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Kort sammanfattning 
Vatten och fukt är en av faktorerna som bidrar till olika former av skador i asfaltbeläggningar (AC). 
Vid val och kvalitetskontroll av beläggning är det viktigt att utvärdera den med avseende på 
vattenkänslighet. I Sverige görs detta för närvarande enligt den svenska standarden (TDOK 2017: 
0650) och i Europa enligt den europeiska standarden (SS-EN 12697-12). Dessa metoder är emellertid 
tidskrävande och de simulerar inte vattnets dynamiska portryck i beläggningen som uppkommer när 
hjul passerar över. En ny metod, Moisture Induced Sensitivity Test (MIST) är en snabb metod som 
inducerar cykliskt portryck i provkroppen för att simulera pumpning av vatten i en beläggning. 
Metoden har ännu inte studerats ordentligt för svenska förhållanden och den är ännu inte en 
standardiserad metod i Europa. 

I detta projekt utvärderades MIST-, TDOK- och EN-metoderna med hjälp av fem olika asfaltmassor. 
Resultaten visade att MIST med 12 000 cykler och TDOK-metoden gav jämförbara och starkaste 
effekter på styvhetsegenskaperna. MIST med 3 500 och 7 000 cykler och EN-metoden visade identisk 
och relativt svag inverkan av vattenkonditionering. MIST indikerade också förändringarna av provens 
indirekta hållfasthet. Men jämfört med TDOK- eller EN-metoderna var förändringarna i indirekt 
hållfasthet på grund av MIST-konditionering mindre. Sammantaget verkade MIST vara en snabbare, 
lättare och mer realistisk metod än de övriga metoderna för att utvärdera vattenkänslighet hos 
asfaltsbeläggningar. Bland asfaltmassorna var de med det mjukare bindemedlet och med lägre 
bindemedelshalt de mest påverkade. Asfaltmassan med högre hålrum var också mer påverkad än tätare 
provkroppar. Proverna med sågade ändytor påverkades mindre än de med osågade ändytor. Tillsats av 
vidhäftningsmedel (amin) förbättrade avsevärt motståndet mot fuktskador hos massorna. Resultaten av 
denna studie ger underlag för fortsatt utveckling av EN- och TDOK-metoderna samt argument för att 
standardisera MIST-konditioneringsmetoden i Europa. 

Nyckelord 

Vattenskador, asfaltmassa, konditionering, MIST, europeisk standard, TDOK, styvhet, ITSR. 
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Abstract 
Water or moisture in different physical states is a major factor that contributes to various forms of 
damages in asphalt concrete (AC) pavements. For pavement design and maintenance, it is essential to 
evaluate the AC mixtures with respect to water/ moisture damage susceptibility. In Sweden, this is 
currently done according to the Swedish standard (TDOK 2017:0650) or alternatively can be done 
according to the European standard (SS-EN 12697-12). However, these methods are time consuming, 
and they do not simulate the pumping action of water due to passing wheels. On the other hand, the 
Moisture Induced Sensitivity Test (MIST) is intended to be a quick method that applies cyclic pore 
pressure to simulate the repeated pumping action of water. However, it is a relatively new approach 
that has not yet been properly studied for Swedish conditions and yet to be standardized in Europe.  

In this project, the MIST, TDOK and the EN methods were evaluated using five different AC mixes. 
Results showed that the MIST with 12,000 cycles and the TDOK method have comparable and the 
strongest effect on the stiffness properties. MIST with 3,500 and 7,000 cycles and the EN method 
showed identical and relatively weak impact of water. MIST also indicated the changes of the indirect 
tensile strengths of the specimens. However, compared to the TDOK or EN methods, the changes in 
the indirect tensile strengths due to MIST conditioning were smaller. Overall, MIST was concluded to 
be a quicker, more convenient and a more realistic alternative. Comparing the various mixes with 
respect to moisture sensitivity, binder content and air voids showed great influences. The specimens 
with cut surfaces were less affected by moisture conditioning. The addition of amine additives 
significantly improved the resistance to moisture damage of the mixes. Generally, the results of this 
study formed the basis for further development of the EN and TDOK method as well as standardizing 
the MIST conditioning method in Europe. 

Keywords 

Water sensitivity, moisture damage, asphalt concrete, conditioning, MIST, European standard, TDOK, 
stiffness, ITSR. 
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Sammanfattning 
Vatten och fukt utgör en påtagligt skadlig faktor för asfaltbeläggningar (AC). Olika former av skador, 
såsom avskalning, avrivning, spårbildning, skjuvning och sprickbildning är förknippade med fukt. 
Fukt kan förekomma i olika fysiska tillstånd beroende på plats och klimatförhållanden och bidra till 
skador. Fuktskador i asfaltbeläggningar kan delas in i långvariga fysio-kemiska skador och kortvariga 
mekaniska skador på grund av pumpverkan av vatten som orsakas av de passerande hjulen. För design 
och underhåll av beläggningar är det viktigt att utvärdera blandningar av asfaltbetong (AC) med 
avseende på känslighet för fuktskador. För närvarande utvärderas känsligheten för fuktskador hos 
asfaltbeläggningar i Sverige till största delen enligt TDOK 2017:0650 och kan alternativt göras med 
hjälp av den europeiska standarden (SS-EN 12697-12). Dessa metoder kräver 7 respektive 3 dagars 
konditionering av provet innan ytterligare tester utförs för att utvärdera förändringar i mekaniska 
egenskaper. Detta kan anses vara relativt lång tid i många fall. Dessutom utvärderar dessa metoder 
endast den långsiktiga fuktskadan i asfaltbeläggningar eftersom de inte simulerar upprepad 
pumpverkan av vatten. Däremot försöker den relativt nya metoden, Moisture Induced Sensitivity Test 
(MIST), simulera den kortsiktiga mekaniska skadan hos asfaltbeläggningar (i laboratorieförhållanden) 
som orsakas av vattens pumpverkan genom att applicera cykliskt porvattentryck. Den långsiktiga 
skadan kan utvärderas genom att höja konditioneringstemperaturen. Dessutom, med hjälp av MIST, 
kan fuktkonditionering av asfaltbeläggningar göras på mindre än en dag. Denna metod har dock inte 
utvärderats ordentligt för de svenska förhållandena och ännu inte standardiserats i Europa. 

