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FOREWORD

It is scientifically proven that hydrated lime Haeneficial effects on the asphalt mixtures used
in road construction. This has been studied in ldéptthe USA where hydrated lime is
present in 10% of the Hot Mix Asphalt (HMA) proddiceach year. Unfortunately, in Europe,
the functionalities of hydrated lime are still rathpoorly known and thus the use of hydrated
lime is less usual.

In the recent years, Europe has been reconsidénegdesign and management of road
infrastructures to better meet the needs genetayethe increase of heavy traffic and by
environmental concerns. Additionally, constrainemidets require to better optimize the use
of all available resources (financial, materiats,)e

To take advantage of this context, the EuropeanelLissociation (EuLA) has decided to
develop the European awareness on the benefitydshted lime in asphalt mixtures, the
challenge being to convince the road communityde kydrated lime in a more systematic
way. To address this issue, and due to the contplekithis market, it is crucial for the lime

industry to have a credible and consistent message.

In 2008, a first EULA ad-hoc group produced a prbamal leaflet called “Lime in asphalt
paving” available on the EuLA website (http://wwwi&be/121.html#c1285).

In 2009, EuLA has decided to go further and to wet within the Lime Application
Committee, an Asphalt Task Force (ATF) with theédwing key objectives:
1. Establish a European long term strategy (5 to Hdsydor the promotion of the use of
hydrated lime in asphalt mixtures,
2. Streamline and coordinate the national and regiappitoaches,
3. Pool lime industry resources to foster or initistéentific research,
4. Develop promotional tools and actions.

The ATF started its work by gathering European ,detantry by country, on the state of
development of the use of hydrated lime in asphattures, essentially HMA. The following
table summarizes the current situation.
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[Lime treated
HMA] vs
Level of [total HMA] % hydrate
Country experience Start (estimate %) in HMA Form Objective Applications
Austria Voluntary 2003 1 1.5t03.5 Pure Stripping, rutting AC, SMA, PA
Belgium From compulsory 80's <1 15 Mixed filler Stripping SMA, PA (asphalt
to voluntary rubber)
Czech Tests 1996 <1 15 Pure Stripping, rutting AC, PA (asphalt
Republic rubber)
Denmark Voluntary Mid 90's <1 1tol1l5 Pure Stripping AC
Finland Voluntary ? <1 lto2 Pure or MF Stripping, aging, other AC, SMA, CMA
France Voluntary ? (> 1945) 1 1t0o1.5 Pure or MF Stripping, aging, other AC, CMA, PA, PA
(asphalt rubber),
BBTM
Germany Voluntary 2000 <1 1to3 Pure or MF Stripping, aging AC, SMA
Hungary Tests 2009 <1 2 To be defined Stripping, rutting AC
Ireland Voluntary 2001 <1 2 Pure Stripping, rutting PA
Italy Voluntary Mid 90's <1 lto2 MF Stripping SMA, PA
The Stripping, Aging,
Netherlands Compulsory Mid 90's 7 2 MF Durability PA
Poland Voluntary 1998 <1 1to3 MF Stripping AC
Beginning
Portugal Voluntary 2000's <1 l1to2 Pure Stripping PA (asphalt rubber)
Voluntary/ Stripping, aging
Sweden compulsory 1998 <1 1 Pure AC
Stripping, aging,
Switzerland Preferred 2006 1 15 Pure durability PA, AC, SMA,
Romania Tests 2007 <1 2 MF Stripping, rutting AC, SMA
Spain Voluntary 2004 <1 1to2 Pure Stripping SMA
Slovakia Tests 2009 <1 2 Pure or MF Stripping
UK Voluntary Early 00's 1 1to2 Pure Stripping AC
AC: Asphalt Concrete ; SMA: Stone Mastic Asphalt ; PA  : Porous Ashaslt ; CMA: Cold Mix Asphalt ; BBTM: Very T hin Asphalt Layer ; MF: Mixed Filler

Table 1: Current use of hydrated lime in asphalktomes in Europe. All data were gathered
by the Asphalt Task Force. Note that the valueshifepercentage of HMA modified with
hydrated lime in the total HMA production is a réugstimate used to quantify the level of
“lime awareness” in each country (in green, morantb% of the HMA production is
modified with hydrated lime and in yellow, about 1%

Then, one of the tasks also assigned to the ATRt@vaammarize the existing knowledge on
the modification of Hot Mix Asphalts by hydratednke. From this, a better understanding of
hydrated lime functionalities in this applicationasv sought for. Also, existing gaps in
knowledge could be identified in order to launcivmesearch works.

All members of the ATF participated in sharing thiermation they already had on the topic.
This large amount of published work was then ga&ithend studied. As a result, D. Lesueur
prepared a first version of this report, which wasefully reviewed by J. Petit, D. Puiatti and
H.-J. Ritter.

Then, a second version was written based on thalineview and all members of the ATF
contributed with their comments. This third andafimersion of the report takes into accounts
all of these contributions.

The author would like to thank all of the ATF mensb#or their valuable help and comments
in the preparation of this report.
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SUMMARY

Hydrated lime has been known as an additive fohasmnixtures from their very beginning.
It experienced a strong interest during the 19M0thé USA, partly as a consequence of a
general decrease in bitumen quality due to theofgetm crisis of 1973, when moisture
damage and frost became some of the most presavgment failure modes of the time.
Hydrated lime was observed to be the most effe@dditive and as a consequence, it is now
specified in many States and it is estimated tB& bf the asphalt mixtures produced in the
USA now hold hydrated lime.

Given its extensive use in the past 40 years inU8é, hydrated lime has been seen to be
more than a moisture damage additive. As is detailehis report, hydrated lime is known to
reduce chemical ageing of the bitumen. Furthermomgjffens the mastic more than normal
mineral filler, an effect that is only observed abaoom temperature. This impacts the
mechanical properties of the asphalt mixture, dnstrength and modulus are seen to be
modified by hydrated lime addition for a little neothan half of the mix formulas, it improves
the rutting resistance in about 75% of the mix folas. In all cases, most of the studies focus
on hydrated lime contents of 1-1.5%, and theseceffare generally more pronounced for
higher hydrated lime contents. Finally, the fewImh®d studies on fatigue resistance indicate
that hydrated lime improves the fatigue resistasfasphalt mixtures in 77% of the cases.

In line with the observation that hydrated lime slo®t exhibit a higher stiffening effect than
mineral filler at low temperature, no effect on tihermal cracking resistance is reported in
the literature.

The reasons why hydrated lime is so effective phak mixtures lie in the strong interactions
between the major components, i.e. aggregate @aachén, and the combination of 4 effects,
two on the aggregate and two on the bitumen. Hgdritne modifies the surface properties
of aggregate, allowing for the development of afasi composition (calcium ions) and
roughness (precipitates) more favourable to bituamdimesion. Then, hydrated lime can treat
the existing clayey particles adhering to the agate surface, inhibiting their detrimental
effect on the mixture. Also, hydrated lime readteroically with the acids of the bitumen,
which in turns slows down the age hardening kisetiod neutralizes the effect of the “bad”
adhesion promoters originally present inside thenbeén, enhancing the moisture resistance of
the mixture. Finally, the high porosity of hydratihe explains its stiffening effect above
room temperature. The temperature dependence ardntgtics of the stiffening effect might
explain why hydrated lime is not always observedtitien asphalt mixtures and why it is
more efficient in the high temperature region wheiténg is the dominant distress.

The various ways to add hydrated lime, i.e., itte drum, as mixed filler, dry to the damp

aggregate, as lime slurry, with or without marioatiare described. No definitive evidence

demonstrates that one method is more effective tharother, and all methods are seen to
allow for the beneficial effects of hydrated line develop. As far as fabrication control is

concerned, hydrated lime can be easily dosificatside the mixture

Given that all the above mixture properties imghet durability of asphalt mixtures, the use
of hydrated lime has a strong influence on aspmattures durability. The field experience
from North American State agencies estimate thdtdtgd lime at the usual rate of 1-1.5% in
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the mixture (based on dry aggregate) increaseslutability of asphalt mixtures by 2 to 10
years, that is by 20 to 50%.

The European experience is not yet as develop&d the USA, but the beneficial effects of
hydrated lime on asphalt mixture durability haveoabeen largely reported. As an example,
the French Northern motorway company, Sanef, ctlyrespecifies hydrated lime in the
wearing courses of its network, because they obsdetivat hydrated lime modified asphalt
mixture have a 20-25% longer durability. Similaisebvations led the Netherlands to specify
hydrated lime in porous asphalt, a type of mix thaiv covers 70% of the highways in the
country. As a result, hydrated lime is being insregly used in asphalt mixtures in most
European countries, in particular Austria, Fraribe, Netherlands, the United Kingdom and
Switzerland.

If the benefits of hydrated lime on asphalt mixtuege clearly demonstrated with a diversity
of materials (aggregate, bitumen, mixture formula®jering the 5 continents, the European
experience remains somewhat lower than the onengpfrom the USA. As a consequence,
the effect of hydrated lime on asphalt mixturesnemsured by several European standard test
procedures are not described in the literature. Agrihose of the highest interest, ITSR and
fatigue must be mentioned.

Also, the description of hydrated lime in the Ewgap standards for aggregates is not totally
appropriate. First, test methods such as the delgaand ball test can not be performed on
hydrated lime, although they are required for mahétlers. Hydrated lime being considered
as a filler in the standards on asphalt mixturess, critical to resolve this situation. Then, the
mixed filler classes appearing in the aggregatedstals do not cover all existing products
currently used.

Finally, some theoretical aspects remain to be ratoled, and in particular the temperature-
dependence of the stiffening effect of hydratedelim bitumen and the modification of the
aggregate surface after hydrated lime treatment.
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1. INTRODUCTION

Hydrated lime has been used in asphalt mixtures treeir very beginning. In the USA, at the
end of the 19 century the National Vulcanite Company alreadydusie the cities of
Washington DC and Buffalo, a proprietary asphaltorie called Vulcanite containing
hydrated lime (0.3wt.% of “air-slacked lime” [1]\t the beginning of the 2bcentury, other
proprietary asphalt mixture formulas used in theAUstich as Warrenite [2] and Amiesite
held hydrated lime [2,3,4] and Richardson mentitiesuse of slaked lime with soft coal tar in
England [5].

A few decades later, hydrated lime was still listexda possible filler component in asphalt
mixtures in the USA [6]. At about the same timeFnance, Duriez and Arrambide described
and recommended the use of hydrated lime as aavagygdrove bitumen-aggregate adhesion
[7]. They mentioned the use of hydrated lime dsrfilor tarmacadam, the open-graded coal
tar mixture principally used for airfield duringetl1950’s in England, France and Germany.

However, hydrated lime experienced a renewed istaharing the 1970s in the USA. Partly

as a consequence of a general decrease in bitumadity glue to the petroleum crisis of 1973,

moisture damage and frost became some of the messipg pavement failure modes of the
time [8,9]. The various additives to asphalt miggiavailable to limit moisture damage were
thoroughly tested both in the laboratory and infiekel, and hydrated lime was observed to be
the most effective additive [8]. As a consequernmarated lime is now specified in many

States and it is estimated that 10% of the asphixitures produced in the USA now hold

hydrated lime [10].

Given its extensive use in the past 30 years inU8é, hydrated lime has been seen to be
more than a moisture damage additive [11,12,13,A4].will be detailed in this report,
hydrated lime is known to reduce chemical ageinghefbitumen. Furthermore, it generally
stiffens the mechanical properties of the asphatture which has an impact on the rutting
resistance of the mixtures. In parallel, the rasisé to cracking is also mentioned to be
improved. As a result, and as will also be detailzt#r on, State agencies estimate that
hydrated lime increases the durability of asphaktumes for highways by 2 to 10 years, that
is by 20 to 50%.

The European experience is not yet as developéd @ USA, but the beneficial effect of
hydrated lime on asphalt mixture durability haodisen largely reported. As an example, the
Sanef motorway company, managing 1,740km of higlswiayNorthern France, currently
specifies hydrated lime in the wearing coursest®fnietwork [15]. Sanef observed that
hydrated lime modified asphalt mixtures have a 2%2higher durability [15]. Similar
observations led the Netherlands to specify hydratee in porous asphalt [16,17], a type of
mix that now covers 70% of the highways in the d¢oufil8]. As a result, hydrated lime is
being increasingly used in asphalt mixtures in niagibpean countries, in particular Austria,
Belgium, Denmark, France, Germany, the Netherlarfeisland, the United Kingdom,
Romania and Switzerland.

