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TEST AND DESIGN PARAMETERS OF ELASTIC STIFFNESS

AND PERMANENT DEFORMATION

INTRODUCTION

Elastic and plastic characteristics of bituminous layers are required for flexibel

pavement design and evaluation of mix design of bituminous mixtures. The defor-

mation response of bituminous layers under loading is composed of recoverable

and irrecoverable deformations. The recoverable deformation consists of pure

elastic (time-independent) and viscoelastic (time dependent) deformations. The

recoverable deformation characteristic, which related to bearing capacity or

cracking distress, is evaluated by the stiffness of the bituminous layer. The irre

coverable deformation consists of plastic (time-independent), viscous (time-

dependent) and viscoplastic (time dependent) deformation. The irrecoverable de-

formation characterstic, which related to rutting due to excessive permanent defor

mation, is evaluated by accumulated permanent deformations or the viscos para-

meter of the bituminous mixture. This paper will discuss the design parameters

and the test methods at the laboratory for the stiffness and the permanent de

formation of bituminous mixtures.
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STIFFNESS OF BITUMINOUS MATERIALS

One of the most fundamental properties of a bituminous material is the modulus

of stiffness, which is required as a material character for exible pavement design

and mix design analysis of bituminous materials.

The term stiffness or stiffness modulus has been used by Van Der Poel [l] to

define the stress to strain ratio of bitumen, and to avoid using modulus of elasticity

(Young s Modulus), which means the stress being directly proportional to strain

and independent on the strain rate and temperature. The stress to strain ratio of

bituminous materials is primarly dependent on temperature, loading frequency and

the stress magnitude at an elevated stress level. Thus the material is defined as a

non-linear viscoelastic material. Whereas, at a relatively low stress level, bitumi

nous materials may be defined as an approximately linear viscoelastic material for

practical use. This means that the stiffness may be used as a material constant at a

given temperature and loading frequency in structural analysis of bituminous

mixtures. The stiffness modulus, in genereal, is simply defined as the ratio of

stressto strain induced by loading bituminous material and the strain may be

founded on the total deformation or only on the recoverable deformation. This de-

finition is vague because the stiffness value is dependent on the loading procedure

and the way the deformation measurement (total or elastic) is carried out. The

term elastic denotes all recoverable (resilient) deformations whether they are pure

elastic (time-independent) or viscoelastic (time dependent) deformations [2]. Mo-

duli, based on dynamic or repetitive loading are discussed here, since the stresses

need to be repeatedly applied to represent successive wheel passes [3] and they are

frequently used.
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Testing procedure

The moduli of bituminous mixtures have been measured in the laboratory by diffe

rent test methods and repetitive loading procedures:

1. Sinusoidal loading

2. Repeated loading

I. Sinusoidal loading

When an asphalt concrete specimen exposed to a sinusoidal load and the induced

strains alternate sinusoidally with the same frequency but has an out of phase

angle with the stress waves, then the material behaviour is linear viscoelastic as

shown in Figure l.

 

(To Sin (wt)

 

  

 

60 Sin (wt-8)

(strain out of phase)

 

  
 

Time >

Figure I Sinusoidal loading

The complex (B*) and dynamic (Edyn) modulus are calculated by the following

equations:

* _ GO sin (out)

so sin (tot-6)
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The dynamic modulus is defined as the absolute value of the complex modulus.

15dyn = /E*/ = 0 0
80

where 00 = stress amplitude

so = strain amplitude

0) = angular frequency

5 = phase angle

t = loading time

Different types of testing methods have been used to produce sinusoidal stresses in

asphalt concrete specimens, for example: cylindrical specimen with compressive

stresses [4, 5] trapezoidal specimen [6, 7, 8] and bending test [7, 9]. See Figure 2.

2. Repeated loading

The measured signals from the passage of vehicles have been shown to be

complex, but they include rest periods [10, 11], which is important for the re

coverable deformation. A variety of testing methods have been used to apply

repetitive loads with rest periods to asphalt concrete specimens in the laboratory.

The repeated load bending or flexural test is performed by exposing a simply

supported beam specimen to repetitive bending loads [12, 13]. The beam is loaded

for a given time and then forced to its original undeflected position (no permanent

deformation) as shown in Figure 2. The ratio between applied stress and resultant

strain is called the flexural stiffness modulus.