Målet med detta projekt var att utvärdera MIST-konditioneringsmetoden och jämföra den med TDOK- 
och SS-EN 12697-12-metoderna. För detta syfte konditionerades fem laboratorieblandade 
beläggningstyper (fyra slitlager och ett bärlager med olika sammansättning) med de olika metoderna 
och effekterna på deras styvhet och indirekta draghållfastheter utvärderades och jämfördes. MIST-
konditioneringen utfördes med 0,28 MPa portryck och 40°C temperatur (baserat på litteratur). Tre 
olika antal portryckscykler användes: 3 500, 7 000 och 12 000. Syftet var att skapa en grund för att 
optimera inställningarna för MIST-metoden för att standardiseras i framtiden. Dessutom utvärderades 
de fem olika blandningarna med avseende på fuktkänslighet och olika konditioneringsmetoder. 

Resultaten visade att MIST med 12 000 cykler har den starkaste effekten på styvhetsegenskaperna 
vilket är jämförbart med TDOK-metoden men realiseras på mycket kortare tid. MIST med 3 500 och 
7 000 cykler samt EN-metoden visade relativt lägre effekt. Det visade sig också att styvhets-
egenskaperna kan vara signifikant olika i torra och våta förhållanden för proverna. För att jämföra 
styvhetsförändringarna på grund av konditionering bör proverna testas under identiska förhållanden, 
det vill säga antingen i torrt eller vått tillstånd. MIST indikerade också förändringarna av provens 
indirekta hållfasthet. Men jämfört med TDOK- eller EN-metoderna var förändringarna i styvhet på 
grund av MIST-konditionering mindre. Sammantaget verkade MIST vara ett snabbare och lättare 
alternativ jämfört med de andra metoderna som studerades i detta arbete. MIST kan också vara mer 
realistiskt eftersom det simulerar pumpverkan av vatten. 

Jämförelse av effekten av konditionering på de olika beläggningstyperna visade att bärlagerbelägg-
ningen med varierande sammansättning och mjukare och lägre bindemedelshalt generellt sett var mer 
påverkad än slitlagerbeläggningarna. För slitlagerbeläggningarna (identisk bindemedelstyp och 
sammansättning) var proverna med högre hålrumshalt mer påverkade. Proverna verkade vara mindre 
påverkade av fukt när ändytorna var sågade i laboratoriet. Resultaten visade också att tillsatsen av 
amin avsevärt kan förbättra beläggningarnas motståndskraft mot fuktskador. 

Denna studie visade på några lovande resultat till förmån för MIST. Detta arbete var dock begränsat 
till effekten av olika antal portryckscykler i MIST-konditionering för en viss temperatur och 
tryckinställning. Eftersom MIST lägger tonvikt på de kortsiktiga skadorna på grund av pumpverkan av 
vatten användes för denna studie den lägre temperaturinställningen på 40°C för att undvika 
deformation av prover på grund av kombinerad påverkan av tryck och hög temperatur. De långsiktiga 
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fuktskadorna bedöms inte ha inarbetats i metoden i erforderlig omfattning. Detta arbete bör därför 
fortsätta med fler beläggningstyper med olika kombinationer av temperatur, tryck och portryckscykler. 
Resultaten kan exempelvis valideras med Wheel Track metoden (extra large device). Baserat på dessa 
försök kan realistiska inställningar för MIST-konditionering föreslås för olika beläggningstyper och 
tillämpningar. Godtagbara kriterier för olika typer av beläggningstyper för olika tillämpningar bör 
helst fastställas innan metoden standardiseras. 
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Summary 
Water or moisture is a major damaging factor for pavements of asphalt concrete (AC). Various forms 
of damages, such as stripping, ravelling, rutting, shoving, and cracking are associated with moisture. 
Moisture can be present in different physical states depending on location and climatic conditions and 
contribute to damages. Moisture damage in AC pavements can be divided into long-term physio-
chemical damage and short-term mechanical damage due to the pumping action of water caused by the 
Introduction 

Moisture damage is a major concern for asphalt concrete (AC) pavements. Pavements are subjected to 
various amounts of moisture in different physical states depending on the location and climatic 
conditions. Moisture in either liquid, vapor or frozen state (freeze-thaw cycles in cold regions) is one 
of the major damaging factors and is also one of the most difficult distresses to recognize in AC 
pavements. Common forms of damages associated with moisture are stripping, ravelling, rutting, 
shoving and cracking (Chen and Huang, 2007; Htet, 2015; Varveri et al., 2015, Showkat & Singh, 
2021).  

Moisture damage of AC pavements can be divided into long-term damage and short-term damage. 
Long-term damage is mainly caused by moisture diffusion. Moisture entering through the surface or 
coming up from the bottom changes the physio-chemical properties of the binder through a molecular 
or emulsification process (Varveri et al., 2015; Ahmad et al., 2018). This reduces the cohesive strength 
of the binder as well as weakens the adhesive bond between the binder and aggregates. Short-term 
damage can be attributed to mechanical damage due to pumping action and repeated pore pressure 
generation due to the moving traffic load (caused by the repeated loading and unloading of tire 
pressure on AC). This causes erosion (such as stripping and ravelling) and accelerates the long-term 
damage of the AC layer. Generally, moisture damage in AC layers is influenced by the ambient 
temperature and the magnitude of pore pressure generated by the traffic loading (Varveri et al., 2015, 
Showkat & Singh, 2021). 