Given this context, the objective of this reportsvia review the existing evidence concerning
the increase in durability of asphalt pavementsadgition of hydrated lime. Many sources
were studied in order to build the report, andldibgraphical database was constructed with
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110 documents (see details in Annexes 1 and 2).oftlggn and publication date of the
corresponding documents are given in Figure 1 agdré& 2 respectively. This confirms that,
although a great part of the literature comes fioenUSA, hydrated lime in asphalt mixture is
clearly a subject with a strong interest in alltié major European countries. Publications
from other countries like Argentina, Brasil, Chitiaglia, Iran, Japan, Korea, Saudi Arabia or
Turkey confirm that hydrated lime can be succebsfused with any material source. Also,
most of the references are quite recent (Figursi®)wing that it is an active research field
worldwide.

110 documents

BUSA, 51 B Netherlands, 6

B Germany, 8

W Europe, 43

B Switzerland, 2
B Austria, 4

OBelgium, 4

B Canada, 1 EHean, 18 China, 1
B Brasil, 2

@ Argentina, 2
W Australia, 1
@ South Africa, 1

O Saudi Arabia, 2

Figure 1: Origin of first author for the documenisthe database.
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Figure 2: Year of publication of the documentsha tatabase.

The structure of the report is as follows. In astfichapter, hydrated lime is presented,
highlighting the relevant properties allowing itseuin asphalt mixtures. Then, a second
chapter details the effect of hydrated lime on afighixtures based on laboratory testing. The
mostly used testing procedures allowing to evalusdeeral aspects of asphalt mixtures
durability are presented, including moisture damaageing and mechanical properties
(modulus, rutting, fatigue and thermal cracking). third chapter reviews the current
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understanding on the mechanisms of hydrated limeiffnation of asphalt mixtures. Finally,
a fourth chapter presents the current practicaleegpce with hydrated lime, not only
confirming the laboratory tests on durability buscaexplaining how hydrated lime is
currently used in the asphalt plants.
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2. HYDRATED LIME AS AN ACTIVE FILLER FOR ASPHALT MI  XTURES
2.1 Hydrated Lime: Properties

Hydrated lime is mainly composed of calcium dihydde Ca(OH). It is obtained by
hydrating quicklime (essentially calcium oxide Ca@$ing specific equipments called
hydrators. Quicklime is manufactured by burningdstone of very high purity (made of
calcium carbonate CaGpat temperatures around 900°C in dedicated k#hs [

The same cycle can be performed on dolomite madea6fQ.MgCQ;, in order to obtain
dolime or dolomitic lime (CaO.MgO) and then hydch@olime or hydrated dolomitic lime
(Ca(OH).Mg(OH), or Ca(OH).MgO.Mg(OHY), if it is only partially hydrated - [4]).

Hydrated lime and quicklime, including dolimes, foonstruction and civil engineering

applications are specified within the Europeanddiath EN 459-1 [19]. The principal qualities

of the various grades of hydrated products are sanmaed in Table 2. The grades are for
calcium lime (CL) and the number identifies theifyjum terms of mass content of CaO +
MgO. The letter “S”, standing for “slaked”, iden¢i§ hydrated products in powder form. This
allows for differentiating with quicklimes (Q) arydrated lime in the form of putties (S PL)

or milk of lime (S ML).

As far as asphalt mixtures modification is concdrngandard hydrated lime is the mostly
used product. Still, hydrated dolime is also mergab and was shown to behave in a similar
manner [20,21,22]. Quicklime, on the opposite, wlagwn to be detrimental when used as a
substitute for hydrated lime [20]. Still, some vepecific applications use either quicklime or
hydrated lime with porous aggregate (basalt, s)aig..order to prevent the so-called soup-
phenomenon observed when the water from the aggremaulsifies the bitumen during
mixture transportation [23]. But in this case, teenaining water inside the porosity of the
aggregate hydrates the quicklime and in the endratgd lime is present in the mixtures.
Therefore, this report will focus on standard hyeldalime, although the results mostly apply
to hydrated dolime as well.

CaO + MgO Available lime
wt.% wt.%
CL90 S > 90 >80
CL80 S >80 > 65
CL70 S >70 >55

Table 2: The various grades of hydrated lime acocado EN 459-1. Note that the value for
available lime will only appear in the revision®®N459-1 to be published probably at the
beginning of 2011.

Hydrated lime purity can be assessed by EN 45% [Phe method consists basically in an
acid-base titration. The same principle is usedasificate hydrated lime in asphalt mixtures
as detailed in Chapter 5.

Hydrated lime generally comes in the form of a diite powder (Figure 3) with a particle
density close to 2.2Mg/f{4]. Because of a high level of particle porogit§ order 50%), its
apparent density typically ranges from 0.5 to 0.8kfgas measured by EN 459-2.

11/96



Hydrated Lime in Asphalt Mixtures

Figure 3: Hydrated lime (source: Lhoist).

As will be detailed in Chapter 5, hydrated lime danused directly as such on an asphalt
plant using a dedicated silo. However; some plalatsnot have the possibility to have a
specific silo for hydrated lime and therefore preteuse mixed filler consisting of a blend of
between 10% to 75% of hydrated lime with anoth&erfigenerally a pure limestone filler.

2.2 Hydrated Lime as afiller

Because of its mineral origin and powder form, hyed lime is generally compared to

mineral fillers in the asphalt industry. In fachet European standards for hot-mix asphalt
(series EN 13108-1 through -7) state that hydrhmeel shall be considered as filler and note 1
in paragraph 4.3.4 clearly say8ller includes materials as cement and hydratedd” [25].

In this sense, hydrated lime can be evaluated ubmgpecifications on aggregates for asphalt
mixtures as detailed in EN 13043 [26]. More prdgisthe relevant part of this standard for
hydrated lime is the one dealing with fillers. T¢ese of mixed filler is also described in the
standard.

The standard mainly considers the properties ofillee related to its stiffening effect on the
bitumen. In particular, the voids of the dry contedcfiller (Rigden air voids) and delta Ring
and Ball are measured.

2.2.1 Voids of the dry compacted filler (Rigden Aioids)

The voids of the dry compacted filler (EN 1097-Z])2consists in measuring the density of a
compacted specimen of the studied filler and divid®y the particle density of the filler. The

ratio therefore gives the volume fraction of voidghe packed filler. The test was proposed
by P. J. Rigden of the British Road Research Laboraback in 1947 [28] and is therefore
also known as “Rigden air voids”.

Mineral fillers generally have voids ranging fror8 o 45% [29,30,31,32,33,34], 30-34%
being the usual range for many fillers such as rnim&stone fillers, as pictured in Figure 4.

12/96



Hydrated Lime in Asphalt Mixtures

66,0

RV (%)
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o 04 o o s s moAa 5
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Figure 4: Rigden air voids of several fillers andked fillers. L: Limestone, D: Dolomite, M:
Melaphyr, B: Basalt, CAL: Hydrated Lime, X15: Fill& with 15wt.% Hydrated Lime, X30:
Filler X with 30wt.% Hydrated Lime (fron8]]).

When mixed fillers are concerned, Rigden air vardsease when the hydrated lime content
increases, with typical values in the 45-50% rafaye25wt.% hydrated lime in the mixed
filler ([29,31,35] - Figure 4). Note that fly aslsa contributes to increasing the Rigden air

voids value [35].
2.2.2 Delta Ring and Ball

The delta ring and ball test (EN 13179-1 [36]) éstssin measuring the increase in softening
temperature of a 70/100 bitumen after addition680l.% of the studied filler.

Mineral fillers typically have delta ring and babetween 8 and 25°C, 15°C being a common
value ([29,31] - Figure 5).

- 28 /A 28 = 2 e
. oA S m M
Type of filler

Figure 5: Delta ring and ball of several fillers dmmixed fillers. L: Limestone, D: Dolomite,
M: Melaphyr, B: Basalt, X15: Filler X with 15wt.%ydrated Lime, X30: Filler X with
30wt.% Hydrated Lime (fronB[]).

As detailed in several studies [31,37], the testruat be performed on pure hydrated lime. As
a matter of fact, the stiffening power of hydratede is so pronounced that the 37.5vo0l.%

blend is not fluid enough to prepare the test speni
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Still, lower amount of hydrated lime than the opedfied in the European standard allow
quantifying the stiffening effect [37,38,39], astired in Figure 6. For example, German
studies generally use a Stability Index consisimfinding the filler/bitumen ratio that raises
the Ring and Ball value of a 200 penetration bitarbg 20°C [38,39]. Values for hydrated
lime are typically in the 0.7-1.0 range, meaningtthydrated lime contents of 40-50wt.%
raise the Ring and Ball value by 20°C. Minerakfifl usually have values in the 1.5-2.5 range
[29,37,38,39].

=== Kalkhydrat (51 ~ 0,62 : 1)
75 e Kalksteinmeh! (51 = 2,16 1 1}
wmms Oranywacke-Fiiller (S1 =15 : 1)

Erweichungspunkt Ring und Kuge! [*C]

0f100 20/80 30/70 40/60 50{50 40/60 30{70
Verhiltnis Filler/Bitumen

Figure 6: Ring and ball softening temperature & penetration gré[de bitumen as a
function of filler weight content (expressed itefilbitumen wt.%/wt.%) for hydrated lime
(Kalkhydrat), limestone filler (Kalksteinmehl) a@atauwacke filler (from [38]).

As a consequence, when hydrated lime is used ifotine of a mixed filler, 15 and 30wt.%

hydrated lime were seen to increase the deltaamugball by, respectively, 2 to 10°C and 8 to
20°C (Figure 5).

Note that the volume fraction used in the testoisrapresentative of the typical hydrated lime
content in an asphalt mixture. As detailed in arlaection, typical hydrated lime content in an
asphalt mixture is 1-1.5wt.% based on dry aggredate a typical binder content of 5wt.%

(based on dry aggregate), this amounts to 20-30wt.%0-15vo0l.% hydrated lime in the
bitumen.

2.2.3 Other properties

Other properties used to specify mineral fillerghie asphalt industry are also listed in Table
3.

Of special interest is the bitumen number (EN 1317Z940]), which consists in measuring
the amount of water in ml that needs to be adddd@y of filler in order to reach a reference
consistency defined by a penetration value of Brton. The test is being used especially in
the Netherlands (where it is also known as de \&@arBaan number) and gives an information
on the stiffening power of the filler, which is sewhat similar to the Rigden air voids value.

Mass in kerosene is also sometimes used to characfdlers (EN 1097-3 [41]). It measures
the so-called apparent density of 10g of filleBml| of kerosene, obtained by measuring the
height of filler that sediment in kerosene aftehdurs. It was shown by P. J. Rigden [28],
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although measured in benzene, that this parangeless relevant than the Rigden air voids in
order to predict the stiffening effect of minerdlefs in bituminous binders.

Methylene blue value (EN 933-9 - [42]) is not relat for hydrated lime, because the test is
intended to measure the amount of clayey materalan aggregate. Even if a clayey
limestone is used to manufacture the lime, thesctag chemically modified in the kiln and
are not found in the final material. Still, the haft industry uses the test a lot to characterize
fillers and there is no difficulty to perform it drydrated lime. The value is normally inferior
to 1g per kg for hydrated lime.

Although the Blaine method (EN 196-6 - [43]) isa@ntled for cements, it is sometimes used
to characterize hydrated lime. This is generally aygpropriate, because the high porosity of
hydrated lime makes it impossible to run the tesbeding to the required level of porosity,
which in turns strongly affects the repeatabilifytioe method. Still, values can be obtained
and they are usually higher than 10,008fgn¢= 1nf/g) for standard hydrates. Specific surface
area can be best measured by the Brunauer-Emnikdt-Teethod (BET) with nitrogen
adsorption, and it is then of order 15-Z@yn[4]. Most fillers have values in the 1-5fm
range, but higher values close to Hiptan still be found [34]. However, no standaribeto
detail the way the BET method should be appliegitteer mineral fillers or hydrated lime.

Table 3 summarizes the typical values for some gnt@s of hydrated lime as compared to
mineral fillers obtained from the crushing and siisation of mineral aggregates. Table 3 is
only intended to give reasonable estimates foligied properties, which will of course vary
depending on the origin of the materials. Note fitlars from other sources such as fly ash,...
can have very different properties than mineréf and must therefore not be mistaken for
mineral fillers.

