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Abstract Complex modulus and fatigue behavior

are important characteristics for all materials. Some

European countries have developed performance

oriented requirements for bituminous mixtures. Using

such requirements it is expected that the life of

pavements can be improved. According to the Euro-

pean standards, these properties are characterized by

various methods including two point bending (2PB) on

trapezoidal specimen and four point bending (4PB) on

prismatic specimen. It is known that the fatigue results

obtained are highly dependent, in addition to the

mixture variables and environmental variables, on

specimen fabrication procedure and test equipment

and procedure. Therefore the question remains how

comparable are the results obtained from these tests?

Up to date, a significant amount of data on comparison

of the results of such tests is absent. This paper

presents results of a Swiss inter-laboratory study on

2PB and 4PB tests for complex modulus and fatigue

conducted on a wide pallet of specimen produced from

aged field sections. The results show that a good linear

regression for complex modulus values were obtained,

however, the fatigue performance ranking obtained

from the two tests were dissimilar.

Keywords Two point bending � Four point bending �
Complex modulus � Fatigue � Asphalt concrete �
Performance requirements

1 Introduction

Complex modulus and fatigue behavior are important

characteristics for all engineering materials. A recent

state of the art report by Rilem has made the link

between repeated loading as a significant contributor

to rutting and fatigue in bituminous materials [1].

According to the European standards for bituminous

materials these properties can be characterized using

five methods [2, 3]. Those are two-point bending on

trapezoidal specimens, two point bending on prismatic

shaped specimen, three point bending test on prismatic

shaped specimens, four point bending test on prismatic

specimens and indirect tensile test on cylindrically

shaped specimens. Fatigue cracking is considered to

be one of the primary failure modes in asphalt concrete

and methods to ascertain fatigue behavior are an
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important aspect of performance based requirements.

Therefore, aside from the standard tests listed above

there are many other characterization methods that are

not as yet standardized [4]; however the focus of this

paper is on the standardized methods. Fatigue failure

can manifest itself in the form of reflective cracking as

a result of repeated traffic loading [5].This paper

reports on results of methods currently in use in

Switzerland i.e. two point bending on trapezoidal

specimens (2PB-TR, here referred to as 2PB) and four

point bending on prismatic specimens (4PB-PR, here

referred to as 4PB). The tests are performed on field

compacted bituminous materials under sinusoidal

loading, using different types of specimens and

supports. The procedure is used to rank bituminous

mixtures on the basis of complex modulus, as

indication of relative performance in the pavement,

to obtain data for estimating the structural behavior in

the road and to judge test data according to specifi-

cations for bituminous mixtures. The fatigue behavior

of the material is used to gain insight into the

pavement’s resistance to repeated loads affecting the

pavements serviceability and life.

Some European countries have developed perfor-

mance based requirements for complex modulus and

fatigue resistance. Using such requirements it is

expected that the life of pavements can be improved

as indicated by some evidence in the literature [6–9]. It

has been shown that the fatigue results obtained are

highly dependent, in addition to the mixture variables

and environmental variables, on specimen fabrication

procedure, test equipment and testing procedure [10].

Specifically a coefficient of variation of 41 % in

fatigue life based on test equipment and 33 % based on

the method of specimen preparation comparing rolling

wheel compactor and the kneading compactor was

measured. This data has led to the development of

different specifications for the different types of tests.

For example, In Hungary requirements for stiffness

and fatigue are specified based on test method used,

with different temperature and frequencies defined for

the different test methods [11]. Currently in Switzer-

land, performance oriented requirements exist for a

special type of pavement (AC-EME) only [12].

Where, EME is the French abbreviation of enrobé

module élevé which stands for high modulus asphalt

concrete. The requirements specified are for complex

modulus and for fatigue behavior obtained according

to the European standards mentioned above. The

minimum required complex modulus Smin is defined at

15 �C, 10 Hz to be 11,000 MPa. Furthermore, the

fatigue resistance is to be determined only using the

two point bending test on trapezoidal specimen and

requiring the minimum strain e6, which is defined

where 106 cycles are reached (at 10 �C, 25 Hz) to be

100le (lm/m).

