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ABSTRACT: The moisture regime associated with agpaent has a major influence on the

pavement performance. For this reason differebpreEedures on loose and compacted mixes
are currently in use to investigate the impact afisture on performance characteristics of

asphalt mixtures. Presented in this paper are ewpetal studies on the moisture susceptibility

of different asphalt mixes with respect to thetigae characteristics. A fully coupled 3-phase

hydro-mechanical model for variably saturated boand unbound granular materials is used.
The model is capable of accounting for generatiwh dissipation of pore and air water pres-

sure in pavement materials subject to traffic lagdiThe matrix deformation, the pore water

pressure and the pore air pressure are definadeagrfimary variables in a three-dimensional

initial boundary value problem. The models are ¢ediusing the effective stress concept for

unsaturated porous media.
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1 INTRODUCTION

Adhesion between bitumen and aggregates needsstodmg and durable under all prevailing
conditions of traffic and environment. In many ctrigs across the world asphalt pavements
are constantly exposed to water. It is well knolat the material properties of asphalt mixtures
are highly dependant on the moisture content. Hewelis problem hitherto has received little
attention and is not adequately addressed in thigrnistandards.

In order to study the influence of moisture on thiggue life of asphalt surface mixtures
research has been conducted at the Dresden UmywafrSiechnology. Different test procedures
are currently being used to investigate the impaatoisture on the performance characteristic
of asphalt mixtures, e.g. the adhesion betweemlgtuand aggregates. These tests can be di-
vided in two groups; (A), loose mix tests (DIN ERGB7-11) to determinate aggregate coating
properties during water immersion, and (B), testbé conducted on compacted mixes (DIN
EN 12697-12) to evaluate the remaining strengtiffhess or other mechanical properties of
asphalt mixes when exposed to water.

Using the Rolling Bottle Test (DIN EN 12697-11, gemsen 2002) the adhesion between
aggregates and bitumen can be ranked for diffdmmtnen/aggregate combinations. The In-
direct Tensile Strength Ratio is a widely used abtaristic value to evaluate the effect of
moisture on the tensile strength for different adpmixes with and without adhesion agents.
Nevertheless, it is not possible to describe theaith of moisture on the fatigue life with the



tests that are currently available. However, ggniformation on the fatigue life of asphalt
mixes is crucial for the analytical pavement deggocess. Therefore, Cyclic Indirect Tensile
Tests (AL Sp-Asphalt 09) are conducted to deterrthiedatigue life depending on the moisture
impact.

The theoretical framework presented in this papgpart of an ongoing research at The
University of New South Wales to move away from érmopl approaches to account for
moisture and moisture damage, and introduce dewedofs based on principles of continuum
mechanics. Models based on sound theoretical lessible realistic predictions of failure
pattern in pavements under the given environmemtdltraffic loading, and provide means to
achieve performance oriented design instead oitimadl design. Through such developments,
it will be possible to better cope with the futetellenges in pavement design and construction.
This is particularly important given the currengértds to deviate from the construction of
conventional pavements and adopt more advancegmdesich as permeable pavements.

The fact that pavements or parts of the pavemeightrbe fully or partly saturated with
water carries additional effects that differ frowngentional methods of pavement design. It
must be understood that in pavements a mechanadiydmteraction between water, air and
solids takes place when vehicles traverse the panenfhis interaction has a significant im-
pact on the load bearing behaviour of pavementshéaherto has not received much attention.

2 LABORATORY TESTS
2.1 Materials

Several materials were chosen for the manufactwirgght different asphalt mixtures. The
different materials are denoted by [D], [G], [R¥]] [0] and [1]. In particular,

» two different aggregate types — diabase [D] antiteigranodiorite [G]

= bitumen 50/70 from two different sources — RusRpgnd Venezuela [V]

= without [0] and with [1] 0.3% adhesion agent reigtto the bitumen mass
were used to produce eight asphalt mixes of a stastic asphalt SMA 11 S.