Property Method Unit Hydrated| Mineral Refere
Lime Filler nce
Particle Density EN 1097-7| Mg/ 2.2 2.6-2.9 [29,31
Voids in dry compacted EN 1097-4 % 60-70 28-45 [29,31,
filler 34]
Delta ring and ball EN 13179-1 °C not 8-25 [29,31]
measurable
Bitumen Number EN 13179-P - 100-120 40-50 [35]
Mass in Kerosene EN 1097-3 Mg/m 0.3 0.5-0.9 [26]
Blaine Specific Surfacg EN 196-6 Chp >10,000 7,000
Specific Surface Area BET with | cn¥/g 150,000- 14,000- [4,34]
nitrogen 200,000 95,000
adsorption
Methylene Blue Value | EN 933-9 o/kg <1 0-20 [34]

Table 3: Typical properties of hydrated lime congzhto mineral fillers.
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3. EFFECT OF HYDRATED LIME ON ASPHALT MIXTURES PROP ERTIES

As described in the introduction, the renewed egefor hydrated lime that occurred in the
USA in the 1970s focused on its beneficial effectnooisture damage and frost resistance.
However, it turned out that hydrated lime improwstier properties of asphalt mixtures as
well. In the end, hydrated lime is now seen as &ifunctional additive that improves the
durability of asphalt mixes. Unfortunately, measgrthe durability of asphalt mixtures in the
laboratory is not possible, because of the manyedises and failure modes that an asphalt
mixture can experience.

Still, test methods are available in order to eatdihe resistance of pavement materials to the
action of detrimental agents such as water, fréleae-cycles, temperature and UV-exposure
(ageing) and/or traffic. Hence, this chapter readie evidence gathered in the literature on
the effect of hydrated lime on asphalt mixtureseggrds:

» The resistance to moisture damage and frost,

» The resistance to chemical ageing,

» The mechanical properties, in particular modultiergth, rutting resistance, fatigue

and thermal cracking.

Although these laboratory tests can allow for a jpanson between materials, especially with
reference materials of known field behaviour, theydly provide direct information on the
durability in terms of time to failure for the matd under field conditions. Except for fatigue
cracking and rutting that can be used in pavemesigd methods in order to predict a time to
failure, properties such as moisture damage anthggee difficult to translate into field
durability. Therefore, this chapter will only focos laboratory testing and the next chapter
will cover field behaviour.

3.1 Resistance to Moisture Damage and Frost

Moisture induced-damage and the effect of freeag+thycles are common phenomena with
asphalt mixtures. It generally materializes byphegressive loss of aggregate as illustrated in
Figure 7: The bitumen-aggregate bond gets weakienbe presence of water to the point that
it becomes not strong enough to hold the aggreggtes is generally called aggregate

stripping or ravelling when it is limited to therface [44]. Flushing is also one type of water
damage that similarly yields to the loss of aggregaut from the bottom layer of the material

as a consequence of the traffic-induced water press the binder course [9]. If untreated,

these damages can deteriorate into potholes. Brubtfreeze-thaw cycles tend to enhance
these detrimental effects, and a tough winter ¢aatilly generate potholes.

According to a US survey back in the early 199Qs\&ter-induced damages typically occur
for untreated mixes between 3 to 4 years aftertoactton on average, sometimes the very
first year.
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Figure 7: Agggate strippin as a consequenceasture induced-damage (from [45]).

As already said, hydrated lime has been knowndarg/to improve the resistance to moisture
damage of asphalt mixtures. M. Duriez with the EreCentral Laboratory of Roads and
Bridges (LCPC) and his coauthor J. Arrambide taléetensively about the subject when the
hot mix asphalt technology was emerging in Européfd]. Also, this property explains the
renewed interest 40 years ago in the USA [8]. Aditwy to the American State agencies, it is
still the reason why they specify hydrated limdhrir asphalt mixtures [10], as will also be
detailed below.

Many test methods are available to evaluate theston@ and frost resistance of asphalt
mixtures. Table 5 lists the most frequently usethaliterature. Their predictive power is still

debated and there is no clear consensus on whithoohés best suited in order to eliminate
moisture damage in the field [47]. In particulagter diffusion inside the mixture [47] is not

currently directly measured when it might explane tL00% water-saturation observed with
damaged field mixtures [9]. However, lab methodsdus the current specifications barely
reach 80% saturation. Still, the Lottman test (AASHT-283 - Table 5) was found to be one
of the most effective among the tests in use ild84A in 1991 (Figure 8).

100% Effective ° } = 1 ‘
8 7
PR P — R
e AN
% Moderate 5 |, \ \ % T x\\% & 1 7 -Bes{ reported
% /\ \ k % efficiency —
A // / ’{: \\ Average efficiency
@ sight 3t / ! ’// :I
% o Je— é ................. ﬁ
Not Effective 9 AASHTO AASHTO AASHTO Modulus Ball TSR - : :
T-185 T-182 T-283 Ratio Test Lottman or

Reok-Tunmiclit!
* Number of responses rating effectiveness
H = High; L = Low; X = Mean; § = Standard Deviation

Figure 8: Comparison of the effectiveness of sdviest methods in order to predict moisture
damage as evaluated by State agencies experience [@]).
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In all cases, the published data confirm that hydrdime at 0.5-2wt.% on dry aggregate
successfully improves the moisture and frost rass of asphalt mixtures regardless of the
testing method. At least 1wt.% is needed in oraerfully benefit from this effect [48].

Examples of the potential gain with hydrated linne ksted in Table 6, Table 7, Table 8 and

Table 9.

1/ Lottman 100 A: 1% Portland
test cement
o B: 1% Dry hydrated
6o} lime to damp
2» aggregate
] C: 1% lime slurry to
20l —e—Granite damp aggregate
& Linestine D: 0.3% (in bitumen)
8 ) . ' .—«D-~5Ich|st . of
A B C D E F .
Anti—stripping agent alkylamldopolya
mine
2/ Retained = 100 antistrip (AST-3)
Marshall z E: 0.3% (in bitumen)
3 % of alkyldiamine
f: 50l antistrip (PA-1)
g. F: reference
= 40f
2 —e— Granite
2 20+ A Limestone
o - - Schist
"8 ¢ ot ¥
Anti-stripping additive
3/ Hamburg 30
Wheel
Tracking —
Device £
(HWTD) £
Z 1ot
o
—&— Granite
-9 -Schist
0

A 8 ¢C D £ F
Anti-stripping additive
Figure 9: Moisture resistance of 0/20 asphalt miggumade with different aggregate sources
and 4.8% 70/100 penetration grade and several sinijp- additives. The testing was done by
the Lottman test (1), Retained Marshall (2) and HDA&E 60°C (3) (from [49]).

Figure 9 illustrates the comparison of several tadei to hydrated lime (in two added

methods) using a wide range of testing methodsggmnegates of different sources. The data
come from a study by P. Hao and Y. Hachiya with Metional Institute for Land and

Infrastructure Management of the Japanese Ministrizand, Infrastructure and Transport
[49]. It makes it clear that some tests are moxergethan others in order to highlight the
beneficial effect of hydrated lime. In particula| additives (except Portland cement) look
identical when retained Marshall stability is usasl a criteria (Figure 9). However, the
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Lottman test is more discriminating and clearly destrates that hydrated lime performs
better than other additives when the testing methemmbmes more severe (Figure 9). In the
same line of thinking, the Hamburg Wheel Trackingvide (HWTD) also shows that
hydrated lime is more efficient that other addisive order to increase moisture resistance of
asphalt mixtures (Figure 9 — see also section 308.4 description of the test results).

Clearly, the relative improvement is test-method amaterials dependent (Table 6). A good
overview of the comparison between liquid antistaipd hydrated lime was prepared by
Professor P. E. Sebaaly of the University of Nevadaeno [13]. Several other studies allow
for a comparison [49,50]. They all show that hyeldalime is in overall equal or better than
commercial liquid antistrips. Still, for some sgexistudy with the given raw materials at
hand and the type of testing chosen to evaluate,thdiquid antistrip can be observed once to
behave better (Table 7 and Table 9 - Figure 9)aAssult, multiple freeze-thaw procedures
(such as repeated Lottman - Figure 10 or TexasspadeTable 8) and HWTD (Table 6) are

the most differentiating test methods in order ighlght the beneficial effect of hydrated
lime [13,51].

A/ Limestone -

————-  AAR.J, Lnaged

.................. AAB-1, moderately aged

g S AAB-1. unaped & Eme-treated {20 mass %)

. e s AARA, :mmd&mmpfmmum%)

Tensile Strength Ratio, 25°C

o 2 4 g 8 10 12 14 16

Numbar of Freeza-Thaw Cycles
B/ Granite -
13k AAB-1, unaged
12} | m—==-a— AABR-{ unaged & lima-ireated (20 mass %}
G —me—emmes AR, unaged & dodecanophsnons-ireated (1 mags %)
:w‘x. 11F
3 v
A M
- 2= R O O
@ 0 v v
i
5o
3 s L A L L
4 6 a i1t 12 14 1€
Number of Freaze-Thaw Cycies

Figure 10: Multiple freeze-thaw test on asphalt tonigs made with limestone (A) or granite
(B) aggregate and bitumen AAB-1. The unaged and bgeler were tested, together with the
one modified with hydrated lime (20% based on bindth a binder content of 5.5wt.%) and

a sample modified with 1% (based on binder) dodephanone (from [65]).
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In the field, the experience with hydrated limeqite conclusive. Several studies were
published illustrating that the good laboratoryutess obtained with hydrated lime were also
observed in the field. For example, G. W. Maupinwith Virginia Transportation Research
Council reported about 12 Virginia DOT test secsi@omparing hydrated lime to other liquid
antistrip additives [52]. After 3-4 years, the Ztsens with hydrated lime showed much less
stripping than the one with chemical additives [52]

The 15 Federal HighWayAdministration experimenedt®ns in Wyoming, Montana, New
Mexico and Georgia with hydrated lime were perfargnirom good to excellent condition
after more than 5 years [53]. The Nevada DOT erpeg reported the good behaviour of
hydrated-lime treated sections versus untreatedayree period of 5-10 years: The 4 hydrated
lime treated sections experienced no reductioraveRent Service Index (PSI) except in one
case with moderate reduction, when the untreatdadrials showed moderate (2) or severe (2)
reductions in Pavement Service Index (PSI) [54].

In Europe, the Polish section with hydrated limd dot have any damage after 4 years of
traffic [55].

But the most convincing field evidence comes from® 1991 survey of the existing additives
used for treating moisture damage [8]. The Statneigs from Northern America reported
that hydrated lime was the most effective additiged so far (Figure 11). Moreover, no
agency reported that hydrated lime was only shgkffective, whereas all other additives
were considered so by some agencies.

100% Effeciive
9L

20* 7

- | I S N Number of agencies
7 who evaluated
L X+S 5

Moderate g L. \\
' Z/ \\ 2/, N o s
Slight 3 - / ----- \ o /\S\ Ayerage efficiency

7
L / Worst reported
efficiency

Amines. Poiymers Pertiand Cement Lime

7 Bast reported
efficiency

il

Relative Survey Effectiveness Rating

Mot Effective o

* Number of responses rating effectiveness
H = High; L = Low; X = Mean; § = Standard Devlation

Figure 11: Comparison of the effectiveness of shagtditives in order to treat moisture
damage as evaluated by North American State ageegjgerience (from [8]).