For pavement design, performance prediction and maintenance activities, it is essential to evaluate the 
AC mixtures with respect to moisture damage susceptibility. The test method used for this purpose 
should be reliable and rational as well as reasonably quick and convenient (Varveri et al., 2015). Some 
of the test methods used throughout the world are the boiling water method (ASTM D3625), static 
immersion method (AASHTO T182), rolling bottle method (EN 12697-11), Tunnicliff and Root 
conditioning (NCHRP 274), the saturation ageing tensile stiffness (SATS; EN 12697-45), the 
Hamburg wheel tracking (HWT; AASHTO T234), extra-large wheel tracking test (WTT) (Kalman et 
al., 2005) and the modified Lottman (AASHTO T283) tests (freeze–thaw cycle) (Terrel & Shute, 
1989; Chen and Huang, 2007; Varveri et al., 2015). In Europe, the method ‘Determination of the water 
sensitivity of bituminous specimens (EN 12697-12:2018)’ is used. The corresponding method used in 
Sweden is the ‘Bestämning av vattenkänslighet genom pressdragprovning’ (Determination of water 
sensitivity using Indirect Tensile Test) (TDOK 2017:0650). However, some of the drawbacks of these 
methods are that they are quite variable and lack any tight control over the water saturation, the results 
do not correlate well with field performances, it takes a long time for testing and getting the results 
and most significantly, these methods disregard the pumping action of water and thus do not estimate 
the short-term moisture damage adequately (Varveri et al., 2015). To overcome some of these issues, 
the moisture induced sensitivity test (MIST) was developed (Mallick et al. 2005, Chen and Huang 
2007, Htet 2007, Shu et al. 2012, Varveri et al., 2015, Showkat & Singh, 2021).  MIST is a relatively 
quick method that attempts to simulate the pumping action of traffic loading with the application of 
cyclic pore pressure and, to some extent, the long-term damage by the elevated conditioning 
temperature. (Buchanan &Vernon, 2005; Mallick et al., 2005, Ahmad et al., 2018). Although, the 
MIST conditioning method is standardized by the ASTM D7870/D7870M−20, it is yet to be evaluated 
and standardized in Europe. There have not been many studies either for its applicability in Swedish 
conditions; a few can be found in Rahman et al. 2017; Said et al., 2019; Sulejmani et al. 2019. Thus, it 
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is essential to evaluate MIST and compare it to the other methods of moisture conditioning aiming to 
develop a guideline and standardize it for Swedish conditions. 
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Foreword 
The work presented in this report has been carried out under the project “Utvärdering av 
konditionerings metoder för vattenkänslighet enligt ITSR/MIST”, funded by the BVFF – Bana väg för 
framtiden. BVFF is an industry program that was formed in December 2011 through an agreement 
between the Swedish Transport Administration (Trafikverket), KTH and VTI. After this, LTU, 
Ramboll and AFRY (formerly ÅF) have also joined the program. 

The aim of the project was to evaluate the MIST (moisture induced sensitivity test) conditioning 
method to determine the moisture sensitivity of asphalt concrete (AC) mixtures and compare it with 
the method for determination of the water sensitivity of bituminous specimens prescribed by the 
European standard (EN 12697-12:2018, Method A) and the test method provided by Swedish 
Transport Administration for determination of water sensitivity on final pavements (TDOK 
2017:0650). This was a preliminary study with the objective of further developing and standardizing 
the MIST method in the future and to evaluate the current test methods, EN 12697-18, Method A and 
TDOK 2017:0650 in relation to MIST conditioning. The results were expected to contribute to further 
improvement of the current test methods used in Sweden. 

The entire work was carried out at VTI. The collaborative research group at VTI includes Shafiqur 
Rahman (project leader), Andreas Waldemarson and Abubeker Ahmed. The contribution of Andreas 
Waldemarson is specifically recognized for preparing the specimens and conducting the tests as well 
as for the valuable inputs and ideas. Abubeker Ahmed played a vital role in the project by contributing 
to the planning, development of the methodology, aiding in the calculations and analyses of the data as 
well as contributing to the writing up of this report.  

The members of the collaborative research group are particularly grateful to the contact person/ 
administrator at BVFF/ Swedish Transport Administration, Kenneth Lind for his enormous 
contributions and support. He provided valuable inputs in all the planning stages, encouraged us with 
the development and took care of all the administrative handling required for smooth realization of the 
project. The involvement of Xiaohu Lu from Nynas, the co-sponsor of this project is also gratefully 
recognized. 

Linköping, April 2022 

Shafiqur Rahman 
Project leader 

Granskare/Examiner 

Safwat Said, VTI. 

De slutsatser och rekommendationer som uttrycks är författarens/författarnas egna och speglar inte 
nödvändigtvis myndigheten VTI:s uppfattning./The conclusions and recommendations in the report 
are those of the author(s) and do not necessarily reflect the views of VTI as a government agency. 