Although the 4PB test is considered not trivial to

perform, it has become a standard test method

worldwide, as it allows a significant section of the

specimen to undergo fatigue loading. For example, in

the US the 4PB is used as basis for the mechanistic

empirical design guide (MEPDG) as one result of the

SHRP program [10]. It is still the topic of different

international conferences on 4 PB fatigue testing, such

as [13] and intensive inter-laboratory activities, e.g. by

RILEM [5]. Matthews et al. [14] give an overview

from the US, where they investigated laboratory

fatigue testing procedures for asphalt concrete mix-

tures. They summarized the steps necessary to mea-

sure the fatigue life in the laboratory and identified

advantages and disadvantages of different methods.

The three most promising methods were considered to

be simple flexure, diametral fatigue, and tests based on

fracture mechanics principles. The use of the 2PB test

is more common in many European countries. The

results of a Rilem inter-laboratory study on various

fatigue tests were presented by Di Benedetto et al. [5]

which shows that the classical fatigue approach is

considerably influenced by test type and mode of

loading (controlled stress or strain). They showed that

damage theory models may serve towards a rational

mechanistic fatigue characterization model. The expe-

rience with 4PB tests in Portugal indicated that using

laboratory produced samples at 20 �C test temperature

using any type of test set up can lead to variability in

complex modulus results of ±15–20 %. The results

for fatigue tests were reported as being similar [15].

A Rilem inter-Laboratory study [16] has summarized

the results of complex modulus measurements and

fatigue behavior from fifteen laboratories. Various test

set-ups were used including two 2PB and three 4PB

setups from Europe. They presented results for

complex modulus with measurements using small

strains, and therefore in the linear elastic range of the

material from the laboratories that used 4PB and 2PB.

These tests were carried out on laboratory produced

specimen and were conducted at a temperature of 0

and 20 �C and at frequency of 1 and 10 Hz each.
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Results indicate that there is wider scatter in complex

modulus at higher temperature and lower scatter in

phase angle. Comparing only 2PB and 4PB, a

maximum difference of 17 % in complex modulus at

20 �C and 1 Hz and 24 % in phase angle at 0 �C and

10 Hz was measured. The general conclusion was that

the bending tests were in close agreement compared to

other type of tests performed in the study.

Theoretically the modulus obtained in the linear

visco-elastic region is a temperature dependent mate-

rial property that should not vary significantly when

using different test methods. However, as discussed

above, depending on the test procedure used, a

considerable variation in the results can be expected,

thereby bringing up the question of performance

oriented requirements and their validity for various

test conditions.

As indicated above the information available in the

literature is overwhelmingly on laboratory prepared

specimen. Performance of field compacted specimen

is missing for the most part.

The goal of this paper is to present results of a Swiss

inter-laboratory study implementing 2PB and 4PB

tests for determination of complex modulus and

fatigue behavior conducted on a wide pallet of

specimen produced from pavement slabs cut from

aged field sections. These tests on slabs where

performance was known allowed to link lab fatigue

behavior with real in situ behavior. On the basis of the

obtained results the validity of performance based

standards using one test method is discussed and

recommendations are made. Furthermore, the require-

ments pertaining to sample size, NMAS (nominal

maximum aggregate size) and cutting all surfaces of

specimens are not always practically applicable when

field slabs are considered and this point is further

discussed in the following sections.