In the 2003 survey, the State agencies reportedibdirst reason why they use hydrated lime
is because of moisture damage (Table 4 - [10]).
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Improve Improve Alter
Resist Aging Stiffen Fracture Propertics
Agency Stripping | Resistance | Binder | Toughness of Fines
Arizona 1 3 2 3 2
California 1 2 3 3 3
Colorado 1 3 3 3 1
(when appropriate)
FHWA 1 2 3 2 3
Georgia 1 3 3 3 3
Mississippi 1 1 2 3
Nevada 1 3 3 2 1
Oregon 1 2 3 3 3
South Carolina 1 2 2 2 2
Texas 1 3 2 3 2
Utah 1 2 2 2 2

Level of importance:
1 = very important
2 = moderately important
3 = less important

Table 4: Reasons to use hydrated lime as evaluatadiSA State agencies experience (from
[10]).
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Test method Standard Type of specimen Testing etho Conditioning Test Result
Hamburg Wheel Tracking EN 12697-22 + 260mm x 300mm rectangular slabs | Wheel tracking device - testing under water at 50°C - Rut depth in mm
method B under | with final thickness under water
water
Indirect Tensile Strength EN 12697-12 — | 100mm diameter (or 150 or 160 for | Indirect Tensile Strength| - specimens in vacuum ITS ratio in % (after
Ratio (ITSR) méthode A large aggregate size) cylindrical (ITS) at 25°C and (7kPa) for 30min conditioning / no
specimen of the asphalt mixture to be 50mm/min - 70hrs in water at 40°C conditioning)
tested - 2hrs at 25°C
Duriez EN 12697-12 — | 100mm diameter (or 80 or 120 or 150 Compressive strength at| - specimens in vacuum ITS ratio in % (after
méthode B or 160) cylindrical specimen of the 18°C and 55mm/min (47kPa) for 120min conditioning / no
asphalt mixture to be tested - 7days in water at 18°C conditioning)
Cantabro EN 12697-17 101.6mm diameter x 63.5mm Mass loss after Generally the same as Mass loss ratio (after

cylindrical specimen of the asphalt
mixture to be tested (generally a porqg
asphalt)

300revolutions in the Los

uadngeles test (without stee

balls)

D

ASTM D1075

conditioning / no
conditioning)

Saturation Ageing Tensile

UK Specification

100mm diameter x 60mm cylindrical

Indirect Tensile Stiffness

- specimens in vacuum

Indirect Tensile Stiffness

Stiffness (SATS) for Highway specimen of the asphalt mixture to be Modulus measured at (55kPa) for 30min ratio in % (after
Works — Clause | tested, cored from a slab with 8% void20°C using the - 65hrs at 85°C and 2.1MPa conditioning / no
953 Nottingham Asphalt in water saturated vessel | conditioning)
Tester - 24hrs at 30°C and 2.1MPa
Lottman AASHTO T283 | 101.6mm diameter x 63.5mm Indirect Tensile Strength | - 70-80% pore saturation ITS ratio (after
Tex 531-C cylindrical specimen of the asphalt (ITS) at 25°C and - 16hrs at-17.8°C conditioning / no

mixture to be tested compacted to 6.5
7.5% voids

-50.8mm/min

- 24hrs in water at 60°C
- 2hrs in water at 25°C

conditioning)

Repeated Lottman

101.6mm diameter x 63.5mm
cylindrical specimen of the asphalt
mixture to be tested compacted to 6.5
7.5% voids

Indirect Tensile Strength
(ITS) at 25°C and
-50.8mm/min

Lottman conditioning but
with consecutive freeze-tha
cycles (generally from 1 to
20)

ITS ratio vs number of
wireeze-thaw cycle

Texas Freeze-Thaw Pedestal

41.3mm diameter x 1&marical
briquet of 0.4/0.8 sand coated with
bitumen at optimum + 2% compacted
by static pressure of 27.58 kN for
20min

Visual (crack)

- briquet immerged in
distilled water
-15 hrs at -12°C
- 45min in water at 24°C
- 9hrs at 49°C
then repeat

Number of freeze-thaw
cycles to failure
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Test method Standard Type of specimen Testing etho Conditioning Test Result
Retained tensile strength ASTM D4867 | 101.6mm diameter x 63.5mm Indirect Tensile Strength | - 55-80% pore saturation ITS ratio (after
(Tensile splitting ratio / cylindrical specimen of the asphalt at 25°C and 50.8mm/min| - 24 hrs in water at 60°C conditioning / no
Indirect tensile Strength / mixture to be tested compacted by any - 1hr at 25°C conditioning)
Root-Tunnicliff test) mean (static / Marshall,...) to 6-8% aif

voids
Immersion/Compression ASTM D1075| 101.6mm diameter x 101.6mm Compressive strength at | - 4 days in water at 48.9°C | Compressive strength
AASHTO T165 | cylindrical specimen of the asphalt 25°C and 5mm/min or 1 day in water at 60°C | ratio (after conditioning /
mixture to be tested compacted by no conditioning)
static compaction on both sides (3,000
psi during 2min)

Retained Marshall 101.6mm diameter x 76.2mm Marshall stability at 60°C| - 24 hours in water at 60°C | Stability ratio (after
cylindrical specimen of the asphalt | — 50.8mm/min conditioning / no
mixture to be tested compacted by conditioning)
impact compaction (50 or 75 blows)

Texas Boil Test ASTM D3625 | (300g + bitumen content) of asphalt | Visual (aggregate surface - Asphalt mixture in boiling | % of retained bitumen

Tex 530-C mixture to be tested or (100g + covered in bitumen) water for 10min after boiling

bitumen) of 4.8/9.8 aggregate

Table 5:

Most used testing methods in order towatal the improvement of the moisture resistanesppifialt mixtures.
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Materials Hydrated lime Criteria No Hydrated Lime With Hydrated Lime Typk o Comparison Materia| Refé
Content and Comparison renc
addition method Material es
% based on dry
aggregate
Colorado Mixes 1% Rut depth at 45°C Mix1: (17mm) Mix1: 1.4mm 0.5% of best Mix1: 2.2mm [56,
4 different aggregates after 20,000 passes | Mix2: (>20mm) Mix2: 2.3mm Liquid Antistrip | Mix2: 8.1mm 11]
5.1% AC-20 (between parenthesig Mix3: (>20mm) Mix3: 2.5mm (Additive A) in | Mix3: (13.7mm)
6.5% air voids the mixes that failed)| Mix4: 8.7mm Mix4: 2.3mm binder Mix4: 6.2mm
Louisiana Mixes 0/19 1.5% in slurry form | Rut depth at 50°C PG64-22: 10.1mm| PG64-22: 9.5mm (LS) [57]
siliceous limestone (LS) or inside the | after 20,000 passes | PG70-22: 3.7mm | 8.9mm (LM)
3.6-4% binder binder (LM) — filler PG76-22: 3.5mm | PG70-22: 2.6mm (LS)
3.6% air voids substitution 2.9mm (LM)
PG76-22: 1.9mm (LS)
1.8mm (LM)
Mix C 2% Rut depth at 50°C 12mm 4mm 0.5% liquid 4mm [58]
Lithonia granite after 8,000 passes antistrip LAS2
5% PG67-22 in the binder
Texas DOT mixes Creep slope (Cycles | Mix 1: 4,856 / 459 | Mix 1: 8,871/ NS Liquid antistrip | Mix 1: 5,469 /777 | [59,
6 different aggregates at40°Cto get Imm | Mix 2: 2,979 /640 | Mix 2: 9,919/ NS Mix 2: 4,780/ 1,050 | 14]
4.6-5.5% AC-20 rut depth in the creep Mix 3: 1,926 / 446 | Mix 3: 7,026 / NS Mix 3: 3,626 / 1,402
7% air voids region) / Stripping Mix 4: 9,815/ NS | Mix 4: 10,465 / NS Mix 4: 5,770 / NS
slope (Cycles at 40°C Mix 5: 2,082 / 279 | Mix 5: 5,252 / NS Mix 5: 1,511 /491
to get 1mm rut depth| Mix 6: 907 / 163 | Mix 6: 3,427 / NS Mix 6: 3,471 /744
in the creep region)
NS = No stripping
observed
0/16 Superpave mixes | 1% dry lime to| Stripping point at B2: 4,300 1% limestone 1,800 [60]
limestone + crushed damp aggregate 50°C (number of B3: 2,200 screenings (no
gravel (B2) cycles) filler
5.4-5.8% PG64-22 or lime slurry (B3) — substitution)
3.6-4.5% air voids no filler substitution
0/11 S Asphalt Concretel 1.5% as mixed fille Rut depth at 50°C 10.9 5.2 [37]

50/70 bitumen

(Ka25)

after 20,000 cycles
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Materials Hydrated lime Criteria No Hydrated Lime With Hydrated Lime Typk 0 Comparison Materia|l Refe
Content and Comparison renc
addition method Material es
% based on dry
aggregate
0/16 S Asphalt Concretel 1.5% as mixed fille Rut depth at 50°C 4.6 3.1 [37]
50/70 bitumen (Ka25) after 20,000 cycles

Table 6: Some examples quantifying the improvemehe moisture resistance of asphalt mixtures dgitéon of hydrated lime as measured by
the Hamburg wheel tracking test (EN 12697-22 — ksiz - method B underwater). See also sectiod 308 a description of the test results.
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Materials Hydrated lime Conteft Criteria No Hydrated With Hydrated Type of Comparison Referen
and addition method Lime Lime Comparison Material ces
Material
% based on dry
aggregate
Mix C 2% unconditioned 1/0.4/40% 1.2/1.1/92% | 0.5% liquid 1.1/1.1/100% [58]
Lithonia granite strength (MPa) / antistrip (LAS2)
5% PG67-22 Conditioned in the binder
strength (MPa) /
retained strength
at 25°C
0/16 Superpave mixes 1% dry lime to damp retained strength 69% B2: 77% 1% limestone 7% [60]
limestone + crushed gravel | aggregate (B2) at 25°C B3: 74% screenings (no
5.4-5.8% PG64-22 or lime slurry (B3) — filler
3.6-4.5% air voids no filler substitution substitution)
Nevada mix 1-2% dry lime to| retained strength 36% 1%: 84% 0.5, 1 and 2% of 0.5%: 41% [61,14]
River gravel damp aggregate at 25°C 2%: 70% best liquid 1%: 66%
AR-4000 binder antistrip from 2%: 79%
Unichem in
binder
California mix 1-2% dry lime to| retained strength 37% 1%: 93% 0.5, 1 and 2% of 0.5%: 47% [61,14]
limestone damp aggregate at 25°C 2%: 81% best liquid 1%: 58%
AR-4000 binder antistrip from 2%: 76%
Unichem in
binder
0/25 Type 2C Nevada DOT | 1.5% dry lime on retained strength 39.8% DLN: 108.7% [62]

mixes
Lockwood felsite/basalt
Polymer-modified AC-20

damp aggregate with
(DLW) or without
(DLN) 48 hours
marination or lime
slurry with (LSW) or
without marination

(LSN)

at 25°C

DLW: 97.2%
LSN: 100.0%
LSW: 108.0%
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Materials Hydrated lime Conteft Criteria No Hydrated With Hydrated Type of Comparison Referen
and addition method Lime Lime Comparison Material ces
Material
% based on dry
aggregate
0/25 Type 2C Nevada DOT | 1.5% dry lime on retained strength 68.4% DLN: 89.3% [62]
mixes damp aggregate with | at 25°C DLW: 96.5%
Lockwood felsite/basalt (DLW) or without LSN: 84.3%
Polymer-modified PG64-34 | (DLN) 48 hours LSW: 92.8%
marination or lime
slurry with (LSW) or
without marination
(LSN)
0/25 Type 2C Nevada DOT | 1.5% dry lime on retained tensile 35.3% DLN: 104.8% [62]

mixes
Lone Mountain

quartzite/limestone gravel

AC-30

damp aggregate with | strength at 25°C

(DLW) or without
(DLN) 48 hours
marination or lime
slurry with (LSW) or
without marination
(LSN)