VTI rapport 1145A  11 

Innehållsförteckning 

Publikationsuppgifter – Publication Information ...............................................................................3 

Kort sammanfattning .............................................................................................................................4 

Abstract ...................................................................................................................................................5 

Sammanfattning .....................................................................................................................................6 

Summary .................................................................................................................................................8 

Foreword ...............................................................................................................................................10 

1. Background and objectives ............................................................................................................12 

2. Methodology ....................................................................................................................................13 

3. Experimental procedure .................................................................................................................15 

1.1 Stiffness modulus test ................................................................................................................15 
3.1. MIST conditioning .....................................................................................................................15 
3.2. Conditioning according to EN 12697-12:2018, method A ........................................................16 
3.3. Conditioning according to TDOK 2017:0650 method ...............................................................17 
3.4. Determination of ITSR ...............................................................................................................17 

4. Results and discussions ...................................................................................................................19 

4.1. Initial stiffness moduli: dry versus wet ......................................................................................20 
4.2. Impact of conditioning methods on stiffness moduli .................................................................21 
4.3. Impact of conditioning methods on ITSR ..................................................................................25 

5. Conclusions ......................................................................................................................................27 

References .............................................................................................................................................29 

 



12  VTI rapport 1145A 

1. Background and objectives 
Two commonly used methods to evaluate the water sensitivity of AC mixes in Europe and in Sweden 
are the EN 12697-12 and the TDOK 2017:0650, respectively. The main difference between the two 
test methods is the time required for conditioning of specimens, i.e., three days (72 hours) according to 
the European standard (SS-EN 12697-12) and approximately 7 days (164 hours) according to the 
Swedish standard (TDOK 2017:0650). In contrast, the MIST is a much faster method requiring less 
than a day depending on the number of pore pressure cycles applied. The settings for the MIST 
conditioning can be adjusted with respect to pore water pressure, number of pore pressure cycles and 
temperature. It may be expected that MIST will weaken the specimens more with the application of 
higher pore pressure, higher temperature, and increased number of pressure cycles. For a specific 
temperature and pressure setting, too few numbers of cycles may show no effect on the sample. On the 
other hand, too many numbers of cycles may render the specimen too weak to be tested afterwards. 
Ideally, all these settings should represent and correlate well with reality.  However, for accelerated 
testing, these need to be elevated. Hence it is necessary to determine the optimum settings for the 
MIST conditioning that reasonably reveals the moisture sensitivity of AC mixes and thus helps to rank 
and compare the mixes accordingly and enables to predict the performances of the mixes in field 
conditions.  

The primary objective of this study was to evaluate the MIST conditioning approach and to compare it 
to the EN 12697-12 and the TDOK 2017:0650 methods. This study was a preliminary investigation of 
the MIST conditioning method with a specific temperature and pressure setting (based on literature 
study and previous experience) with the application of three number pore pressure cycles. This was to 
create a basis for optimizing the settings of the MIST approach to be standardized in the future. The 
results can also form a basis for further development and modification of the EN 12697-12 and TDOK 
2017:0650 methods. Additionally, the impacts of these conditioning methods on the mechanical 
properties of five types of AC mixes were evaluated.  
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2. Methodology  
This section briefly describes the overall methodology that was followed during this study. Further 
details and motivation for the different steps can be found in the following sections.  

In this work, five conditioning approaches were evaluated: 

• MIST with 3500 cycles (0.28 MPa pore pressure, 40° C temperature) (three specimens) 

• MIST with 7000 cycles (0.28 MPa pore pressure, 40° C temperature) (three specimens) 

• MIST with 12000 cycles (0.28 MPa pore pressure, 40° C temperature) (three specimens) 

• TDOK 2017:0650: Five AC specimens submerged in 40° C water for 164 hours 

• EN 12697-12: Three AC specimens submerged in 40° C water for 72 hours 

The following mechanical properties of the AC mixes were evaluated and compared: 

• Stiffness modulus: before and after conditioning 

• Indirect tensile strength ratio (ITSR): ratio of the indirect tensile strength (ITS) of the 
conditioned specimen (wet state) to that of reference specimens (five specimens in dry state) 

Five types of AC mixes were investigated in this study, designated as Mix A to Mix E. Mix A, B, C 
and D were AC wearing courses with identical aggregate gradation, binder grade and binder content. 
The difference between the specimens of Mix A and Mix B was that Mix B specimens had higher air 
voids. Mix C was identical to Mix A except for that the specimens of Mix C were produced in larger 
thicknesses, in a way that when their surfaces were cut to achieve the desired thicknesses, the air voids 
became the same as that of Mix A specimens. Mix D was the same as Mix B, only with added amines 
to achieve greater resistance to moisture damage. In contrast with Mix A to Mix D, Mix E was 
prepared as bounded base course with larger maximum aggregate size and with softer and lower 
bitumen content. Properties of these mixes are given in Table 1. 

Table 1. Properties of the mix types investigated (prepared according to recipe and compaction level). 

Designation Mix type Maximum 
aggregate 
size (mm) 

Bitumen 
content 
(%) 

Binder PEN 
grade 

Air 
voids 
(%) 

Other information 

Mix A ABT11(wearing course) 11 6 70/100 5.0  

Mix B ABT11(wearing course) 11 6 70/100 8.0  

Mix C ABT11(wearing course) 11 6 70/100 5.0 Mix A with cut 
surfaces 

Mix D ABT11(wearing course) 11 6 70/100 8.0 Mix B with added 
amines for improved 
water resistance 

Mix E AG16 (base course) 16 4.8 100/150 6.0  

The study was conducted in the following steps: 

1. 28 specimens of each of the five different mix types (100 mm in diameter and 50 mm thick) 
were prepared in the laboratory with Gyratory compaction method (EN 12697-31). 

2. Properties such as dimensions (EN 12697-29), bulk densities (EN 12697-6 or EN 12697-7), 
air voids (EN 12697-8) and amount of swelling were determined and controlled. 
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3. Stiffness modulus tests were conducted on all specimens. For Mix A and Mix B, the tests were 
conducted in dry state and then after submerging the specimens in 10°C water for 2 hours 
(referred to here as wet condition). For the Mix C, D and E, the stiffness modulus tests were 
conducted only with wet specimens.  