2 Materials and sample preparation

In this study, two wearing courses, three binder

courses and three base courses were selected from

high performance Swiss motorways as shown in

Tables 1 and 2. These sections were chosen in order

to allow a wide palette of slabs to be tested. The choice

of field slabs allows evaluating sections that were

exposed to traffic inducing structural defects, climate

and aging. This allowed more realistic specimen

leading to more realistic comparisons in terms of

performance. Although the pavements were aged

in situ, its conditions were not recorded and visual

inspection did not show any gross defects. A total of

252 experiments were performed on these eight types

of mixes. The choice of using specimen cut from

pavement slabs as opposed to laboratory prepared

samples was made in order to eliminate the effect of

various compaction methods that as discussed earlier

can have a significant effect on the results [10].

However, it should be noted that this selection meant

that the samples were at various stages of aging and

mechanical deterioration which in turn have a direct

effect on the obtained results.

The material specifications are shown in Table 2

with the mixture gradation in Fig. 1. The nominal

maximum aggregate size (NMAS) of the mixtures was

from 22.4 to 8 mm. As these were field slabs at

different stages of aging (1 year up to 14 years) not all

data was available. However, all layers and mixtures

were within the Swiss standards at the time of

construction. The known binder types were straight

run and SBS polymer modified. The binder contents

by mass of total mix are listed in Table 2; they vary

from 4.26 to 6.88 %. The mixture designations are

standard Swiss designations: asphalt concrete (AC),

stone mastics (SMA), rough asphalt (AC MR) and

high modulus (EME). The mix classification based on

traffic volume is: High (H) and standard (S). The

paving location is as follows: no designation means

wearing course with binder course (B) and base course

(T). The air void content of the cores from the slabs

varied from 1.5 to 9.2 %.

Table 1 lists the specimen dimensions for modulus

and fatigue tests. It is clear from the prismatic and

trapezoidal specimen sizes that the 2PB and 4PB

specimen have different thicknesses. This thickness

has a direct effect on the stiffness of the specimen and

the resulting values for modulus and fatigue. Accord-

ing to the standards [2, 3], all surfaces should be cut

and the specimen should be sawed from the center of

the slab allowing a 20 mm border however, practically

this condition could not be fulfilled in all cases. For

example, in the case of the two wearing courses (C1

and D1) this condition was not met due to the limited

layer thickness. Furthermore, the standard limits the

tests for specimen with maximum aggregate size of up

to 20 mm. This needs to be corrected as some

European countries such as Switzerland have different

Materials and Structures (2015) 48:2901–2913 2903



sieve sizes that allow 22 mm aggregates. The tests

performed in this project included samples with

maximum aggregate size, D of 22 mm.

3 Test methods and experimental program

The 2PB and 4PB tests are similar in many senses and

dissimilar in other. For example they are similar in the

sense that they produce a flexural stress state that

incorporates tension–compression in the specimen

[17]. The difference in the two tests is firstly regarding

specimen size shown in Table 1, the direction of

cutting and testing and the experimental setup.

Figure 2 illustrates how the specimens are cut from

the slabs. The different setups shown in Fig. 3 result in

the load application direction with respect to the

specimen that is different. Dondi et al. [17] have

presented a novel loading set up applying the 2PB load

vertically and installing the specimen horizontally as

they believe this loading direction affects the results.

The 4PB set up creates the highest flexural stress state

between the supports; failure usually occurs close to

the center of the specimen. The 2PB test set up creates

a state of stress with the highest stress state being about

1/3 from the glued bottom of the sample and this is

where the sample usually fails.

Two laboratories were involved in performing the

experiments reported here using the European stan-

dards formeasurement of complexmodulus and fatigue

resistance employing sinusoidal waveforms. 18 spec-

imens were tested for each material type. Complex

modulus tests were performed at temperatures of 10, 15

and 20 �C each at 3, 10 and 25 Hz loading frequencies.

Fatigue tests were performed at 20 �C and 25 Hz for

4PB (with one exception) and 10 �C and 25 Hz for

2PB. These different testing conditions are what is used

typically by the two labs.

During a fatigue test three distinct regions can be

identified. In region one, the reduction in stiffness

decelerates, in region II the reduction is almost linear

and in region III the reduction accelerates as shown in

Fig. 4. The number of cycles Nf/50 where the initial E*

modulus has been reduced by 50 % can be taken as

fatigue failure criterion. Also schematically shown in

Fig. 4 is the strain controlled fatigue failure curve.