DLW: 109.7%
LSN: 103.1%
LSW: 105.2%

Table 7: Some examples quantifying the improvemehe moisture resistance of asphalt mixtures dgitéon of hydrated lime as measured by

the Lottman test.
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Test method Materials Hydrated lime Criteria No Hydrated With Hydrated Type of Comparison Referen
Content and Lime Lime Comparison Material ces
addition method Material
% based on dry
aggregate
Repeated Lottman Polish 0/16 Mix 1.5% retained strength B50: 68% B50: 81% 0.4% liquid B50: 74% [63]
w/ Glensanda granite 2/16 and after 18 freeze- 045: 76% 045: 89% antistrip (fatty 045: 81%
0/2 Graniczna sand thaw cycles (not amine Teramin
Two binders: B50 bitumen exactly repeated 14) in the binder
from Plock and O45 Olexobit Lottman test)
45 from BP Poland
0/16 Superpave mixes 1% dry lime to| retained strength 11% B2: 49% 1% limestone 11% [60]
limestone + crushed gravel | damp aggregate after 6 cycles B3: 40% screenings (no
5.4-5.8% PG64-22 (B2) filler
3.6-4.5% air voids or lime slurry substitution)
(B3) — no filler
substitution
Idaho 0/16 dense graded 1% dry lime on resilient modulus 0: 264 0.5% of 0: 233 [64]
mixture damp aggregate | at 25°C (ksi) 3: 268 Unichem 3: 255
crushed gravel with 48 hours after 0-21 6: 272 RAA04013 6: 228
5.3% PG58-28 marination Freeze-Thaw 9: 266 liquid antistrip in 9: 161
cycles 12: 243 binder 12: 176
15: 184 15: 106
21:172 21: 86
Wyoming 0/19 mixture 1% lime in the indirect tensile 0: 591 0: 524 [65]
limestone binder strength (kPa) 1: 505 1: 473
5.5% AAB-1 bitumen after 0-15 2:464 2:471
7% voids Freeze-Thaw 4: 352 4: 480
cycles 6: 298 6: 446
8: - 8: -
10: 310 10: 466
12: failed 15: 423
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Test method Materials Hydrated lime Criteria No Hydrated With Hydrated Type of Comparison Referen
Content and Lime Lime Comparison Material ces
addition method Material
% based on dry
aggregate
Wyoming 0/19 mixture 1% lime in the indirect tensile 0: 573 0: 484 [65]
granite binder strength (kPa) 1: 459 1: 468
5.5% AAB-1 bitumen after 0-10 2: 296 2:464
7% voids Freeze-Thaw 4: failed 4: 385
cycles 6: 477
8: 396
10: 448
Texas Freeze- Texas Asphalt Concrete mix | 1.5% lime (dry Number of 6 > 137 when [2,66]
Thaw Pedestal with 62% Pea gravel, 15%lime in wet freeze-thaw whole aggregate
washed sand and 23% fieJdaggregate and cycles to failure treated
sand lime slurry LS 113 for LS
5% AC-20 binder with or without treatment of
marination, gravel only
sometimes 25 for LS
treating only one treatment of field
granular fraction) sand only
23 for LS
treatment of
washed sand
only
Fine river gravel lime slurry Number of E: 4 E: 22 21 commercial E: 3-10 [2,67]
E or A binder freeze-thaw A4 A:>25 liquid antistrips A: 2-10

cycles to failure

(amines,
amidoamines,
imidazoles,
pyridine and
organosilane)

Table 8: Some examples quantifying the improvemehe resistance to repeated freeze-thaw cyclespiialt mixtures by addition of hydrated
lime as measured from the repeated Lottman testeol exas freeze-thaw pedestal test.
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Test method Materials Hydrated lime Criteria No Hydrated Lime With Hydrated Lime Typke o | Compariso| Referen
Content and Comparison | n Material ces
addition method Material
% based on dry
aggregate
Duriez Porous asphalt 1% retained B40/50: 62% B40/50: 78% [68]
B40/50 compressive PMB: 88% PMB: 78%
or PMB with 3% EVA strength
Cantabro 0/16 porfire dense mix | 1.6% as active retained mass loss Arabian crude: 1.3 Arabian crude: 1.0 [69]
6.4% filler filler (Ka25) after 300 turns
1.9-2.5% voids
0/11 gravel dense mix 1.4% as active retained mass loss| Venezuel. crude: 1.6 Venezuel. crude: 1.5 [64
5.7% filler filler (Ka25) after 300 turns
1.9-2.5% voids
Porous asphalt 1% retained mass loss B40/50: 1.02 B40/50: 0.93 [68]
B40/50 PMB: 0.99 PMB: 0.94
or PMB with 3% EVA
Retained 0/16 porfire dense mix 1.6% as active retained stability Arabian crude: 89% Arabian crude: 91% [69]
Marshall 6.4% filler filler (Ka25) Venezuel. crude: 97% | Venezuel. crude: 102%
1.9-2.5% voids
0/11 gravel dense mix 1.4% as active retained stability Arabian crude: 97% Arabian crude: 97% [69]
5.7% filler filler (Ka25) Venezuel. crude: 111% Venezuel. crude: 120%
1.9-2.5% voids
Texas Baoll undefined Mixes 2% % covered surface 5% 90% 0.5% liquid 95% [58]
Test Lithonia granite antistrip LAS2
5% PG67-22 in the binder
Polish 0/16 Mix 1.5% % covered surface 90% 100% 0.4% liquid 100% [63]
w/ Glensanda granite 2/16 antistrip (fatty
and 0/2 Graniczna sand amine) in the
D50 bitumen binder
River gravel (Gem sand) | calcic lime (c) / % covered surface 10% c: 68% [2]
dolomitic lime (d) d: 72%
Limestone calcic lime (c) / % covered surface 60% C: 72% [2]
dolomitic lime (d) d: 80%

Table 9: Some examples quantifying the improvemdhe moisture resistance of asphalt mixtures dgitgon of hydrated lime as measured
from some of the other widely used tests.
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3.2 Resistance to Chemical Ageing

Hydrated lime was early observed to decrease biturthemical aging. The first observations
of the anti-ageing effect of hydrated lime on bitnaus materials date back from the late
1960’s in Utah, when C. V. Chachas and coworkerth vilhe Utah State Department

Highways observed that control specimens of bitumesovered from hydrated lime treated
asphalt mixtures were surprinsingly softer thanréference materials [70,71]. From then on,
many laboratory studies (Table 10) confirmed thepdnot of hydrated lime on bitumen

chemical ageing and several studies also confiitsextcurrence in the field (Table 11).

Note that the field demonstration of the anti-age&ifect remains tricky because of the
difficulty to recover the aged binder. Ageing bemgre intense on the top of the upper layer,
the first millimeters must be extracted in ordegtantify the ageing intensity. However, in
some cases, the full mixture layer, sometimes \lilcknesses of several centimeters is

analysed, diluting the effects of ageing with ditdged bitumen from the bottom.

] Temperature: 60 C

20+ — —

Log Aging Index
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| 10% Hi-Ca
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Figure 12: Aging index at 60°C (viscosity after agedivided by the viscosity before) for

various sources of bitumen modified with diffenertght proportions of hydrated lime (Hi-

Ca) and hydrated dolomitic lime (Dol). Ageing wasfprmed in the Thin Film Accelerated
Aging Test (TFAAT) corresponding to 3 days at 118A@er air exchange (from [22]).

From the published evidence detailed in Table 6, dffect of hydrated lime on bitumen
ageing can be described as follows:

» Hydrated lime-modified bitumens show a decreaseckingg susceptibility
[11,12,72,73,74,75,76]. This is materialized bylawer increase in viscosity (or any
other mechanical property) versus ageing timejcsaned in Figure 12.

» In parallel, the rate of carbonyl formation slowswih hydrated lime-modified
bitumens [72,74,75]. However, this effect was ofoynd at ageing temperatures of
88°C and above, but was not found when low tempegatgeing was studied (60°C —
[76]).

» Sulfides, sulfoxides and ketones formation seemtmdie significantly modified by
hydrated lime [22,76].

» In all cases, asphaltenes content increases abveerslpace with hydrated lime-
modified than with non-modified bitumens [22,69/275].
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» Hydrated lime-treated bitumens, i.e., bitumens hHaate been in contact with hydrated
lime that was later removed, still show this redliageing effect [22,72].
» These effects are only seen with hydrated limerantdvith limestone filler [22,77].

Some elements of interpretation of these obsemsitim terms of bitumen and hydrated lime
interactions, are further discussed in Chapter 4.
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Study Aging Procedure Tested Bitumens Hydrated Lime Main Conclusions Refere
content (weight % ce
based on bitumen)

Plancher, 1976 - Rolling Thin Film Oven Test - 4 AC10 from different 50 (from 1/1/600 | - hydrated lime treatment seen to reduce age [72]
(RTFOT - EN12607-1 - 75min | locations HL/bitumen/benzeneg hardening (lower stiffening, lower asphaltene
at 163°C) solutions then HL and content, lower carbonyl-type oxidation
- Rolling MicroFilm Circulating solvent removed) | products)
Oven RMF-C (48hrs at 98.9°C - bitumen dependent effect but all bitumen
benefit from hydrated-lime treatment
Edler, 1985 - Weatherometer: 65°C with 60/70 and 80/100 -6 or12wt.% | - much lower ageing with hydrated lime gs [78]
cyclic 102 min UV and 18 mir hydrated lime noted by viscosity, almost regardless of lime
UV+water spray (3bars), content
32.5hrs, 73.5hrs, 7 days, 14 - lower ratio of C=0 abs. (1710 €/ C=C
days abs. (1600 ci for lime modified bitumens
- RTFOT 163°C, 75 min after ageing
- RTFOT + POB (Pressure - effect much clearer on weatherometer,
Oxygen Bomb 65°C and 2.06 almost unseen on RTFOT
MPa of oxygen pressure, 96 hrs) - little effect on molar weight
- RTFOT + TFOT 163°C, 5 hrs
- viscosity, IRTF, GPC
Petersen, 1987 Thin Film Accelerated Aging| -  AC10 California| - 10, 20, 30 hydrated - ageing procedure similar to 11-13 yrs in the [22,12]
Test (TFAAT) of hydrated Coastal lime field
lime-treated materials at 113°Q - AC10 Boscan - 20 dolomitic lime | - 10% hydrated lime enough to neutralize mpst

for 3 days

- AC10 North Slope
Maya
- AC10 West Texas
Maya

of the acids of the binders

- hydrated lime treatment seen to reduce ag
hardening (lower stiffening, asphaltene
content, and carbonyl oxidation products)

- rate of carbonyl formation slows down for
hydrated lime-treated bitumens-

- rate of sulfides, sulfoxides and ketones
formation not modified by hydrated lime

- bitumen dependent effect but all bitumen
benefit from hydrated-lime treatment

- limestone filler does not have any effect or

e

bitumen ageing
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Study

Aging Procedure

Tested Bitumens

Hydrated Lime
content (weight %
based on bitumen)

Main Conclusions

Refere
ce

Johansson, 1995

1 + 2 weeks in Pressure Agif
Vessel (PAV) at 60°C and
2.1MPa of air pressure

ng 8 SHRP core bitumens

20

- hydrated lime redugeshardening based
on ageing index (viscosity ratio) except for
bitumen AAG
- hydrated lime does not affect carbonyl or
sulfoxydes formation, except for one bitume
(AAK)

[76,70]

Oliver, 1995

ARRB Durability Test (RTFOT|
+ thin film 20 microns ageing a
100°C)

- 85/100

6-26

- hydrated lime improves the durabiis
measured by ARRB test

[79]

Johansson, 1996

144hrs Thin Film Oven Test
(TFOT - EN 12607-2) + PAV
60°C + 80°C

- AAD

- AAA-1
-1

- hydrated lime suppresses the catalytic
activity of vanadium compounds

- no specific hydrated lime/vanadium
compounds interactions observed

- Mg(OH), not effective as an anti-ageing
compound for bitumen

- bitumen dependent effect

[80,70]

Wisneski, 1996

Pressure Oxygen Vessel (PO
at 88, 93 and 99°C

rejuve

V) AAA-1
- AAF-1
- blended or not with 4

nators

1-20

- anti-ageing effect observed both with
quicklime and hydrated lime, slightly better
with HL

- lime reduces asphaltene formation upon
ageing

- lime reduces carbonyl rate formation

- lime reduces the hardening susceptibility
(slope of log viscosity vs carbonyl area)

- bitumen dependent effect

[75]

Lesueur + Little,
1999

TFOT + PAV 100°C 20hrs

- AAM

- AAD

125

- hydrated lime reduces age-hardening bas
on ageing index (viscosity ratio) for bitumen
AAD

- higher viscosity increase for AAM with HL

after ageing, although no increase was foun
in carbonyl area: part of the viscosity increa
due to the kinetics of bitumen / HL interactig

5d [81]
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Study

Aging Procedure

Tested Bitumens

Hydrated Lime
content (weight %
based on bitumen)

Main Conclusions

Refere
ce

Hopman, 1999 RTFOT (2.5 and 7hrs) - Venezuela 10/10 12.5 - hydrated lime reduces age-hardening [69]
- Middle East 70/100 (penetration, R&B, asphaltene formation)
- bitumen dependent effect
Verhasselt, 2001 RTFOT (normal and 7hrs) - Venazd®/50 12.5 - hydrated lime reduces age-hardening [73]
- Middle East 35/50 (penetration, R&B, asphaltene formation)
- bitumen dependent effect
Huang, 2002 PAV 60°C 100-2000hrs - AAD-1 20 - hydrated lime reduces age-hardening [65]
- ABD-1 (viscosity ratio, asphaltene formation)
- bitumen dependent effect
- limestone filler does not have any effect or
bitumen ageing
Verhasselt + RCAT 235min at 163°C or 17, | - Venezuela 35/50, 50/7 12.5 - hydrated lime reduces age-hardening [74]
Puiatti, 2004 65 and 140hrs at 90°C and 70/100 (penetration, R&B, asphaltene formation)
- Middle East 35/50 - decrease in 1700 cm-1 absorbance
(carboxylic groups) with hydrated lime
- bitumen dependent effect
Miro, 2005 Long-Term Oven Aging - 80/100 17-44 - hydrated lime reduces age-hardenin [82]

