra korelacje zaréwno dla funkcji prostoliniowej jak i dla funkcji
krzywoliniowej. W celu wyznaczenia ostatecznych zaleznos$ci konieczne jest podjgcie dalszych badan statycznych
i zmgczeniowych.

Rezultaty przeprowadzonych analiz potwierdzily wystgpowanie istotnych zaleznosci pomigdzy wybranymi
parametrami badan potaczen migdzywarstwowych MMA. Uzyskane rezultaty stanowig wazny krok i moga zostaé
w przysztosci wykorzystane przy budowie modeli regresyjnych trwatosci potaczen miedzywarstwowych dla réznych
warunkow kontaktu w oparciu o wyniki szybkich i stosunkowo tatwych badan statycznych. Zasadne jest rowniez
prowadzenie dalszych prac dotyczacych tego zagadnienia, gdyz ich wyniki sa istotne zaréwno z punktu widzenia

naukowo-technicznego jak i ekonomicznego.