This Wöhler type of curve shows that continuously

applying high strain amplitudes creates failure after

fewer numbers of cycles than when applying low

strain amplitudes. This allows defining another clas-

sical failure criterion e6 which denotes the applied

strain (i.e. strain amplitude) where fatigue failure

occurs just after 1 million cycles.

The 4PB setup used here includes a novel clamping

system that was designed to account for relaxation in

the beam and allow the required degrees of freedom at

the clamping locations. The complex modulus is

calculated from the measured force and relative

deflection between the inductive deformation sensor

(LVDT) placed in the center and a second one under

one support. Sampling takes place after the first 100

cycles until 200. For every cycle 50 values are

recorded. Here the complex modulus refers to the

absolute value of the complex number.

In the 2PB test, the modulus calculation is achieved

through the following steps: force and displacement

Table 1 Specimen dimensions, mixtures and layer type

Type pavement Layer Mix Depth NMAS Specimen dimensions (mm)

Nr. (mm) (mm) 2PB 4PB

Wearing course SMA11 C1 40 11 56 9 25 9 25 9 250 40 9 40 9 450

AC MR 8 D1 30 8 56 9 25 9 25 9 250 30 9 30 9 450

Binder course AC B 22H B2 90 22 70 9 25 9 25 9 250 50 9 50 9 450

AC B 22 S (HMT 22 S) C2 90 22 70 9 25 9 25 9 250 50 9 50 9 450

AC B 22S D2 70 22 70 9 25 9 25 9 250 N/A

Base course AC T 22 H B3 70 22 70 9 25 9 25 9 250 50 9 50 9 450

AC EME 22 (BBHM 22) F3 80 22 70 9 25 9 25 9 250 50 9 50 9 440

AC T 22 S (HMT 22 S) G3 80 22 70 9 25 9 25 9 250 N/A

Designation in parenthesis is according to the standards when the layer was placed. Dimensions are as follows: 2PB: wider

base 9 height 9 short base 9 length; 4 PB: base 9 height 9 length

2904 Materials and Structures (2015) 48:2901–2913
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signals are recorded in 1 s intervals. Sampling rate is

adapted to measurement frequency. Both signals are

analyzed with an algorithm to extract their amplitudes

and their phase difference (Labview’s software signal

processing algorithm). The values of amplitudes

(force and displacement) as well as the phase angle

are filtered with the calculation of a moving average of

n previous values. The n value is determined by the

operator (usually n = 20). The final measurement

values are noted generally 45 s to 1 min after setting

the test conditions. This delay meets the stabilization

time recommended by the EN 12697-26:2004 stan-

dard (30 s to 2 min) and is sufficient to fill entirely the

moving average buffer with values corresponding to

the measurement steady state.

4 Results and discussion

4.1 Complex modulus

The characterization of the material in the linear

viscoelastic region was done using both tests.

Fig. 1 Mixture gradation

chart

Fig. 2 Illustration depicting the 2PB-TR (red) and 4PB-PR

(green) specimens shown within the pavement (blue), (not to

scale). (Color figure online)

Fig. 3 Loading

configuration of 2PB test left

and 4PB right, dimensions

in mm

2906 Materials and Structures (2015) 48:2901–2913



Complex modulus and phase angle were determined at

the 100th cycle as prescribed by the standard with the

values presented being average values for four spec-

imens in Figs. 5 and 6.

Figure 5 indicates that the complex modulus values

of the wearing courses at 15 �C and 10 Hz frequency

are slightly lower than that of the binder and base

courses. This could be a result of the type of binder and

binder content and void content as the wearing courses

have higher binder contents (Table 2) with smaller

NMAS. The phase angles of the wearing courses were

higher than the binder and base courses (Fig. 6). The

higher phase angle is indicative of more viscous

property of the wearing courses. The higher binder

content and type of binder of the wearing courses is a

cause of these being more viscous. As mentioned

earlier and shown in Table 2, all samples were field

aged. However, the effect of age on these properties is

difficult to pinpoint and no trend could be identified.