The triaxial and axial resilient modulus test is performed by exposing a cylindrical

specimen to repeated deviator or axial load applications at a given loading time

and rest time. The resilient modulus (elastic stiffness) is determined by the ratio of
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axial stress to resilient (recoverable) axial strain [14, 15, 16] as shown in Figure 2.

(Permanent deformation is very small and dependent on the test temperature and

loading history).

The indirect tensile test (ITT) is increasingly being used and has been adopted by

ASTM [17] and FAS (The Swedish Asphalt Pavement Association) [18] for eva

luating the elastic stiffness (resilient modulus) of bituminous materials. This

method has been investigated widely [14, 19, 20, 21, 22, 23, 24, 25, 26, 27] pri

marily due to its advantages in practice. The tensile characteristics of bituminous

mixtures are evaluated by loading the vertical diametral plan of cylindrical

briquettes and the resilient (recoverable) deformation at the horizontal diameter is

recorded (Figure 2). The elastic modulus (resilient modulus) is calculated with

assumed Poisson s ratio. Figure 2 illustrates the different test methods mentioned

above.
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Comparison between test methods

Test methods, which are frequently used nowadays, are presented in Figure 2. The

problem is which method and procedure are the most suitable for characterizing

bituminous mixtures in pavement analysis and what are the differences between

them in practice.

In respect of loading procedure, the stiffness values based on continuous sinus-

oidal loading, usually called dynamic modulus, are higher than the stiffness values

based on repetitive loading with rest periods, usually called elastic stiffness or,

resilient modulus, for the same loading wave form [28]. This is illustrated in

Figure 3.

Inducing rest periods between loading stresses give rise to larger (recoverable) de-

formation and in terms of lower stiffness values for elastic stiffness which is based

on recoverable deformation, kept in mind that the measured signals from the

passage of vehicles include rest periods [1 l]. Mamlouk et al [29] concluded that

the complex modulus, by using sinusoidal loading, is not suitable for use in elastic

multi layer models, since it does not represent elastic parameters. However, it is

appropriate to be used in viscoelastic pavement models where the time dependent

response is considered.
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Figure 3 Relationship between resilient modulus and temperature of sand
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In respect to temperature, the stiffness values are sensitive to specimen configura-

tions especially at elevated temperature due to the viscoelastic character of bitu-

minous mixtures. According to Van Dijk [7], the trapezoidal test is suitable for

temperatures up to 50°C. However, the 3 point bending test is suitable for tempe

ratures up to 30°C. The indirect tension test is suitable for moderate temperatures,

about 20°C [25] and the maximum temperature mentioned in the Swedish speci-

fication [18] is 25°C.
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The differences between tests using repeated-loading with rest periods are pri-

marly effected by deformation measurement. The permanent deformation, conduc-

ting bending test, is prohibited by forcing the specimen back to its original

position after each loading application. Therefore even the irrecoverable part of

deformation is included in the measured deformation for stiffness calculation.

However, conducting uniaxial and indirect tensile tests, only the recoverable

deformation is used for stiffness calculation (the irrecoverable deformation is

permitted during testing). The stiffness values based on the bending test, usually

called exural stiffness, should be lower than the stiffness values based on elastic

(recoverable) deformation for the same loading wave form. Moreover, it looks like

the loading signal form from repeated-load bending tests is comparable to the

longitudinal strain signal (Figure 4), in which the strain level after the passage of

an axle will be always about zero (no permanent deformation) [10].
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Figure4 Illustration of loading signal from bending test [12] and longi
tudinal strain signal under vehicle passage [l 0].

Whereas the deformation signal form from resilient type tests, such as axial and

indirect tensile tests (ITT) is more comparable to the transversal strain signal form

measured under wheel passage and illustrated in Figure 5. There is only tension

and it decreases slowly to zero [10].
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Figure 3 Illustration of deformation signal from ITT (VTI) and transversal
strain Signal under vehicle passage [10].