2.2 Sample Preparation

For the Rolling Bottle Test the aggregates wereddand the 8/11 fraction was selected. A
given amount of aggregates were mixed with thentétol and the bitumen/adhesion agent mix
mentioned above.

Additionally eight asphalt mixes were producedha taboratory using a laboratory mixer.
Asphalt slabs with a dimension of 320 by 260 by were manufactured using a segmented
roller compactor. Thereafter, the specimens wereccout of the slabs. The samples were
cleaned and dehumidified. Further, the air voidtenhand the dimensions of each specimen
were determined. Since it is known that the aidvabntent greatly affects the results of the
water sensitivity tests, the air void content af #amples checked. The air void content was
regulate to be between 4.5 and 6.8 Vol.-%, whidh Isne with the test requirements.

2.3 Bitumen Properties

The properties of the bitumen [R] and [V] were deti@ed for delivery conditions and after
thermal exposure (RTFOT - rolling thin film oversteaccording DIN EN 12607-1. The fol-
lowing characteristic values were identified - safhg point (Ring and Ball), needle penetra-
tion and Fraass breaking point. The results oftésés are summarized in Table 1. It can be



concluded that bitumen [R] did not meet the refeeevalue of needle penetration and Fraass
breaking point as the bitumen was too hard. Thierdifices in the properties of bitumen [R]
and [V] are minor but should be taken into accaumén interpreting the test results.

Table 1: Results of the tests on the two bitumen

50/70 Venezuela [V] 50/70 Russia [R]

delivery after RTFOT delivery after RTFOT|
Softening point reference value | 46-54 | A4<9 46 - 54 4<9
Ring and Ball [°C] | actual value 48.6 53.0 51.8 56.4
Needle penetration reference value 50-70 | 4>50 % 50-70 |4>50%
[0,1 mm] actual value 53.4 35.0 44.2 31.2
Fraass breaking | reference value | <-8 - <-8 -
point [°C] actual value -8/-9 - -6/-6 -

2.4 Rolling Bottle Test (RBT)

The RBT according to DIN EN 12697-11 was carrietl wging the aggregate/bitumen com-
binations mentioned above. For the test samplegygfegate and bitumen with and without
adhesion agents were used. The purpose of thestesensure for a high performance of the
adhesion agents and to reveal possible problemardieg the susceptibility of the bitu-
men/aggregate combinations to stripping. In thettessurface coverage of the binder on the
aggregates is determined after 6 hours of rollimgy again after 24 hours. Figure 1 shows the
surface coverage for the bitumen/aggregate combimsafGVO0] to [DR1] investigated in this
study. For the abbreviations [GV0] to [DR1] seetieec2.1.

The test results after 6 hours of rolling only shawmall positive impact of the adhesion
agent. After 24 hours of rolling the impact of tdhesion agent is more obvious for all bitu-
men/aggregate combination. The surface coveragevis11% higher for bitumen/aggregate
mixes with biotite-granodiorite and still 4.5% hagtfor mixes with diabase.

A major disadvantage of the RBT is that only aggtedractions from 8 to 11 mm can be
investigated. The stripping behavior of larger andhller aggregate sizes can only be estimated
from the test results. According to the standadbl(EN 12697-11) the test is to be conducted
under wet conditions. It is widely known, that waitdiltrates into the aggregates as well as
into the binder changing their electrical chargéjaol in turn changes the adhesion between
binder and aggregates.

2.5 Indirect Tensile Test (ITT)

The Indirect Tensile Strength Ratio (ITSR) accogdidiIN EN 12697-12 is a common test
result to rank asphalt mixtures according to tkasceptibility to moisture. In this test the in-
direct tensile strength of dry specimen is compavél the indirect tensile strength of water
saturated specimen after 72 hour storage in wa#0°€. The indirect tensile strength is de-
termined at 15°C applying a constant deformatida cd 50 mm/min. The ITSR can be cal-
culated using Equation (1).