(LTOA) of mixture with 4.5%
bitumen and 27% voids at 80°(

N
L

(penetration, R&B, viscosity)

Table 10: A review of the laboratory studies shautime effect of hydrated lime on the ageing ofrbén.
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Study Country Mixture Type Age Hydrated Main Conclusions Referen
Lime content e
years weight %
based on dry
aggregate
Chachas, 1971 Utah Many different mixtures from  0-6 1% (exceptin| - the first notice of hydrated [70]
24 existing projects, 1 to 6 years 2 occasions) | lime effect on bitumen aging
old half of them w/ lime and 6 (lower viscosity)
new projects all w/ lime - observation based on bitumen
recovery which had lower
viscosity  for  lime-modified
mixtures than  non-modified
ones
- the magnitude of the effect was
found to be dependent of
bitumen source
Decoene, 1983 Belgium 2-4cm Porous Asphalts and becmup to 10 - same good condition for the | [83,11]
Asphalt Concrete, w/ HL sections as that with PmB gn
unmodified and polymer- N5 between Neuville and
modified binders, some with Mariembourg
hydrated lime
Bruce, 1987 Montana — Big timber test One aggregate type, 120/150 3 1.5% in the | - penetration of recovered [84]
sections bitumen in most sections drum bitumen from mixes with HL
(except: 11% higher on average than
- 85/100 in one section reference
- 200/300 + Chemcrete in one
section
- 200/300 + carbon black in one
section)
Oliver, 1995 Australia chip seal w/ 85/100 penébrat 7.7-10.6 1.5-15.3% in| - no significant effect of HL [79]
grade bitumen the binder | - maybe due to HL carbonation
Jones, 1997 Utah 8 - binder viscosity 50% lower for  [11]
hydrated lime treated mixes,
showing a lower ageing
Huang, 2002 Montana — Big timber test same as above (Bruce, 1987) 5 1.5%int [65]

sections

drum

e nearly same viscosity for all
materials (treated and untreate
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Study Country Mixture Type Age Hydrated Main Conclusions Referen
Lime content e
Schneider, 2002 Germany SMA0/8 S 2 1.4% as mixed - R&B of recovered bitumen [29,85]
Schellenberg, 2004 AB 0/11 filler between 1.5 and 7°C lower for
hydrated lime modified mixes
Sewing, 2006 Switzerland HMT 22 2-4 2% - R&B of recovered bitumen [86,87]
SMA 11 between 1 and 1.7°C lower for
AB 11 N hydrated lime modified mixes,
except for one mix
Bianchetto, 2008 Argentina 0/19 mixture 0 1% - lokging Index for the [88]
hydrated lime modified mixes
manufactured at 135 or 160°C

Table 11: A review of the field studies showingefiect of hydrated lime on the ageing of bitumen.
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3.3 Mechanical Properties

Hydrated lime has been observed to improve the arechl properties of asphalt mixtures
from the very beginning of its use. In fact, therkv@lready presented in the chapter on
moisture damage is generally based on mechanis@ before and after some conditioning
and some authors rapidly observed that hydrated-fitodified mixtures tend to have higher
strength and modulus than unmodified mixes.

This result is not surprising, knowing the higtffstiing effect of hydrated-lime as measured
by the European standard tests (see Chapter 3).tBig section starts with a review of
mastics rheology, that is blends of only bitumed &lter, showing the peculiar behaviour of
hydrated lime which was already partially captubgdhe delta Ring and Ball test. Then, the
section reviews the published evidence on severahanical properties of hydrated-lime-
modified asphalt mixtures, and in particular modulsirength, rutting resistance, fatigue and
thermal cracking.

Reasons why hydrated lime has such a stiffeningcetire described in another section (see
Chapter 4).

3.3.1 Mastics

In order to better understand the properties ohalspnixtures, many researchers have used
intermediate materials such as mastics, i.e. blefdenly bitumen and filler, as model
systems. The idea behind this research is thatmhierial gluing together the aggregates
inside the mixture is not the bitumen but the bigunblended with the finest elements of the
mineral skeleton, i.e. the filler.

When studying mastics, it becomes apparent thasdsioomade with hydrated lime behaves in
a distinct way than a mastic made with normal nahéler. In fact, the delta Ring and Ball
test described earlier (Chapter 2) is already tadiesnastic showing that hydrated lime has a
higher stiffening effect than normal mineral fiber

Several studies confirmed that properties such issosity (or equivalently the complex
modulus) are similarly increased when hydrated lisnesed instead of regular mineral filler
[89,90,91]. Note that this effect needs time toalep as further explained in Chapter 4 (see
Figure 27). Still, most bitumens do show a highédfeming effect with hydrated lime than
normal mineral fillers. As a rule of thumb, anditekan average asphalt mixture with 5%
mineral filler and 5% bitumen, the substitution18f6 and 2% mineral filler by 1% and 2%
hydrated lime respectively would be equivalent sing a bitumen with a R&B softening
temperature higher by ~2.5 and ~8°C respectivelgteNthat the difference in R&B
temperature range between 2 adjacent paving ghiadaisout 5°C in the current European
specifications [92]. Therefore, the 2% hydratedelisubstitution is on average similar to
shifting the bitumen to the next harder grade,(@€35/50 with hydrated lime would be similar
to a 20/30 without hydrated lime).

This can be quantified by means of the intrinsgcuesity [)] defined as:
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)= Iim(pﬂo[’?(C”,)]_;’k)]

wheren(@) is the viscosity of the mastic with a volume frao of filler @ andng is the
viscosity of the base bitumen

The intrinsic viscosity allows for a good estimafethe viscosifying effect for any value of
the filler volume fraction. This can be done usthg following equation proposed by W.
Heukelom and P. W. O. Wijga of the Koninklijke Shehboratorium in Amsterdam (The
Netherlands) [93], as validated by other authots98]:

i =/70(
Using this parameter that quantifies the stiffenafigct of a filler, it is shown that hydrated
lime ([n] ~ 3-10) is about twice as stiffening as other ena fillers (] ~ 2.5-5) (Table 12 -
[95]).

Filler type [0l Reference

Limestone 38 [268]

Limestone 2.6-3.9 (25 °C) [273]
3.0-3.7 (70 *C)

Limestone 2.5 (65 °C) [270]
2.4(135 °C)

Dolomitic limestone 4.9 (25 °C) [273]
44 (70 °C)

Hydrated Lime 3.2-10 [277]

Lime i [274]

Sandstone 2.8(25°C) [273]
4.0(70 °C)

Siliceous filler 24 (65 °C) [270]
2.4 (135 °C)

Granite 2.7-42 (25 °C) [273]
3.5-4.1 (70 °C)

Fly ash 10.2 (25 °C) [273]
14,1 (70 °C)

Slate dust 4.2 [268]

Ball clay 3D [270]

Kaolin 6.7 [268]

Carbon black 2.6 (65 °C) [270]
3.9(135 °C)

Asbestos 16.5 [274]

Polyester fibers 26-34 [281]

Mineral fibers 26 [281]

Table 12: Intrinsic viscosity of various fillersgfn [95]).

However, temperature is a key issue here, andltbeearesults only hold because the testing
was performed at high temperatures. On the conttheylow temperature studies show that
hydrated lime is similar to other mineral fillersterms of stiffening effect at low temperature
[33,96]. The switch from the low temperature regioh normal stiffening to the high
temperature region of high stiffening occurs claseoom temperature, as clearly observed for
3 different bitumens by J. P. Wortelboer and cowsk in a joint-study between ESHA
(Groningen, The Netherlands) and the French Cemhizdloratory of Roads and Bridges
(LCPC - Figure 13 - [97]). Other data support thetfthat the stiffening effect of hydrated
lime is temperature-dependent, with a behaviourilainto mineral filler below room
temperature but more effective above [12,81,98(HY,1
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Figure 13: Temperature dependence of the stiffeaffert of hydrated lime as compared to a
limestone filler: inverse of the imaginary complian(1/J”) at 10 rad/s versus temperature
for a reference straight-run 70/100 bitumen (B1y dhne same bitumen with 50wt.% of

limestone filler (B1F1) or mixed limestone fill@ntaining 40% hydrated lime (from [97]).

Elements of interpretation of these effects areudised in Chapter 4.
3.3.2 Modulus

Modulus is a fundamental mechanical property ofemals [101]. It is the ratio between the
stress applied to the material and the resultirfigra@tion (or the opposite if the material is
tested under a deformation-controlled mode). Moslusucalled Young or tension modulus
when it is measured in tension (compression is $egB as a negative tension). It is a
Coulomb or shear modulus when measured in sheaer®easuring modes can also be
found (flexion,...).

The mechanical properties of an asphalt mixtureka@vn to be temperature and loading
time dependent, as a consequence of their vist¢melzshaviour [102]. So, the modulus is
temperature and time (or frequency) dependent,itarsdgenerally expressed in terms of a
complex number, the complex modulus.

On the mix formulation standpoint, modulus is knotm peak at an optimum bitumen
content, to increase with the modulus of the birated to decrease with the air void content
[102].

Modulus is of critical importance in the designpEvement layers, because it governs the
stress distribution inside each pavement layer.gigen load and thickness, higher modulus
means lower stresses in the layer.

Although the modulus is an intrinsic property, miegnthat it should be essentially
independent of the test set-up, small differenaesgenerally observed when modulus is
measured in compression, flexion, tension or irditension. Testing geometry, i.e. specimen
shape and dimensions, and the signal type, i.draited in deformation or force, amplitude,
sinusoidal..., also affect somewhat the data. Toereit is recommended to always stress the
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measuring conditions when talking about asphalttuméx modulus. A European standard
exists in order to limit the differences [103].

A limited number of studies give information abtwtv hydrated lime affects the modulus of
asphalt mixtures. The most thorough study is priybtiie one by Professor M. W. Witczak

and J. Bari at Arizona State University [104,106hey measured the dynamic modulus in
tension-compression between -10°C and 54.4°C aguéncies ranging from 0.1 to 25 Hz
for 17 mixture—lime percentage combinations acsmsglifferent hot-mix formulas that were

gyratory compacted to 7% air voids and sawn to @fifin diameter and 152.4mm high
cylindrical specimens. The mixes were made with-51220 of 4 different binders and

contained 0, 1, 1.5, 2, 2.5 or 3% hydrated lima &#er substitute. A typical result from this

study is shown in the form of a master curve iruregl4.

1.LE+08 ¢

— =()% Lime
— | o Lime
2% Lime
3% Lime

1.E+06 b i .......... ..........

E*, psi

g o = . W

1.E+04

-8 -6 -4 . 0 2 4 6
Log Reduced Time, s
Figure 14: Master curve (norm of the complex modwersus reduced loading time) at
21.1°C for the 0/18 mixes made of Two-Guns aggee@aB% filler) and 4.6% PG64-22
(from [104]).

As a result, hydrated lime was seen to increasentbaulus of asphalt mixtures by 8% up to
65% across the range of mixtures and hydrated lomietents at all temperatures and
frequencies, with an overall average of 25% in@eawever, it must be reminded that the
observed increases were of 25, 23, 8, 66 and 24%efpectively 1, 1.5, 2, 2.5 and 3%
hydrated lime. Such a strange variation with hyetitdime content comes from the fact that no
mix contained the full set of hydrated lime consenthe data with 1, 1.5, 2, 2.5 and 3%
hydrated lime were obtained with 4, 1, 2, 1 andigesiformulas respectively. Therefore, the
variations come from the use of different bitumeigias and filler contents (between 2.6 and
6.1%), hence differences in stiffening at the ntastvel. Note also that no temperature effect
similar to the one mentioned with mastics (seeiptesssection) was reported.

Concerning the effect of hydrated lime concentrattm the modulus, the published data do
not give very conclusive results. As already memad) the Witczak study observed the
highest stiffening with 2.5% hydrated lime, althbuayl concentrations were not tested on all
materials. In another study by F. Thiago S. Aragad co-workers with the University of

Nebraska, an optimum in hydrated lime content 6%dwas observed when the concentration
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was changed from 0.5, 1, 1.5, 2 and 3% [106]. Uafately, no reference material without
hydrated lime was included in the study. In yetthapostudy, M. Ghouse Baig and H. I. Al-
Abdul Wahhab at King Fahd University (Saudi Arabadserved that 4% was the optimum
hydrated lime content when increasing it from 13,24 and 5.5% [107].