Huhtala et al [ 10] also concluded that the transversal strains are usually greater in

amplitude than the longitudinal strains at the bottom of the bituminous layers, and
as a fact in Sweden, the cracking distress is usually longitudinal in the wheel paths
which should be related to transversal strains. Therefore, the bending test is

probably better when simulating longitudinal strains. However, the resilient type
tests are more apprOpriate for simulating transversal strains, when measuring the

stiffness.
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Other differences between uniaxial and bending tests [3, 29] are that the bending

tests introduce tensile stresses on the surface of the test specimen. However, the

stress distribution in the triaxial and uniaxial tests are well defined and all the

cross section is affected by loading application. Especially, when using the tri

axial, the vertical and horizontal stresses, will act together as in the pavement

layers. Therefore, stiffness values based on uniaxial or triaxial tests should be

more accurate than stiffness based on bending tests. On the other hand, neither

bending tests nor uniaxial tests are suitable for routine measurements since they

need large specimen especially when specimens from pavements are needed.

These tests also need relatively advanced test systems.

The repeated load indirect tensile test has been increasingly used in the last

decade. The disadvantage of this method [3] is the accuracy of stiffness

determination because the stress distribution is only valid under ideal elastic

conditions when the behaviour of bituminous mixtures is predominantly linear.

Furthermore, the Poisson s ratio must be assumed for the determination of strain

across a horizontal diameter. On the other hand, the great advantages of the

indirect tensile test [19, 30, 31, 32] are its simplicity and that it is rapid to conduct.

Cylindrical specimens are used which are relatively easy to fabricate in the

laboratory or cored from the road layer or a slab and the test is sufficiently

accurate fOI' routine use.

Finally, it is concluded that the uniaxial and triaxial tests are probably most

appropriate for the determination of stiffness behaviour of bituminous mixtures

especially in arranging a fundamental basic relationship for a mix. On the other

hand, the indirect tensile test probably most suitable for routine measurements.

However, in practice the access to the test facility governs the choice of the test

method and some design models are developed on the assumption of a specific

stiffness method. Therefore, warning should be taken when using stiffness based

on another method.
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Indirect tensile test in routine measurement

About 300 cores from roadbase materials were taken from 13 road sections, de

scribed elsewere [33], for laboratory analysis. The coring places were spread over

the test sections which varied between 3 and 7 km in length. Elastic stiffness

determination and mix composition are part of the laboratory test analysis on the

bituminous roadbase layers. The recipe of the mixture meets the specifications and

guidelines for road construction [34]. The original bitumen type is B180 and the

bitumen content is 4.2 i 0.5 percent by weight. The aggregate size limits of the

grading curve are shown in Figure 6 with a maximum aggregate size of 25 mm.

The air void content should be about 5-10 percent.

0. 11 6.6 2 6 2:3 QD

lm .

8
8
3

8
8
8

     
cum 0.125 (us 0.5 u 1 4 s.; t 11.1 n:ozsn 5054

Figure 6 Size limits of roadbase mix, AG25.

The thickness of tested specimens sawed from cores varied from 30 mm up to

67 mm. The elastic stiffness is measured at different temperatures with an

assumed Poisson s ratio of 0.35 for all temperatures at the VTI s laboratory. An
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example of the test setup is shown in Figure 7. The apparatus is a servo hydraulic

machine from MTS.

 
Figure 7 Specimen with extensometers in the loading device for indirect

tensile test.

Figure 8 presents the average of elastic stiffness of each test section at various

temperatures. The variation in elastic stiffness values is relatively high, but this

variation is primarily believed to depend on the wide limits within the mix spe

cification and the variation in the mix composition between road sections. These

variations are illustrated in Figure 9 by frequency distribution diagrams of void

conent, binder concent, voids in mineral aggregate (VMA) and viscosity at 135°C

of recovered binder.
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Elastic sti ness of cores from the test sections at various tempera-Figure 8
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Figure 10 shows a regression correlation between temperature and roadbase mix-

ture which may be used as a design parameter.

Mr = 1.54x10A4 x exp(-0.065xT)
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Figure 10 E ect of testing temperature on resilient modulus of roadbase ma-
terials (AG 25).