4. Based on the stiffness modulus values and air voids, the specimens were divided into six 
groups in a way that the mean values of the stiffness moduli and air voids of the different 
groups were reasonably close. Then these groups of specimens were tested and conditioned 
with different methods. Thus, 22 specimens were selected per mix type as follows: 

• Reference for ITSR: 5 specimens 

• TDOK 2017:0650: 5 specimens (as specified by the standard) 

• EN12697-12: 3 specimens (as specified by the standard) 

• MIST 3500: 3 specimens  

• MIST 7000: 3 specimens 

• MIST 12000: 3 specimens 

5. After conditioning, the specimens were first tested for stiffness modulus and then for ITS.  

6. Results were compared before and after the conditioning. For all mixes, change in stiffness 
moduli due to conditioning were calculated based on the wet specimens.  

7. Steps 1 to 6 were repeated for each mix type. 

8. All results were compared to evaluate the impact of the different conditioning methods and to 
compare the AC mix types in terms of moisture sensitivity. 
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3. Experimental procedure 

3.1. Stiffness modulus test 
For each mix type, first the stiffness modulus tests were conducted on all the 28 specimens produced. 
For Mix A and B, the tests were conducted in dry state and then after submerging the specimens in 
water for 2 hours at 10°C (wet) to compare the stiffnesses in dry and wet conditions. It was assumed 
that 2 hours submersion time is sufficient to get water inside the interconnected void spaces of the 
specimens. Since the results showed significant difference in stiffnesses between dry and wet states, 
only the wet state stiffness values were used for the analyses. The reason for selecting the wet stiffness 
and submerging the specimens in water was to compare the stiffnesses of the specimens in identical 
conditions before and after the MIST conditioning. Comparing the specimens in wet condition was 
more convenient and it excluded any aging or healing effect that might be associated with the drying 
process. Thus, for the rest of the mix types (Mix C, D and E), the stiffness modulus tests were 
conducted only with wet specimens.  

After the initial stiffness tests, the specimens were grouped for the different types of conditioning 
based on their wet stiffnesses in a way that the different groups have reasonably close mean stiffness 
values and air voids. The stiffness modulus tests were conducted in indirect tension mode and in 
accordance with the European Standard EN 12697-26 (2012b). The stiffness tests were performed at 
10°C. The indirect tensile test apparatus is shown in Figure 1. The specimens were tested for the 
second time for stiffness in a similar manner after the different types of conditioning. For each 
specimen, the change in stiffness due to conditioning was calculated and was expressed as percentage 
change with respect to the initial (reference) stiffness. The mean value of the changes for each 
conditioning group indicates the impact of the conditioning method on the stiffness of the mix type.  

It should be noted that the determination of change in stiffness modulus due to moisture conditioning 
is part of neither the European standard nor the TDOK method. However, because of the importance 
of stiffness properties of AC mixes for pavement performance, this has been evaluated in this study. 

 

Figure 1. Indirect tensile test apparatus used for the stiffness test. Photo: Andreas Waldemarson. 

3.2. MIST conditioning 
The MIST is an accelerated moisture conditioning method under cyclic pore pressure generation. It 
was designed to simulate the stripping mechanisms due to water under repeated traffic loading and 
elevated in place temperatures. Tests can be conducted on both compacted laboratory specimens and 
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core drilled field samples in relatively short times (< 24 hours).  In the MIST equipment, shown in 
Figure 2, the temperature, pressure, and number of cycles are adjustable. It is an automated and 
sensors monitored process. The conditioning is done inside a cylindrical sample chamber (up to 3 
samples can be conditioned at a time). The device includes a hydraulic pump and piston mechanism. It 
cyclically adds and relieves pressure inside the sample chamber through a bladder inside the sample 
tank. The test is performed at elevated temperatures to further accelerate the potential long-term 
damage. The test involves placing a specimen inside the sample chamber, filling the chamber with 
water, closing the sample chamber lid, specifying the temperature, pressure and number of cycles in 
the settings and starting the test. The machine automatically heats up the water/specimen (to the 
desired temperature above the room temperature) and starts cycling (with the specified pressure and 
for the desired number of cycles). 

The MIST conditioning method is standardized by the ASTM D7870/D7870M−20. However, for this 
study, a customized approach was followed. The MIST conditioning was conducted at 40°C, with 0.28 
MPa (40 psi) (same as ASTM) pressure for 3500, 7000, and 12000 cycles. The temperature was set 
lower than the ASTM standard’s recommendation (50°C to 60°C) to avoid any deformation of the 
specimens due to the combined effect of elevated temperature and high pressure. The number of 
cycles was chosen to be equal or higher (7000 and 12000 vs 3500) to compensate for the lower 
temperature (assuming that higher number of cycles at lower temperature has equivalent damaging 
effect as lower number of cycles at elevated temperature), to investigate the effect of different number 
of cycles and to detect any significant impact of moisture (Ahmad et al., 2018; Showkat & Singh, 
2021). After the conditioning, the specimens were submerged in 10°C water for about two hours and 
tested for stiffness modulus in wet condition at 10°C and thereafter for ITS. For each MIST 
conditioning (3500, 7000, and 12000 cycles) and each mix type (Mix A to E), three specimens were 
used.  

                  

Figure 2. (a) MIST equipment, (b) specimen inside the MIST chamber prepared for conditioning 
(water not poured yet). Photo: Shafiqur Rahman. 

3.3. Conditioning according to EN 12697-12:2018, method A 
Three specimens from each mix type were conditioned according to method A of the European 
standard EN 12697-12. The specimens were placed inside a vacuum container filled with water. A 
vacuum was applied to obtain an absolute (residual) pressure of (6,7 ± 0,3) kPa, within (10 ± 1) 
minutes. The pressure was slowly decreased to avoid expansion damage of the specimens and vacuum 
was maintained for (30 ± 5) minutes. Then the pressure was slowly increased back to atmospheric 
pressure and the specimens were submerged in water for another (30 ± 5) minutes. Thereafter, the 
specimens were brought out from the water and the dimensions of the wet specimens were measured 
in accordance with EN 12697-29. The swellings of the specimens were calculated. Since none of the 

(a) (b) 
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specimens swelled more than 2%, the conditioning was continued by placing the specimens in a water 
bath at (40 ± 2) °C for a period of (72 ± 2) hours. After conditioning, the specimens were put in 10°C 
water for about two hours and were tested for stiffness modulus and ITS. 