Study Test Number of Range of Method of Number of | Referenc
conditions Data w/ Hydrated addition Mixtures w/ e
Hydrated Lime Content Hydrated
Lime Lime having a
significantly
higher
modulus than
the reference
Waite, 1986 25°C 5 B,D,LS 2 [11]
Stroup-Gardiner + Epps, -28.9/-1.1/ 10 1.5% B,D,LS 4 [20]
1987 25.0/40.0°C
Pickering, 1992 25°C 4 1-2% 4 [61,13
Epps, 1992 25°C 8 1-2% 8 [11]
Nevada DOT, 1998 25°C 4 4 [11]
Ghouse Baig + Al-Abdul 25°C 5 1/2/3/4/ 4 [107]
Wahhab, 1998 5.5%
Mohammad, 2000 5/25/40°C 4 1.5% LS 2 [104
Sebaaly, 2003 25°C 3 - 1 [54,13
McCann + Sebaaly, 2003 25°C 12 1.5% D, DM, LS, 1 [62]
LSM
Berthelot, 2005 20°C 1 1% 1 [109]
Jaskula + Judycki, 2005 20°C 2 1.5% 1 [63
Huang, 2008 -10.0/4.41/ 1 1% 1 [110]
21.1/37.8/
54.4°C
Mohammad, 2008 -10.0/4.4] 6 1.5% B,LS 4 [57]
21.1/37.8/
54.4°C
Khattak, 2008 25°C 2 0.9% B 1 [99]
Vural Kok + Yilmaz, 2008 4 2% 4 [111]

—

Table 13: A survey of published modulus data. Femhepublication, the total number of
mixes with hydrated lime is given together withrdmege of studied hydrated lime content
and the number of data showing a significant inseean modulus for hydrated-lime modified
mixes. The method of addition is B for inside timneléx, D for dry lime to damp aggregate,

LS for lime slurry and an additional M in case adnmation.

As a conclusion, hydrated lime does not alwayseiase the modulus of asphalt mixtures. Of
the just described 71 mix formulas, only 42 hadghadér modulus (59%). When it is observed,
this effect is typically of order of 25% for 1.5%drated lime. The optimum hydrated lime
content in order to enhance this effect seem thigkely mixture dependent and published
data give values ranging from 1.5 to 4%. So, theliped data suggest that little more than
half of the mixtures exhibit an increase in moduMigen treated with hydrated lime, without
any clear explanation on why they do or don’t. Bathe explanation probably lies:
» In the temperature dependence of the stiffeningceffFigure 13), which shows that, at
the usual concentration of 1-1.5%, hydrated limeusth be little more stiffening than
common mineral filler around room temperature whenedulus is generally
measured. Although only 2 studies [20,110] sugtest this temperature-dependent
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effect is also observed on asphalt mixtures, thediishows that higher hydrated lime
content generally means higher modulus.

» In the slow build-up of hydrated lime-bitumen irgtetions observed with some
bitumen, whereas others rapidly react with hydréted [81], as discussed in Chapter
4.

Finally, another study by M. Stroup-Gardiner and\JEpps with the University of Nevada
compared various methods of adding hydrated linnenffield specimens as compared to
laboratory fabricated materials [53]. They obsertteat the modulus could be influenced by
the method of adding hydrated lime, especially waeimum plant was used, but the influence
appeared to be project specific. Field specimess akemed to have consistently higher
modulus than laboratory prepared samples.

3.3.3 Strength

Strength is an engineering mechanical property atenals [101]. It is the maximum stress
applied to break the material. Strength is usualasured either in compression or in indirect
tension for asphalt mixtures, and generally at rotled temperatures close to room
temperature.

In general, modulus and strength are somewhatetklathen measured in the same
temperature and loading conditions, although orenisntrinsic property (modulus) and the
other strongly depends on specimen shape and diomsrend is therefore not intrinsic [101].
However, it is a lot easier to measure strengtim theodulus, hence its predominance in
materials engineering. As a rule of thumb, theorbgtween modulus and strength is usually
quite constant for a given class of materials aadihg method (compression, flexion...).

Because of this almost constant ratio between giineznd modulus, mix variables affect the
strength in the same way as the modulus. Theredtnength is known to peak at an optimum
bitumen content, to increase with the modulus efliilnder and to decrease with the air void
content [102].

A large number of studies give strength values,abse most of the data on moisture
resistance use strength values before and aftelitmoring in order to assess the resistance to
water damage (see section 3.1). Therefore, the diatdhe dry strength allows for an
evaluation of the effect of hydrated lime treatment strength. Table 14 summarizes the
published data.

As a conclusion, hydrated lime does not alwaysease the strength of asphalt mixtures. Of
the 113 mix formulas described in Table 14, onlyha®@ a higher strength (56%). So, the
published data suggest that only about half of ttetures exhibit an increase in strength
when treated with hydrated lime, without any clemplanation on why they do or don’t. The
proportion is similar to that observed with the mlod and the reasons why are probably the
same: measuring temperature in the low-stiffeningez (Figure 13) and kinetics of the
stiffening effect as discussed in Chapter 4.
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Study Number of Range of Method of Number of | Referenc
Mixtures w/ Hydrated addition Mixtures w/ e
Hydrated Lime Content Hydrated
Lime Lime having a
significantly
higher strength
than the
reference
Kennedy, 1983 (laboratory 16 1.5% B,D,LS,LSM 1 [66]
mixed mixtures)
Kennedy, 1983 12 1.5% D,LSM 4 [66]
(plant mixed mixtures)
Stroup-Gardiner + Epps, 10 1.5% B,D,LS 5 [20]
1987
Jimenez, 1990 1 1.5% 0 [112]
Hicks, 1991 5 B,D,LS,LSM 1 [8,11]
Pickering, 1992 4 1-2% 4 [61,13
Mohammad, 2000 8 1.5% LS 5 [108]
Sebaaly, 2003 6 D,LS 6 [113,13]
McCann + Sebaaly, 2003 12 1.5% D, DM, LS 4 [62]
LSM

Huang, 2005 2 1% B 0 [65]
Jaskula + Judycki, 2005 2 1.5% - 0 [63]
Ameri + Aboutalebi, 2008 10 3% - 10 [114]
Kim, 2008 2 1% D,LS 2 [60]
Mohammad, 2008 12 1.5% B, LS 10 [57]
Maldonado + Fee, 2008 1 2% - 1 [58]
Gorkem + Sengoz, 2009 6 1, 1.5, 2% - 6 [115]
Vural Kok + Yilmaz, 2008 4 2% 4 [111]

Table 14: A survey of published strength data. &ach publlcatlon the total number of
mixes with hydrated lime is given together withrdmege of studied hydrated lime content
and the number of data showing a significant inseean strength for hydrated-lime modified
mixes. The method of addition is B for inside timneléx, D for dry lime to damp aggregate,

LS for lime slurry and an additional M in case adnmation.

3.3.4 Rutting Resistance

Rutting has been observed on asphalt mixtures #eceery beginning of the technology, but
became increasingly important after World War 2 wheaffic loading started to increase
rapidly [116]. It occurs when the traffic load ovire asphalt mix exceeds its plastic limit,
hence generating permanent plastic deformatioru(€ig5). As a result, rutting is favoured
by low-speed loads and high temperatures [117]. éd@w rutting remains a complex
phenomenon, because the asphalt mixes deform irscmelastoplastic way under these

conditions.
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Figure 15: Rutting in an asphalt mixture (from [45]

On the mix formulation standpoint, rutting is knotenbe favoured by several factors such as
high bitumen content, high sand content, round eggge shape (like uncrushed gravel) or
high binder deformability [116]. Therefore, factdes/ouring the stiffening of the mixtures
should also increase the rutting resistance. $@tilting occurring at high temperatures when
the binder softens, the mechanical propertiesaiestare those in the high temperature range,
that is typically in the 40-60°C range for Europe.

According to the US survey from the early 1990saily cited [8], rutting typically occurs for
untreated mixes 5 years after construction on geectaut sometimes also the very first year.

Several test methods are available to evaluateuttiag resistance of asphalt mixtures. Most
are traffic simulators, others are mechanical tegtantifying the permanent deformation
accumulated by the material under repeated loadisght temperature (generally in the 40-
60°C range). A European standard gathering setestaket-ups exist in order to test asphalt
mixtures for rutting resistance [118]. The Aspldivement Analyzer (APA) also falls in the
category of traffic simulators. Some mechanicaltstesan also be used, such as creep
measurements (sometimes repeated) or dynamic cesiqmne

Data using the Hamburg Wheel Tracking Device (HWTR)e already listed in the moisture
resistance section (Table 6). They are not fullpchasive as far as rutting resistance is
concerned, because the test really measures tinggregsistance in the first part of the test,
the second part after the stripping inflection poassessing more the stripping potential (see
Figure 16 - [13] gives for a good description af tHWTD).

Therefore, it is difficult to identify whether thgain that is usually obtained by the
modification with hydrated-lime, comes as a consege of a better rutting resistance, a
better moisture-resistance or both. That is whytds¢ was described in a former section on
moisture resistance, where it was shown that it wery useful in order to highlight the
benefits of hydrated lime modification (see sectah).
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Figure 16: Interpretation of the experimental regsutom the HWTD (from [13]).

When the data from the HWTD are not taken into antothe published data on rutting of
hydrated lime modified mixtures become far less ewous (Table 15). Figure 17 illustrates
the effect of hydrated lime on the rutting resis@aonf one asphalt mixture formula.

14 l

12 —¥—enrobé témoin

===1,25% Ca(OH)2 avec
granulats

——2% Ca(OH)2 avec
granulats

—-©-1,25% Ca(OH)2 apres
bitume

+ 2% Ca(OH)2 aprés bitume

10

% Orniére

30 100 300 1000 3000 10000 30000
Nombre de cycles
Figure 17: Effect of hydrated lime on the ruttirgsistance of a French BBSG 0/14 asphalt
mixtures: rut depth vs number of laod cycles inRhench rut tester at 60°C. Enrobé témoin
is the reference. 1.25 or 2% hydrated lime wereeddeither to the dry aggregate (avec
granulat) or to the mixture after incorporating théumen (aprées bitume) (from [73]).

As a conclusion, hydrated lime increases the mitt@sistance of asphalt mixtures in most of
the cases. Of the 20 mix formulas described in 4, 15 had a higher rutting resistance
(75%). So, the published data clearly suggestiyditated lime generally improves the rutting
resistance when treated with hydrated lime. Comgato modulus and strength data, this
might confirm that the stiffening effect of hydrdteme is generally more pronounced at high
temperature (where rutting is measured) than akeldotemperature. Also, hydrated lime
content higher than 1.5% are generally seen to bee meffective in order to observe a

significant effect.
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Study Method Number of Range of Method of Number of | Referenc
Mixtures w/ Hydrated addition Mixtures w/ e
Hydrated Lime Content Hydrated
Lime Lime having a
significantly
higher strength
than the
reference
Little, 1994 3 3 [12]
Hiérnaux, 1995 French, 60°C 1 1% 1 [23]
Kim, 1995 1 1 [119,11
Collins, 1997 APA 8 5 [11]
Ghouse Baig + Al-Abdul 45 and 60°C 2 2/5.5% 1 [107]
Wahhab, 1998
LCPC, 1999 French, 60°C 4 1-2% D,B 3 [73]
Pilat, 2000 Creep, 40°C 1 20% of the MF 1 [100]
filler
Little + Petersen, 2005 APA, 45°C 2 1% D 2 [13]
Sewing, 2006 Dynamic 2 2% D 2 [86]
Compression,
55°C

Table 15: A survey of published rutting data. Nibit data with the Hamburg wheel tracking
device were already described in Table 6. For gaablication, the total number of mixes
with hydrated lime is given together with the ramdstudied hydrated lime content and the

number of data showing a significant increase itting resistance for hydrated-lime

modified mixes. The method of addition is B foid@she binder, D for dry lime to damp
aggregate, LS for lime slurry and an additional Mcase of marination, MF for mixed filler.