Comparison of the two test methods indicates that

the complex modulus values of 4 PB are consistently

higher than for 2PB tests, in particular for wearing

courses. This is in line with international studies as

discussed in Sect. 1. The Rilem study [5] indicated a

maximum difference of 17 % in complex modulus and

-24 % in phase angle between the 2PB and 4PB tests.

Furthermore, the Rilem study was carried out on

laboratory compacted specimens, resulting in more

homogeneous samples in terms of aging, climatic

exposure and compaction method than the field

samples used in the current study. The difference in

the results presented here is partly due to the fact that

as discussed earlier, the 4PB and 2PB tests result in

different stress states in the material. Therefore it is not

expected to achieve the same results from the two

tests. Furthermore, the 4PB test exposes a larger area

of the material i.e. between the supports to fatigue

loading, and can therefore identify weak positions

better than the 2PB test where a smaller area is loaded.

An additional effect is the mass affecting inertia in

dynamic measurements as the two tests use different

specimen sizes with different masses. The different
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Strain controlled
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Fig. 4 Fatigue curves (complex modulus E*(N) and strain

controlled failure curve e(N)) showing three distinct regions and
different definitions for fatigue failure criteria

Fig. 5 Initial complex

modulus values, E�
100, of all

the materials tested at 15 �C
and 10 Hz as required by the

Swiss annex to the standard
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size attributes to the stiffness of the samples that also

affect the results. A further factor affecting the results

is the fact that the 2PB specimens are glued whereas

the 4PB specimens are clamped. Nevertheless, as

shown in Figs. 7 and 8, for all data there is a good

relationship between the 4PB and the 2PB results. The

regression is shown in Eq. (1) for the complex stiffness

modulus and (2) for phase angle:

E�
100;4PB ¼ 1:081E�

100;2PB R2 ¼ 0:84
� �

; ð1Þ

U100;4PB ¼ 1:31U100;2PB R2 ¼ 0:76
� �

; ð2Þ

where E* is the complex modulus,U is the phase angle

and 100 indicates values at the 100th cycle as defined

earlier as initial complex modulus and phase angle.

Considering only all AC 22 specimen, a correlation

coefficient R2 of 0.91 and 0.92 exists for both complex

modulus and phase angle that indicate better agree-

ment between 4PB and 2PB results for this type of

pavement material. Similarly, the regression curve for

other materials, i.e. SMA, AC MR and AC EME is

lower with 0.90 and 0.76 for complex modulus and

phase angle respectively. These results do not corrob-

orate the Rilem inter-laboratory study results compar-

ing 4PB and 2PB at 20 �C and 10 Hz that indicate a

decrease of 14 % for modulus and increase of 18 %

for phase angle.

An overall impression can be obtained from Figs. 5

and 6. This figure shows all the materials tested at

15 �C and 10 Hz as required by the Swiss annex to the

standard. As seen, the scatter in the results (for 4PB) as

well as difference between 2PB and 4PB was higher

for ACMR 8 and AC EME 22. ACMR 8 samples used

in 4PB tests were the thinnest tested (30 9 30 mm)

with a rough surface (not cut). This sample size and the

rough surface discussed below had an effect on the

4PB results as the sample mass was, as a result, too

small and the effect higher especially at 25 Hz. The

Fig. 6 Phase angle,U100, of

all the materials tested at

15 �C and 10 Hz as required

by the Swiss annex to the

standard

Fig. 7 Regression of initial complex modulus, E�
100, between

4PB and 2PB tests for all data (10, 15, 20 �C and 3, 10, 25 Hz),

equality line shown in blue. (Color figure online)
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sample size of the 2PB specimen was also limited

(25 9 25) due to the layer thickness. Also, in this case,

it was not possible to cut the top 20 mm. In general, as

shown, the scatter in the results is higher for 4PB than

2PB. In addition, if the results from 3 and 10 Hz are

projected for 25 Hz, the 4PB complex modulus results

at 25 Hz are below expected values and the phase

angle at 25 Hz are above expected values. This can be

attributed to the shape of the sine curve for the applied

force as at this frequency the sine curve is not smooth

and mathematical compensation can miss the peaks.