3.4. Conditioning according to TDOK 2017:0650 method 
The conditioning method TDOK 2017:0650 is very similar to the EN 12697-12 method. The only 
difference is that five specimens of each mix type was submerged in the water bath at (40 ± 2) °C for a 
period of (164 ± 2) h. Rest of the procedure was the same. 

After conditioning using the EN and TDOK methods, the specimens were checked for swelling. An 
example of the swelling indices of Mix C and Mix E is shown in Table 2. Example of swelling of Mix 
C and Mix E.. Since the swelling of the specimens were much below the maximum 2% as 
recommended by the standards, further testing of the specimens could be continued. 

Table 2. Example of swelling of Mix C and Mix E. 

Mix designation Specimen identity Conditioning method Swelling (%) 

Mix C 

C-10 

EN 12697-12 

0.2 

C-12 0.1 

C-22 0.2 

C-2 

TDOK 2017:0650 

0.2 

C-3 0.1 

C-5 0.1 

C-9 0.0 

C-14 0.0 

Mix E 

E-01 

EN 12697-12 

0.3 

E-08 0.4 

E-09 0.0 

E-04 

TDOK 2017:0650 

0.2 

E-06 0.2 

E-10 0.1 

E-12 0.0 

E-21 0.4 

3.5. Determination of ITSR  
Five specimens per mix type were selected to determine the reference ITS (mean of the five specimens 
in dry condition) of the mix in consideration following the European standard EN 12697-23. Since 
determination of ITS is a destructive procedure, it was not possible to further use those specimens. For 
the rest of the specimens, ITS values were determined in wet condition after moisture conditioning and 
stiffness modulus tests. The ratio of the mean ITS values (in wet state) of the specimens of each 
conditioning group to that of the reference ITS (in dry state) is the ITSR for that group (as stated in the 
standards). ITSR (expressed here as percentage) indicates the impact of the conditioning method on 
the ITS of the AC mix. Figure 3 shows the ITS testing setup and photographs of some specimens (Mix 
B and Mix E) after the ITS test. 
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Figure 3.(a) ITS test equipment, Photo: Håkan Arvidsson, (b) example of specimens after ITS test, 
Photo: Shafiqur Rahman. 

(a)  (b)              
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4. Results and discussions 
For every mix type, after the measurements of dimensions, air voids and initial (reference) stiffness 
moduli, the specimens were grouped for different conditioning procedures with an aim to have 
identical mean stiffnesses and mean air voids among the different groups. Since it was found that that 
stiffness values are correlated to the air voids (shown in Figure 4), it was quite simple to group the 
specimens to have identical mean stiffnesses and air voids. An example of grouping is presented in 
Table 3. An example of grouping of the specimens.. Figure 4 shows the plots of the reference stiffness 
moduli of all the AC specimens as functions of their corresponding air void contents. It is observed 
that in all cases, stiffness modulus showed decreasing trend with increased air voids. It should be 
noted that the mixes used here contained higher air voids than the optimum air voids common for 
these types of mixes (which is usually around 3%) and thus showed this trend. 

Table 3. An example of grouping of the specimens. 

Group  Test type 

Required 
numbers 

of 
samples 

Sample 
identity 

Thickness 

(mm) 

Diameter 

(mm) 

Stiffness 
modulus 

Air void 
(%) 

Mean values 

Stiffness 

modulus  Air void 
(%) 

(MPa)   (MPa) 

1 Reference 
ITS 5 

d4 50.3 100.0 9213 5.5 

8557 6.6 

d5 50.2 100.2 7953 - 

d11 49.8 100.3 8005 7.3 

d14 50.1 99.9 8015 7.3 

d25 50.2 99.9 9597 6.2 

2 MIST 3500 3 

d6 49.9 100.0 8048 6.7 

8791 6.5 d9 50.2 100.0 9196 6.0 

d24 50.1 99.8 9129 6.8 

3 MIST 7000 3 

d13 50.2 100.0 8082 7.4 

8420 7.5 d20 50.3 99.8 8051 7.6 

d27 50.2 100.0 9126 7.4 

4 MIST 
12000 3 

d2 50.5 100.0 8090 7.2 

8639 6.7 d16 50.2 100.1 8731 7.2 

d17 50.1 99.9 9095 5.8 

5 EN 3 

d15 50.2 100.0 8123 7.4 

8449 7.2 d18 50.1 99.9 8698 6.7 

d22 50.3 99.9 8526 7.5 

6 TDOK 5 

d7 50.1 100.1 8237 6.9 

8481 6.9 

d8 50.3 100.0 8948 6.4 

d10 50.0 100.0 8591 6.8 

d19 50.2 99.9 8196 7.5 

d23 50.0 100.0 8433 6.9 

- Unreliable measurement 
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Figure 4. Stiffness modulus versus air voids plots for the different AC mixes. 

4.1. Initial stiffness moduli: dry versus wet 
The difference in stiffness moduli of the specimens in dry and wet conditions were investigated. It was 
found that for all cases, the stiffness moduli were higher in wet condition. Figure 5 shows the 
individual stiffness of every specimen of Mix B in dry and wet states. Table 4 presents the average 
stiffness values (mean of all the specimens) of Mix A and Mix B in dry and wet states. The mean wet 
stiffnesses were 17.9% and 11.3% higher than the mean dry stiffnesses, respectively for Mix A and 
Mix B. The possible explanation is that the air voids in wet conditions were filled with water adding 
some strength. Mix A with lower air voids showed more increase in stiffness possibly because the 
water trapped inside the voids could not get out during the test as much as for the Mix B with higher 
air voids. Since it was more practical to test and compare the conditioned specimens in wet state, the 
stiffness moduli for the rest of the mixes were determined in wet conditions only.  
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Figure 5. Stiffness modulus in dry and wet state for Mix B. 