ITSR = M [%] (1)
dry
whereinBsat storedin [MPa] represents the indirect tensile streragtii5°C for water saturated
specimen after 72 hours of storage in water at 4af0pqy in [MPa] denotes the indirect
tensile strength at 15°C.
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The water saturation was achieved through a

= (30 £ 5) min storage of the specimens in an exleaushd water filled vacuum desic-

cator at (20 £ 5)°C and at a residual pressuré.@f£ 0.3) kPa,

= slow reinstatement of the atmospheric pressure, and

= (30 £5) min storage of the specimens in the vacdasiccator at atmosphere pressure.
With this procedure a saturation of about 65 to 6886 obtained. If the specimen is saturated
the indirect tensile strength is to be interpretesdthe net stress at failure. The net stress
represents the combined stresses transferred thtbagnix and through the water. The stress
transferred through the mix is generally calleceetive stress, while the stress that is being
transferred through the water is called pore wattessure. Considering that under saturated or
partly saturated conditions the mix as well asgbee water contributes to the load transfer it
appears to be reasonable that in some cases IT&Rsatarger than 100% (Gubler et al. 2005,
Vansteenkiste 2008). To fully understand the infes of the water on the failure stress
Bsat/storedit May be helpful to distinguish between chemafécts and hydraulic effects of the
water. Due to the presence of water the strengtheoimix is being reduced since the water
reduces the adhesion between binder and aggredaisss a chemical effect, which reduces
Bsat/stored The hydraulic effect originating from the contrilon of the water to the load transfer
increases thPsatstoredvalue. Three different stages of material behaviay now be identified;
(A), the degree of saturation is at a level whéeihcrease ifisat/sioreddue to the hydraulic
effect exceeds the reductionfif: sireddue to the chemical effect. At this level ITSRs larger
than 100%. (B), the degree of saturation has rebah@lue where the chemical effect and the
hydraulic effect cancel each other out and the §8&ual 100%. (C), the degree of saturation
Is at a point such that the reductioig ssireddue to the chemical effect exceeds the increase in
Bsat/storeddue to the hydraulic effect, which manifests ftésl ITSRs smaller than 100%. The
stages materials must be assigned to do not opgratkon the degree of saturation but also on
the chemical and hydraulic characteristics of thees1 Therefore additional tests were per-
formed on specimen which were water saturated ardtly tested as well as specimen which
were water saturated, stored 72 hours in wateD&E 4nd than dried 28 days at room tem-
perature. The exposure conditions for the ITTdiated below and Table 2 summarizes the test
conditions used for the ITTs.



» dry — specimen conditioned for 4 hours at 15°C atiraate chamber

» saturated — specimen were water saturated (see)dod than conditioned for 4 hours
at 15°C in a water bath

= water stored — specimen were water saturated,ostor&2 hours in water at 40°C and
than conditioned for 4 hours at 15°C in a watehbat

= water stored & dried — specimen were water satdratered 72 hours in water at 40°C,
dried 28 days at room temperature and than conéitidor 4 hours at 15°C in a climate
chamber (checking the specimen weight showed tleat after 28 days residual water
was in the specimen)

Table 2: Exposure conditions for the ITT and CIBhsthe eight asphalt mixtures

Aggregate Biotite-Granodiorite [G] or Diabase [D]
Bitumen dry saturated water stored  water stored & drjed
Venezuela VO]V A | ¥ A* V A V A
Venezuela with adhesion agent [VL]V A | ¥ A* V A V* A
Russia [RO] VA |V VA V* A
Russia with adhesion agent [R1I]V A | ¥* V A V* A
VITT A CITT * only for biotite-granodiorite

The test results are displayed in Figure 2. Th& iolumn represents the defined ITSR ac-
cording DIN EN 12697-12. The test results showva IBSR value for saturated/water stored
specimen. A high ITSR value can be observed fodtiievater stored & dried specimen, which
is cause by a increased indirect tensile strengthevas a result of the water storage (after
treatment).