The fact that the results at 25 Hz were independent of

temperature shows that the origin of this problem is

not due to the setup. The results look closer to the

expected values in case of materials with higher

complex moduli as discussed above (i.e.

[10,000 MPa).

Presentation of the results in terms of Black

diagrams (|E*| vs. /) allow elimination of the

temperature factor and calculation of the linear

visco-elastic modulus at zero phase angle. Table 3

summarizes the results of the Black diagrams and

Fig. 9 shows an example for nine specimens for each

test type for material B2. It can be seen that the linear

visco- elastic modulus obtained from 2PB and 4PB

tests are not equal in most cases. The difference is

between zero and 36 %. However the slopes in the

Black diagrams, i.e. the relationships between com-

plex modulus |E*| and phase angle /, are similar. The

slope of the (|E*| vs. /) are also an indication of the

degree of viscosity. The results in Table 3 show that

the base courses are more viscous than the binder and

wearing courses.

Due to size limitations the two wearing courses C1

and D1 were not cut on the surface as required by the

standards. This uncut surface has a negative effect on

the results as it introduces more inhomogeneity and

cracks as can be seen in more scatter in the results.

This is especially noticeable at 25 Hz and in the phase

angle values. On the other hand it reflects performance

in a realistic way.

As shown in Figs. 5 and 6, the results from 2PB

tests for D2 and G3were very similar to those obtained

for other AC B 22 materials. Therefore further 4PB

tests were not done on these materials.

4.2 Fatigue

During the fatigue tests, the complex modulus con-

tinuously reduces and the phase angle continually

increases as shown in the example of Fig. 10 for AC B

22 H. The test is terminated when the complex

modulus reaches 50 % of its original value. This is an

international standard as well as a European one. As

discussed earlier, during a fatigue test, three distinct

regions can be identified. In the example shown in

Fig. 10, the first and second phase of this development

can be clearly observed. As this particular test was

terminated when the complex modulus reached the

50 % value, no third phase can be seen. It can be

observed from this data that the specimen’s initial

modulus defined at 100 cycles was 13’973 MPa, and

final complex modulus was 6,960 MPa. There are

some outliers that should be accounted for and

disregarded in the data analysis so that the specimen

is not considered already damaged too early. This is

accounted for in the 4PB tests by defining failure when

20 consecutive measurements are below the failure

criterion. In the 2PB tests, this is accounted for by

defining failure when 90 consecutive measurements

are below the failure criterion. The different criteria

are due to different experiences of the two labs.

A sample of the results of the experiments is shown

in Fig. 11. The curves show the relationship between

fatigue failure criteria Nf/50 (or specimen break) and

applied strain amplitude e. Fatigue data obtained using
bending tests, where the stress or strain is repeated

until the specimen fails, can be expressed using the

Wöhler type fatigue line which was drawn by making

Fig. 8 Regression of initial phase angle, E*100 between 4PB

and 2PB test for all data (10, 15, 20 �C and 3, 10, 25 Hz),

equality line shown in blue
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a linear regression between the decimal logarithms of

Ni and the decimal logarithms of ei as defined in the

standard and shown in Eq. (3):

Log Nfð Þ ¼ aþ 1

b

� �
� LogðeÞ; ð3Þ

where, e is the amplitude of the tensile strain

repeatedly applied; a and b are material coefficients;

and Nf is the number of load applications to failure.