Table 4. Stiffness modulus in dry and wet state. 

AC mixture Average stiffness modulus (MPa) 
Difference in stiffness 

(%) 

  Dry Wet   

Mix A 8628 10105 17.9 

Mix B 7812 8692 11.3 

4.2. Impact of conditioning methods on stiffness moduli 
The wet (after submerging the specimens in water for 2 hours) stiffness of a specimen before any 
moisture conditioning, is termed here as the reference stiffness. Similarly, the stiffness modulus of that 
specimen (in wet state) determined after moisture conditioning is termed here as the postconditioning 
stiffness. The impact of a conditioning method on the stiffness modulus of an AC mix was assessed by 
calculating the mean change (the difference between the reference and postconditioning stiffnesses) in 
stiffness moduli of all replicate specimens in that conditioning group due to the conditioning. Figure 6 
shows, for each mix type, the reference and post conditioning stiffness moduli (mean of all the 
replicate specimens in the group including the standard deviations) for the different conditioning 
methods. Figure 7 shows the percentage change in stiffness modulus of each mix type due to the 
different conditioning approaches. Negative values indicate reduction in stiffness after conditioning. 
From Figure 7, the impacts of the different conditioning methods on the different mix types can be 
visualized. For better visualization and ranking of the conditioning methods, Figure 8 shows the 
average impact (on all mix types) of the individual conditioning approaches. Every mix type indicated 
significantly reduced stiffness due to conditioning. Generally, MIST 12000 reduced the stiffness most 
followed by the TDOK method. MIST3500 and MIST7000 showed identical reduction. EN method 
showed the least impact on stiffness. From the results, the impacts of the number of cycles and 
conditioning time can be observed which is expected. For these kinds of mixes, MIST with 12000 
cycles seems to be the most appropriate method to clearly show the impact of moisture on stiffness.  
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Figure 6. Average stiffness moduli before and after conditioning for individual mix types. 
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Figure 7. Stiffness changes (%) of the individual mix types due to different types of conditioning. 

  
Figure 8. Stiffness changes (average of all mixes) due to different conditioning methods  

 
Figure 9. Effect of conditioning on different mix types (shown as percentage change in stiffness). 
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Figure 10. Change in stiffness moduli of Mix B and Mix E due to different conditioning approaches 
versus air voids (single specimen per air void content). 

To rank the mixes with respect to moisture susceptibility, the mean stiffness changes of the individual 
mix types due to all conditioning approaches are shown in Figure 9. Among the mixes, Mix E and Mix 
B were mostly affected, followed by Mix A, C and D. Effect of cut surface can be seen from the 
stiffness reduction between Mix A and Mix C (Mix C is the same mix as Mix A but with cut surface). 
Possibly, during the surface cutting, some pores on the surface were closed hindering water flow 
inside the specimens. This effect probably reduced the impact of water on stiffness properties. 

Mix B with higher air voids were relatively highly affected. However, when amine was added to 
reduce water sensitivity, the positive effect was observed for Mix D (which is Mix B with added 
amines).  

Among the AC mixes, Mix E was different from the others which can be termed as a bounded base 
layer mix whereas the others were intended as AC wearing courses. Mix E had lower and softer grade 
bitumen content and different aggregate gradation. This mix was more affected by the moisture 
conditioning compared to the others. This indicates that different kinds of mixes may require different 
settings of the conditioning. If a specimen of a certain mix type becomes too weak after conditioning, 
it may be difficult to test if afterwards. On the other hand, if the conditioning time/cycles is too low, 
the impact of moisture may not be clearly visible. Hence the amount of conditioning and acceptability 
criteria should be specified for a mix type based on the intended use.  

Figure 10 shows examples of the impact of various conditioning on stiffness changes depending on air 
voids for Mix B and Mix E (single specimen per air void). Since the variation of air voids within the 
specimens of the same mix is very narrow, it is hard to detect the effect. However, for some of the 
cases and comparing the effect on Mix A (average 5% air voids) and Mix B (same as Mix A, but with 
higher average air voids of 8%), it may be stated that mixes with higher air voids are more susceptible 
to moisture damage.  
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4.3. Impact of conditioning methods on ITSR 
The ITSR values of the different mix types due to different conditioning approaches (mean of all 
replicate specimens of a mix type for each conditioning method) are presented in Figure 11. Figure 12 
shows the mean of ITSR values of all mixes for the different conditioning types for easier ranking of 
the different conditioning methods. The lowest ITSR values were observed for TDOK conditioning 
followed by the EN conditioning and MIST 12000. As can be expected, generally, the longer 
conditioning time of the TDOK method and MIST with higher number of cycles (seen from Figure 12 
when the average impact on all mix types is considered, although it is not so obvious when individual 
mix type is considered as in Figure 11) showed greater impact. However, for ITSR, MIST 
conditioning does not seem to show as much impact as the TDOK or EN conditioning methods. One 
possible reason may be that MIST simulates more of the short-term pumping action of water while 
TDOK and EN methods simulate the long-term moisture damage. They may have different impacts on 
stiffness and ITS properties of the AC mixes. 

  
Figure 11. ITSR of the different mix types due to different methods of conditioning. 

 
Figure 12. ITSR (average of all types of mixes) due to different methods of conditioning. 
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Figure 13. ITSR (average of all conditioning types) of different mixes due to all types of conditioning. 