2.6 Cyclic Indirect Tensile Test (CITT)

Based on the test procedures mentioned abovenitipossible to investigate the impact of
adhesion agents and moisture on the fatigue litssphalt mixtures. Since a deeper inside into
the fatigue mechanisms of asphalt mixes is crdorabhnalytical pavement design processes
Cyclic Indirect Tensile Tests (AL Sp-Asphalt 09)re@@erformed considering the four different
exposure conditions described before. Table 2 amtso the exposure conditions used for
the CITTs.

26 different fatigue lines (based on 6 tests ea8hdiferent stress amplitudes, double re-
alisation, see Table 2) were determined. In Fi@uifee numbers of load cycles to macro-crack
formation is drawn vs. the initial elastic straiergycle. The lines in Figure 3 represent test
results on asphalt mixes at dry conditions. Basethe fatigue tests the asphalt mixes may be
divided into two groups. The first group is formby mixes using bitumen [R], while the
second group is formed by mixes with bitumen [MjeTasphalt mixes with bitumen [R] exhibit
better fatigue characteristics than mixes with bmi//]. No influence of the adhesion agent
was found on the fatigue lines at dry conditiongercafter 72 hours storage in water at 40°C no
clear influence on the fatigue lines can be obskrve
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Figure 3: Fatigue lines of the eight asphalt miesu+ dry condition

In Figure 4 the fatigue lines of the different egpre conditions are presented for the [GV1]
asphalt mix. The worst fatigue line was observedHe dry specimen. No difference was found
between the fatigue lines of the saturated specna@d the water stored specimen. In this
context it is interesting, that the highest stifsenodulus value |E| was observed for the satu-
rated specimen. The decrease in the stiffness msduiring the 72 hour water storage is about
1,000 MPa or 700 MPa if the dry/dried specimensarsidered. In contrast to this the indirect
tensile strength was increased.
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Figure 4: Fatigue lines for the [GV1] asphalt mix

3 IMPACT OF THE PORE WATER PRESSURE
Purpose of this section is to provide an explamatio the different behavior of the asphalt
specimens when undergoing static and cyclic loadtag this reason a fully coupled 3-phase
hydro-mechanical model will be used. With this miademerical studies will be carried out to
investigate the effect of pore water under statid ayclic loading. In the model asphalts is
considered as a three phase material consistisgliofs, water and air. The water and the air
phases exist independently from the solid graimesée.
3.1 Effective Stress
The overall stress;; in the soil is given by

Gjj = Ogjj + Owij T Ohjj (2)

whereinos; represents the effective stress transferred tirolig grain skeleton ansy; and
oajj are the stresses in the water and the air phaseeffective stress may be determined with

Osij = Cspijii i 3)

wherein Gpijjq represents the material tensqy,is the linear strain tensor. The material tensor
depends on the elasticity modulus as well as orPthisson’s ratio. The contribution of the
water phase to the load transfer is expressed by

Owij = ~X tw [§; (4)

wherein Ry is the pore-pressure of the water phasesgigithe Kronecker-Delta. Similarly, the
contribution of the air phase is taken into constlen by



Opj = —(1-X) B (5)

wherein p is the pore-pressure of the air phase. The paemetenotes the effective stress
parameter that governs the interaction betweendl@ and the water phase. The flow of water
through the grain skeleton is described in the rhodieg Darcy’s law, which takes into con-
sideration the pore pressurg,ghe permeability of the asphalgkin terms of the pore water
flow as well as the viscosity of the water phage The flow of the air phase can be described
similarly to the flow of the water phase considgrihe permeability related to the air flow;k
and the viscosity of ajta. In order to use the flow models the compressybif water and air
must also be known. A detailed description of thaeet is given in (Oeser and Khalili 2009).