The material coefficient ‘‘a’’ is the ordinate of the

fatigue line and ‘‘1/b’’ is the slope. Table 4 shows the

material constants of Eq. (3) as obtained from the 2PB

and 4PB tests for the tested samples. It is clear from

these data that the material constants from the two

types of experiments are not the same. From the

material coefficients a and b, the resistance to fatigue

at 1 million cycles defined as e6 can be calculated from
Eq. (3) and is shown in Table 4.

In general, the data in this study indicates that there

is agreement only in some cases between the results

obtained from the two tests as performed under this

study. The difference in fatigue resistance obtained

through e6 is shown in Table 4. It can be seen that the

e6 values vary between 6 and 63 %. This difference

can be attributed in addition to the sample size and set

up to the different test temperatures.

Table 3 Pure linear visco-elastic modulus from black diagrams

Type Layer Mix E�
100 @ U = 0 (MPa) Regression 2PB Regression 4PB

Designation 2PB 4PB % diff Slope R2 Slope R2

Wearing course SMA 11 C1 17,123 16,284 -5 -420 0.97 -231 0.63

AC MR 8 D1 14,622 18,957 30 -429 0.97 -315 0.98

Binder course AC B 22 H B2 19,986 24,049 20 -625 0.99 -769 0.98

AC B 22 S C2 19,959 22,354 12 -615 0.98 -694 0.93

AC 22 S D2 21,852 N/A N/A -652 0.99 N/A N/A

Base course AC T 22 H B3 19,679 19,767 0 -985 0.99 -886 0.93

AC EME 22 F3 19,695 26,728 36 -917 0.99 -895 0.98

AC T 22 S G3 21,345 N/A N/A -789 0.97 N/A N/A

N/A not applicable

Fig. 9 Black diagram for

AC B 22 H
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As mentioned earlier the fatigue tests were planned

to be at 20 �C and 25 Hz for 4PB tests and 10 �C and

25 Hz for 2PB. The temperature plays a significant

role in the modulus values as shown in Sect. 4.1. Thus

it can be expected that the fatigue behavior of the two

tests would be different. Nevertheless for section D1

the temperature was reduced to 10 �C as the cross

section of the samples (30 mm 9 30 mm) made them

too weak for the 4 PB test setup. As shown in Fig. 12

at 10 �C there is good agreement between the 4PB and

2PB results. The largest difference in the fatigue

curves was seen for SMA11. This difference is also

partially due to temperature as well as the small size of

the wearing course specimens (40 mm 9 40 mm)

which made them also weak for the 4PB setup, thus

producing a large scatter. Furthermore, this is in

addition due to the uncut top surface as discussed in

the previous section. On the other hand the tested

samples reflect actual field conditions regarding

sample size and shape and therefore provide an

opportunity to test specimen with field properties.

Figure 12 presents the values of strain e6 at one

million cycles, an indication of fatigue resistance for

all materials tested. In most cases, the ranking

obtained is dissimilar. It is important to note that the

age and the field performance history of the samples

play a role in defining fatigue life and resistance to

fatigue. For example AC MR 8 (D1) was 1 year in

service and has the highest value of e6 whereas AC B

22 S (C2) was already 11 years in service with a lower

e6. The ranking obtained by 4PB indicates ACMR 8 as

the most fatigue resistant and SMA11 as the least. This

ranking is dissimilar with the 2PB one where also AC

MR 8 is ranked highest with AC T 22 being the least

fatigue resistant.

5 Conclusions

Results of a Swiss inter-laboratory study of 2PB and

4PB tests for complex modulus and fatigue conducted

Fig. 10 The development

of complex modulus and

phase angle during a 4PB-

PR fatigue tests at 20 �C and

25 Hz (sample B21: AC B

22 H)

Fig. 11 Fatigue diagram showing relationship between fatigue

failure criteria Nf/50 and applied strain amplitude e of four point
bending 20 �C and 25 Hz and two point bending at 10 �C and

25 Hz for AC B 22 S
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on a wide pallet of specimen produced from pavement

slabs cut from aged field sections were presented.