Comparison between measured and predicted stiffness

A comparison between measured elastic stiffness and predicted stiffness based on

mix composition is done. The stiffness of the mixes (Sme) and the binder stiffness

(Sb) are calculated by the following equations which are applicable within the

given limits [2, 35].
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sb = 1.157 >< 10'3 >< tw'0'368 x e'PI >< (TRB - T)

20(TRB) + 50010g(pen25) _ 1951.55
(TRE) - 50log(pen25) + 120.15
 

 

257.5 - 2.5 VMA
Sme = Sb 1 +

n(VMA - 3)

4

n = 0.83 log [&]
Sb

0.01 s<tw<0.1 s

1 <PI<+1

10°C <TRB T<70°C

where tw _ : loading time in sec

PI : Penetration Index

TRB : Ring and Ball softening point in °C

T = test temperature in OC

pen25 = penetration at 25°C

VMA = voids in mineral aggregate in percent

The loading time (tw) used in the prediction is 0.1 sec analogous to the loading

time used in elastic stiffness measurements.

Figure 11 shows the relationship with a correlation coefficient (R2) equal to 0.76.

The prediction relationship slightly overstimates the stiffness in comparison with

measured elastic stiffness. However, this is realistic considering that the prediction

equations are based on the bending test exposed to sinusoidal loading. Further

measurements are valuable to verify this correlation.
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A PERMANENT DEFORMATION OF BITUMINOUS MATERIALS

Rutting due to permanent deformation of bituminous layers is one major distress

in heavy duty exible pavements. In the Northern countries, rutting is also evident

in many heavy trafficked roads Where softer binders are normally used and the

number of sun shining hours exceed 14 hours per day in summer period. Rutting

usually exhibits as a longitudinal surface depression in the wheel paths of heavy

traffic. Rutting, in addition to the post compaction, is mainly caused by displace-

ment of mix at constant volume [36], which indicates the importance of shear resi-

stance of bituminous mixtures.
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In addition to traffic history and environmental factors, rut depth prediction needs

bituminous mix properties at high temperature and under long loading time when

the mix properties are dominated by the viscos character of the binder. Besides the

binder character and content, the mix rut resistance is affected by gradation, shape

and surface texture of the aggregate. Practically, the viscous response of bitumi

nous mixtures could be determined by mechanical testing represented by irre

coverable deformation, low stiffness or shear resistance of the mixtures.

Test Methods

Different test methods have been used in determination of the permanent deforma

tion response of bituminous mixtures. The test methods most used nowadays are

the following:

1. Uniaxial creep test

2. Wheel tracking test

3. Shear test

1. Uniaxial creep test

The uniaxial compressive test is probably the simplest and most used in deter

mination of the creep deformation response of mixtures. Figure 12 illustrates the

principal of the creep test. A specimen is exposed to a constant compressive stress

normally 0.1 MPa. The resulting axial deformation is measured as a function of

time. The strain and stiffness could be calculated in respect of time. In the static

creep test, the specimen is loaded for one hour and kept unloaded usually for an

other hour.
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A good correlation between creep test and laboratory rutting has been reported,

and it is recommended for the mix design and prediction of pavement rutting [3l,

37, 38]. According to Koole et al [39] the static creep test is suitable for mixes

with a conventional binder, but has shortcomings when modified binders, with

high elastic recovery are used in bituminous mixtures. They recommended

dynamic creep tests in which the specimen is subjected to repeated loadings of

axial stresses of one second duration and separated by one second rest time for

two hours.

The uniaxial creep test has also been found not suitable for porous asphalt due to

the absence of confined conditions [37]. An investigation of the dynamic creep

test has shown that the side supported creep test, which is analogous to confining

pressure, increased the deformation resistance of the stone mastic asphalt but was

without effect on conventional mixtures. This is illustrated in Figure 13. The side

supported creep test is brought about by loading the center part (QS 100 mm) of a

specimen with g) 150 mm instead of the whole crossection. However, this proce

dure needs further investigation to verify these results.
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The results of the creep test, usually expressed in permanent strain at the end of

the test, by Smix Shit relationship or expressed by regression relationship between

strain (8) and number of load applications (N) (or function of time for static creep

test) like:

e=A+BlogN
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where A and B are regression coefficients. The value of A explains the initial de-

formation and the value of B explains the creep deformation rate of mix which is

valuable for the prediction of permanent deformation. Figure 14 shows the results

of creep tests for some wearing and basecourse mixtures.
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The SMA mix for surface mix has not shown any signi cant better deformation

resistance, contrary to expectation, than conventional mix. This is because the

mixes for surfacing are usually optimized with respect to wearing resistance which

is a major distress caused by studded tires. Whereas in Figure 14, the SMA mixes

for basecourse are optimized with respect to permanent deformation and have

therefore shown better deformation resistance. From the ASTO project [40] it is

concluded that if the proportioning is not done carefully the risk of rutting, in par

ticular in the SMA layer, is great and the result can be worse than expected.