3.2 Numerical Studies

To investigate the effect of the pore water ornldlag transfer in the specimen the finite element
model shown in Figure 5 has been used. Figure Wshamly 1/8" of the specimen. The
specimen has a diameter of 100 mm and a thickrfe$3 mm. The material parameters used
for the analysis are given in Table 3.

A vertical load P was applied at point A (see Fegh)y and the horizontal elastic strajmt
point B as well as the horizontal elastic displaeety, of point C were determined for a static
loading as well as for a dynamic loading. The degresaturation was 67%. The relationship
(6) between the horizontal strath and the horizontal displacementwas found from the
numerical simulations for the static load.

Py Table 3: Material Parameters
A

Poisson’s ratio 0.267
Elasticity of asphalt 7,000,000 kPa
Compressibility of watef 4.7000" kPa"
Viscosity of water 1.00° skPa
Permeability (water flow) 7.7410° m/s
Compressibility of air | 1.000” kPa"

Viscosity of air 1.710° skPa
Permeability (air flow) | 3.580° m/s
Saturation 0.67
B C
Figure 5: FE-Model
Eh —p111mt (6)
20V,

The relationship recommended in most of the IThdsads to back calculate the horizontal
straingy at the centre of the specimen from the horizoditgdlacement yis given with equa-
tion (7).

20y, [[1+ 3V)
*h = 10,2732+
: v) 0tOR

()

In equation (7)v represents the Poisson’s ratio and R denotesattfiasr of the sample. If



equation (7) is rearranged with respect to the eat{2-v,)) and if R is set to 0.05 m and a value
of 0.267 is used for the following result is obtained:

e o (1*39) o) o5t 8)
20vy,  (0.2732+v)HOR

Hence, for static loading the ratio between horiabstrain and horizontal displacement de-

termined in the numerical simulation is in line lwihe standards. Since the equations in the
standards are based on drained conditions thisyrim means that in the static case the pore
water does not significantly contribute to the Idemhsfer in the sample. The insignificant

contribution of the pore water is explainable bg #mall load ratio and long load duration in

the static test during which the pore water camdvat of the pores. For dynamic loadings the

pore water can not drain away from the pores. i ¢hse the numerical simulation yields a

ratio between the horizontal strainat B and the horizontal displacemeptat C of:

_th_-19.15m? (9)
20y,

The numerical simulation also indicate that the zwnrtal strairey, for partly saturated condi-
tions (degree of saturation was 67% in this stiglgpout 10% lower than the horizontal strains
determined under drained conditions related tesémee horizontal deformation.v

The deformation yis measured during the tests and eh is back eaxliising equation (9).
The consideration of the differences of the deforomatand strains caused by the water filled
pore space leads to the adjusted fatigue linesir&ig shows also the adjusted fatigue lines for
the [GV1] mix (marked with *). A parallel translah can be observed because only the initial
elastic strain was recalculated (about 10% lowergomparison to Figure 4 the fatigue lines of
the different exposure conditions move clearly tbge

4 DISCUSSION AND CONCLUSION

In this paper the strength and fatigue characiesist different asphalt mixes with and without
adhesion agent were investigated under differemstor@ conditions. Using an adhesion agent
does not have any impact on the fatigue life umblgitest condition. Further the effects of the
pore water on the mechanical characteristics ofdbesamples were studies. The research has
shown that equation (7) can not be used when theriakis fully or partly saturated and dy-
namic loading is applied. This also partly explaims unexpected order of the fatigue lines in
Figure 4. Intensive experimental and numerical aede needs to be conducted to find true
relationships between the horizontal strainat the centre of the specimen and the horizontal
displacementsvfor fully or partly saturated conditions. The cumr@ractice (using equation
(7) no matter if the material is saturated or mogy leads to wrong results and needs to be
updated. The research has shown that no clear culyebetween the test results of the dif-
ferent tests (RBT, ITT and CITT) exists because oftifferent loading during the test or the
conditioning.
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