These tests on slabs where performance was known

allowed to link lab fatigue behavior with real in situ

behavior. It was shown that the European standard

requirements pertaining to sample size, NMAS and cut

surfaces are not always practically applicable when

field slabs are considered.

The results show more scatter in the data of 4PB

tests in comparison to 2PB tests. Using the regression

comparing complex modulus values of 4PB and 2PB it

was shown that 4PB values were about 8 % higher

than 2PB tests. A linear regression between 2PB and

4PB tests with correlation coefficient R2 of 0.84 for

complex modulus and 0.76 for phase angle was

determined. The complex modulus results of 4PB

tests at 3 and 10 Hz loading frequency were in

agreement with 2PB however at 25 Hz the 4PB results

were below expected values in some cases. Black

diagrams showed that the linear visco- elastic modulus

obtained from 2PB and 4PB tests were not equal in

most cases. The difference was between zero and

Table 4 Material constants and e6 obtained from 4PB and 2PB based on Eq. (3) 2PB-TR at 10 �C, 4PB-PR at 20 �C both at 25 Hz

Type Layer Mix 2PB 4PB e6 % Diff

Desig. a 1/b R2 a 1/b R2 2PB 4PB In e6

Wearing course SMA 11 C1 20.2 -6.6 0.95 9.6 -2.1 0.24 142 52 63

AC MR 8 D1 22.4 -7.2 0.86 20.4a -6.4a 0.79a 190 178a 6

Binder course AC B 22 H B2 20.7 -6.96 0.95 21.74 -7.2 0.85 129 154 -19

AC B 22 S C2 15.43 -4.50 0.91 13.26 -3.76 0.6 125 85 32

AC B 22 S D2 20.2 -6.40 0.83 165

Base course AC T 22 H B3 18.16 -6.04 0.8 19.02 -6.8 0.22 103 82 20

AC EME 22 F3 25.44 -9.23 0.86 17.98 -5.62 0.89 128 135 -6

AC T 22 S G3 15.73 -4.81 0.84 105

a Values at 10 �C and 10 Hz

Fig. 12 Fatigue resistance

e6 at one million cycles for

2PB (at 10 �C) and 4PB (at

20 �C) tests, with the

exception of 4PB AC MR 8

at 10 �C
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36 %. However the slopes in the Black diagrams, i.e.

the relationships between complex modulus |E*| and

phase angle /, were similar.

The difference in fatigue resistance obtained

through e6 showed that the e6 values obtained by

2PB and 4PB vary between 6 and 63 %. In addition the

ranking with regard to fatigue resistance was dissim-

ilar. The material coefficient ‘‘a’’, the ordinate of the

fatigue line and ‘‘1/b’’ the slope obtained from the 2PB

and 4PB tests showed that the material constants from

the two types of experiments are not the same.

The values obtained for AC EME 22 fulfill the only

requirement for complex modulus (E�
100) and resis-

tance to fatigue (e6) in the Swiss standards. It is

important to note that these tests were performed on

aged specimen from the road and actual complex

modulus and resistance to fatigue values for produc-

tion of new materials can be different from these.

The two wearing courses with 40 and 30 mm depth

were tested and results presented. However, wearing

courses of Swiss motorways are not subjected to

fatigue failure in bending mode and from a practical

point of view there is no need to evaluate their fatigue

performance. In general, determining fatigue bending

properties of pure wearing courses for pavements with

stiff base and sub-bases is not recommended. On the

basis of the obtained results the validity of perfor-

mance based standards using one test method is

discussed and it is recommended that test specific

performance standards be developed as the different

tests result in different requirements. As a result of this

research project a follow up project is defined where

performance oriented requirements for various types

of Swiss pavements will be developed. Furthermore,

comparisons between laboratory measured fatigue life

and the field fatigue service life should be made.
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