Figure 13 shows the mean of ITSR values of all conditioning types for the different mixes for easier 
ranking of the mixes with respect to moisture impact on ITS. It is seen that Mix A is the most affected 
one with the lowest ITSR value while Mix E and Mix D are least affected showing the highest ITSR 
values. Here, the results obtained for stiffness and ITSR do not seem to be in full agreement. For 
example, stiffness of Mix E was highly affected by conditioning but the ITS was not so much affected. 
On the other hand, Mix D with amine additives was consistent for both stiffness and ITSR showing the 
highest resistance to moisture damage. Surface cut Mix C showed better resistance than Mix A both in 
terms of stiffness change and ITSR. Mix B with higher air voids than Mix A showed higher stiffness 
reduction but lower reduction of ITS (higher ITSR). Some of these observations are hard to explain. It 
could possibly be due to experimental variation although extreme care was exercised during the lab 
experiments. It should be also noted that ITSRs were determined based on two different set of 
specimens (since it is a destructive method) whereas stiffness moduli were compared for the same 
specimen. Thus, ITSR may introduce some error in comparison. Testing higher number of specimens 
may reduce this error. Further testing and studies are necessary to be confident on these findings and 
for possible explanations of the behavior.  
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5. Conclusions 
In this project, primarily the MIST conditioning method for the determination of moisture 
susceptibility of AC mixes was evaluated. The main benefits of the MIST method are that (a) it applies 
cyclic pore pressure to simulate the pumping action of water due to moving wheel load which is more 
representative of the field condition but absent in other methods; and (b) it is a much quicker method 
compared to the EN and TDOK method. For this study, the MIST method was compared with the 
commonly used EN and TDOK methods. Additionally, the five different AC mixes that were tested 
were compared for their moisture susceptibility with respect to stiffness and ITS. Below are some of 
the highlights of the findings from this study: 

A. Comparing the conditioning methods: 
• Stiffness modulus evaluated in wet state (submerged in 10°C water for 2 hours) can be 

significantly higher compared to dry state. Thus, to evaluate the impact of conditioning, it 
should be tested and compared in identical state, preferably in wet condition since it is more 
convenient to test the specimens in wet state after moisture conditioning. In contrast with drying 
the specimens, this may reduce the effect of healing and aging. 

• As can be expected, the MIST conditioning affected the specimen properties depending on the 
number of cycles. Similarly, compared to the EN method, the TDOK method showed larger 
impact on the specimens because of longer time of conditioning (3 days versus 7 days). 

• MIST 12000 and TDOK showed the strongest impact. For the chosen temperature (40°C), and 
pressure (0.28 MPa) setting, MIST with 12000 cycles may produce impact on the AC mixes 
identical to that of the TDOK method, but within a much shorter time (less than 1 day versus 7 
days). 

• No significant difference was observed between the impact of MIST 3500 and MIST7000. EN 
method also showed similar effect.  

• MIST condition appears to impact more on stiffness properties compared to ITS. Both EN and 
TDOK methods seem to affect more on the ITS. One possible reason may be that MIST 
emphasizes the short-term damage due to pumping action of water while the other methods 
simulate the long-term moisture damage that may affect the mix properties in different ways. 

• ASTM standard specifies 3500 cycles for MIST at 50°C to 60°C depending on mix type. In this 
project, 40°C temperature setting was selected so that the specimens do not get deformed. For 
that reason, cycles higher than 3500 would be more appropriate. Thus, MIST 12000 cycles 
showed good results and equivalent to the TDOK method with its inherent advantages. Thus, 
MIST appeared to be a promising approach that can be a better and more convenient alternative 
to the TDOK and EN methods. 

B. Comparing the mixes: 
• Air voids showed some impact on moisture susceptibility. For example, Mix B with higher air 

voids was more affected compared to Mix A. This is consistent with some other studies (Varveri 
et al., 2014). 

• Specimens produced by cutting the surfaces showed some effect on moisture susceptibility since 
Mix C with surface cut was less affected by conditioning compared to Mix A (both Mix A and 
Mix C was identical except for the cut surface).  

• Mix D with amine additive showed improved resistance to moisture damage and was the least 
affected in the group, even though it had higher air voids. 

• Mix E (AC base layer) was different from the other mix types having different aggregate 
gradation and softer and lower binder content. Mix E was comparatively more affected by the 
moisture conditioning. This indicates that the settings of the MIST conditioning may be better 
specified for AC mix types and intended application. The acceptability criteria should be based 
on that as well. 
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The MIST approach is not yet standardized for Swedish conditions. For this project, the selection of 
the temperature, pressure and number of cycles were based on previous experience, literature review 
and the ASTM standard. The study only looked at the effect of the number cycles for a specific 
temperature and pressure setting. The types of AC mixes and the number of specimens tested were 
also limited. Thus, further studies should be carried out with more mix types, larger number of 
replicates and more combinations of the temperature, pressure, and the number of cycles of MIST 
conditioning. It should be noted that the magnitude of impact on the mix properties due to the different 
conditioning methods determined in the laboratory may not be representative of the field performances 
of the mixes. This should be evaluated by conducting field studies and correlating the performances. 
Thus, the study should include core drilled specimens as well. Based on more studies, it should be 
possible to optimize and standardize the settings of MIST conditioning for different mix types and 
intended applications that correlate well with field conditions and predict the actual performances of 
the mixes. 

The MIST method provides the opportunity to develop a model in the future to predict the moisture 
damage of the asphalt mixture in real pavements by correlating the designed traffic to the number of 
cycles used for MIST conditioning. Results from this method may even be used for modelling the 
pavement damage due to moisture in a more realistic way. Since MIST may not simulate the long-
term moisture damage as good as the TDOK or EN method due to shorter conditioning time, these two 
methods may be combined to estimate moisture damage with greater accuracy. Acceptability criteria 
for results of MIST conditioning on different types of mixes and intended application should be 
established based on more testing and correlating them to field studies. 
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