Z. Wheel-tracking test (WTT)

In general the wheel tracking test is composed of a single tire which could be

rolled on a slab of asphalt concrete under various test conditions (Figure 15).

 
Figure 15 W'Z '1 at Nynäs Laboratory.
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This type of facility is designed for optimal simulation of the condition in practice.

A variety of WTT s are reported in literature. Twin or single tires with rubber-

supported slab is used by Eisenmann et al [36]. The LCPC machine is composed

of a single tire with specimen placed in a steel box [41]. According to Heikkilä

[42], the VTT s machine is larger and more realistic than the traditional WTT.

The VTI s wear test facility [43] has been modified for rutting studies. It is

circular with the ability of lateral movement. It has high capacity, up to 28 slabs

could be tested simultaneously with a maximum temperature of 40°C.

Rutting in the wheel path is expressed by the reduction in thickness of the slab as

a function of the number of wheel passages. Usually, a regression analysis on

results is established in order to see the permanent deformation rate of the mix.

The great advantage of a WTT is the good simulation of the asphalt material under

rolling tire. However, its limitations is in analysing the fundamental mix proper-

ties which cannot be obtained.

3. Shear test

The horizontal displacement of asphalt materials under traffic loading is belived to

be due to the lack of shear resistance in bituminous mixes. Therefore, it will be

valuable to study the shear deformation properties of mixes under pure shear state

[44]. Different types of shear tests have been used to expose a specimen to shear

forces. Lempe [45] used two cylindrical specimens which are glued between three

steel plates (Figure 16). Bonnot [41] used a similar apparatus with two prismatic

specimens for studying fatigue and self-repair properties of mixes (Figure 17).

However, Junker [46] induced shear stresses in a cylindrical specimen by a rod

glued in a hole drilled in the specimen (Figure 18).
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Figure 16 Shear test with two cylindrical specimens [45].
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Figure 17 Shear test with two prismatic specimens [4] ].

 
Figure 18 Shear test with one clamped specimen [46].
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Under the SHRP investigation [47] an advanced shear machine has been develop-

ed which is able to expose a cylindrical specimen, 150 mm in diameter and 60 mm

thick, to various stresses. The test could be conducted under constant volume.

This is interesting in order to eliminate the effect of densification and dilation on

the mix resistance to shear deformation [48]: The test can also be run under con

fined pressure (Figure 19).
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Figure 19 SHRP test device [47].

Figure 20 shows the VTI s recently-built shear test. A cylindrical specimen is

glued between two steel plates with epoxy glue. One of them can be exposed to

sinusoidal or repetitive loading over a range of frequencies. A normal constant

compressive stress is applied axially to the specimen. Briquette specimen, nor

mally 150 mm in diameter are used. The thickness of the specimen should be less
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than about % of the diameter in order to be close to pure shear state. Therefore, it

is possible to test thin specimens with actual pavement layer thickness. An

example of the test results is shown in Figure 21. The relationships between dyna

mic shear modulus (G) and reduced frequency are illustrated by master curves.

 

 
Figure 20 VTI 's shear test.
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Figure 21 Master curve of bituminous mixes.

The viscosity (11) of the mix can determined by:

n = 6/0)

where (o is radial frequency in radians/sec.

The outline of this investigation on permanent deformation methods is that the

WTT simulates well the field condition and it is suitable in verifying the test

results from other test methods. This is especially important when testing new
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mixes. The creep test is most practical for routine measurements because it is a

simple and rapid test and the specimens are easily obtained either in the laboratory

or cored from the pavement layer. The shear test is probably most powefull and

applicable in analytical mix design and in the analysis of layered structure. It is,

however, time consuming and relatively complex.
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