3.3.5 Fatigue Cracking

Fatigue cracking of asphalt pavements is a morenticstudied phenomenon. Also it had
been recognized as a possible failure mode foradisptixtures by M. Duriez at the French
Central Laboratory of Roads and Bridges (LCPC) he t11950s [7], it has really been
demonstrated to be the case in the celebrated AABIAIS in the USA from 1957 to 1961

[120].

Figure 18: Fatigue cracking (= alligator cracking) an asphalt mixture (from [45]).
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Fatigue cracking occurs when the repeated traffaxl$ progressively damage the asphalt
mixtures, generating cracks propagating from thitobo of the layer to the top (Figure 18).
As a consequence, fatigue cracking is favoured duy thicknesses of the layer or bad
adhesion between the successive layers, that bothgbe high flexural stresses at the bottom
of the asphalt layers [121].

On the mix formulation standpoint, fatigue resisgns known to be enhanced by a high
bitumen content or the use of high-performance dnisdi102]. Depending on the way fatigue
is measured, a soft binder can increase the falifgugstrain-controlled) or decrease it (stress-
controlled).

Fatigue cracking is the main failure mode thatgediin the design of pavement layers. More
precisely, the bituminous layers are designed tthio&k enough to insure that fatigue cracking
won’t appear until the end of design life, whicmap from 10 to 40 years in Europe [122].

Fatigue life is generally studied in the lab by mitting a specimen to repeated loads of
constant intensity. The load can be either stresstmin-controlled. In stress-controlled
experiments, failure is easily detected as the Kimgapoint of the specimen. In strain-
controlled experiments, failure is conventionallgfided as the point where the specimen
modulus is decreased by 50%. The number of cyoldailure is measured as a function of
loading intensity. Typical fatigue curves are shawrrigure 19. A European standard exists
in order to test asphalt mixtures for fatigue resise [123].

1.0
3
=
«©
B
o & AAD-1
XAAM-1
OAAD-1+HL
AAAD-1+LS
OAAM-1+HL
0.1 T T T T T T T T —— T
1.E+03 1.E+04 1.E+05

Fatigue life

Figure 19: Effect of hydrated lime on the fatigiie bf sand asphalt mixtures tested in
torsion: Number of cycles to failure vs strain gmveral sand asphalts containing 10% of
hydrated (HL) or limestone filler (LS) in the bitamfor two bitumen sources (AAD-1 and

AAM-1 - from [90]).

Not so many studies were published on the effebiydfated lime on the fatigue resistance of
asphalt mixtures. Examples of the effect of hydtdiime are listed in Table 16.
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Except for the study by Professor L. N. Mohammad aoworkers at Louisiana State
University [108], they all confirm that hydratednie is beneficial for fatigue resistance. This
makes 17 out of 22 mixtures with improved fatigaesistance (77%). However, none of the
studies made measurement using the European standéwreover, all of the studies limited
their range to strain / stress levels that gaweddpectancies well below 1 million cycles. It is
therefore not appropriate to extrapolate pavemgattime from these data, where the
cumulative loads range from 1 to 100 millions.

Study Testing Number of Range of Method of Number of | Referenc
Conditions Mixtures w/ Hydrated addition Mixtures w/ e
Hydrated Lime Content Hydrated
Lime Lime having a
significantly
higher strength
than the
reference
Rhagava Chari + Jacob, 30°C 1Hz 5 3/5/71719/ 5 [124]
11%
Kim, 1995 1 1 [119,11
M. Ghouse Baig and H. I. 45°C 5 1/2/3/4/ 5 [107]
Al-Abdul Wahhab, 1998 5.5%
Mohammad, 2000 25°C 8 1.5% LS 3 [108
Little + Petersen, 2005 3 1% D 3 [13]

Table 16: A survey of published fatigue data. Factepublication, the total number of mixes
with hydrated lime is given together with the rangestudied hydrated lime content and the
number of data showing a significant increase tigize resistance for hydrated-lime
modified mixes. The method of addition is B foid@she binder, D for dry lime to damp

aggregate, LS for lime slurry and an additional Mcase of marination.

As a conclusion, little data were published ondffect of hydrated lime on fatigue resistance
of asphalt mixtures. In 77% of the cases, they suppe fact that hydrated lime increases the
fatigue life, but the data are limited to low numioé cycles with procedures not covered by
the European standards and are therefore notdotiglusive.

3.3.6 Thermal Cracking

Thermal cracking is especially seen in cold aréashese regions, the low temperatures
imposed on the bitumen, make it essentially perfamnits glassy state where it becomes
brittle. As a consequence, the thermal shrinkageroitig upon cooling develops stresses that
can overcome the materials resistance, hence gengeadarge crack (Figure 20).

However, thermal cracking is not limited to coldjians. Large day-night amplitudes can also
generate cracking patterns with the crack goingrdtram the top of the layer to the bottom.
Is has been observed in Southern France [125] atkdawn to be quite present elsewhere
[126].

On the mix formulation standpoint, and just likéidae cracking, thermal resistance is known
to be enhanced by a high bitumen content or theotistegh-performance binders [127]. A
soft binder increases the cracking resistance,ehivar use in Nordic regions.
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Thermal cracking is generally studied in the labdoypmitting a specimen to a restrained
cooling cycle. The dimensions of the specimens raantained constant so that thermal
stresses build up upon cooling. The temperaturevtdath the specimen breaks is then
recorded. Typical experimental curves are showrigare 20.

= : —K177E|

3 30 25 20 15 10 5 0O 5 10 15
Temperatur [°C]
Figure 20: TSRST (thermal stress vs temperature)/&2 asphalt concrete with 4.5%
polymer-modified bitumen and 2.5% hydrated limes @lwrves correspond to repetitions for
the same material (from [128]).

A/
Starttemperatur in Temperatur- max. th. ind. Span- | Bruchtemperatur
°C gradient in K/h nung in N/mm? in °C
ohne Kalkhydrat 4,296 -24,1
4,238 -24,5
20,0 -10,0
mit Kalkhydrat 4,279 -24,3
4,339 -24,6
B/
Starttemperatur in Temperatur- max. thermisch Bruchtemperatur
C gradient induzierte Span- in °C
in K/h nung in N/mm?
ohne Kalkhydrat 4,558 -26,3
4,523 -26,0
20,0 -10,0
mit Kalkhydrat 4,761 -26,6
4,573 -26,2

Table 17: TSRST (thermal stress vs temperatur@)fdat A/ a SMA 0/8 asphalt mixture with
7.3% 50/70 bitumen and with or without 1.6% hyddaime (in the form of Kg mixed
filler). B/ a AC 0/11 asphalt mixture with 6.2% T00 bitumen and with or without 1.4%
hydrated lime (in the form of Kamixed filler - from [29])

The data in Table 17 show that the cracking temperas essentially unmodified when a
hydrated lime modified mixture is compared to thene mixture without hydrated lime. The
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results by M. McCann (U.S. Forest Service) and ¢asdr P. E. Sebaaly (University of
Nevada) confirm that neither the failure tempemturor the thermal stresses were
significantly different between the hydrated limedified and the unmodified materials [62].

Note that Professor L. N. Mohammad and co-worketoaisiana State University published

some fracture energy data on hydrated lime modiféks, with the result that it decreased
upon hydrated lime addition [57]. These resultsraxeopposite to the TSRST results already
mentioned, because they were in fact measured°&t, 2md are therefore not measuring the

same property.

Note that these results are consistent with mastighness results. It was observed that
hydrated lime toughens bituminous mastics, butresgky to the same extent as mineral filler
at the same volume concentration (Figure 21 - [8}erefore, hydrated lime is not expected
to affect the low temperature fracture propertié$ekntly than other mineral fillers, as
confirmed by the limited number of studies publdhen the absence of improvement of
hydrated lime on the low temperature cracking phast mixtures.

g
; a HL in AAD
= e HL in AAM
3 o Spher. 5.5
% @  Spher, 57.0
x4 o Baghouse 84.9
& Baghouse 88.2
—eq. (1) w/,=63%

0 5 16 15 0 2 30 35 40
Volume Fraction (%) -
Figure 21: Mastic toughness (reduced to that oftihse bitumen) versus filler volume
fraction for several mastics made with two bitumang hydrated lime. The data are
compared to published data for mineral fillers (hagse) or glass beads (spher. - from [81]).

3.4 Hydrated Lime Combined to Other Additives
3.4.1 Hydrated Lime and Polymers

Several studies show that hydrated lime and polyaeract in a synergetic way. Polymers are
used in order to modify the mechanical propertiethe mixtures [95,129]. It is then possible
to benefit from the possible effect of hydrateddimn the mechanical properties in order to
obtain mixtures with good mechanical properties Wwith lower polymer content, polymer
being an expensive ingredient as compared to aditahe.

Depending on the properties used for the mix desegiuivalent polymer-hydrated lime
combinations can be found.
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For example, B. Bralé and co-workers with Entreprdgan Lefebvre (now Eurovia) showed
that a porous asphalt with 7% of an Ethylene ViAgetate copolymer (EVA)-modified
bitumen was equivalent to one with 1% hydrated land only 3% EVA when the Cantabro
test was used as the main criteria [68]. Notetthiatmixture was applied on the A4 motorway
in Reims (France) in 1992 and lasted until 200%>asellent durability for a porous asphailt.

P. Cramer with Basalt AG and co-workers showed #h&8MA 0/8 mixture with a polymer-
modified bitumen (PmB45A) was equivalent to onehwit4% hydrated lime and 30/45
binder when the HWTD test was used as the maier@i{Figure 22 - [37]).

Uberrollungen
‘ g : g g : :
= = SMA 0f8 S mit Grauwacke + KH + Bitumen 30/45
e SMA 0/8 $ mit Grauwacke + KH + Bitumen 56/70
| ——SMA0/8 S mit Grauwacke + Pm 45 A

-
-

Spurrinnentiefe in mm
-

o
o

10

Figure 22: Rutting curves obtained on the HWTDdeveral SMA 0/8 mixtures made with the
same aggregate (Grauwacke) but different bindeo$ymper-modified bitumen (PmB45A),
30/45 or 50/70 bitumen with 1.4% hydrated limetkia form of mixed filler). An adequate

choice of binder and hydrated lime content can gigeivalent properties as those obtained
with polymer-modified binders (from [37]).

C. Gorkem and B. Sengoz with Dokuz Eylul Universityizmir (Turkey) showed that 0/19
asphalt concrete mixtures made with two aggregat@® equivalent in terms of tensile
strength and retained tensile strength with 2-3%a dbtyrene-Butadiene block-copolymer
(SBS)-modified binder, 3-4% EVA-modified binder 2% hydrated lime [115].

B. Vural Kok and M. Yilmaz with Firat University illazig (Turkey) showed that a 0/19

asphalt concrete mixture with 4% SBS-modified bmdas equivalent to one with 2% SBS

and 2% hydrated lime when modulus, indirect tensitength or Lottman test were used as
the design criterion [111].

M. Iwanski and M. Pobocha with Kielce University ®&chnology in Poland tried several
hydrated lime (10-50wt.% in the filler) — SBS (248% in the bitumen) combinations in the
formulation of a Porous Asphalt [130]. Based on shoe damage (imeersion/compression
and Lottman test) and mechanical properties (cexep Marshall), an optimum was found
with the combination of 30% hydrated lime in théefiand 4% SBS.

The Austrian experience, based this time on Makstesign and validated by rutting studies
(30 000 cycles at 60°C), shows that 3.5% hydrateé with neat 70/100 bitumen can be a
substitute to asphalt mixtures made with PmB 3®@b®0-90 polymer-modified bitumens

[131]. The original validation was performed on siemsphalt surface and base mixtures (AB
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11 LK S and BT 32 LK S respectively). Now, manydasections were paved with similar
design with 2.5-3.5% hydrated lime and the resftr 6 years are quite good [132].

Finally, it is important to recall that hydratednk has also been used with great success in
crumb rubber modified asphalt mixtures, especitdlythe very first applications of porous
asphalt in Europe, as detailed in section 5.3.

3.4.2 Hydrated Lime and PolyPhosphoric Acids

In Northern America, some bituminous binders arew noommonly modified with
PolyPhosphoric Acids (PPA). PPA modification yielts stiffer binders [95,133] and the
technology is developing everywhere in the World.

PPA being an acid, there has been some discusasang the compatibility between hydrated
lime (a base) and PPA. However, the published diataot show any antagonist effects.

For example, a study by T. Arnold and coworkerdwite Federal HighWay Administration
showed that PPA modification combined with 1% hyeldalime did not show any risk of
moisture damage in the HWTD [134].

These results are consistent with the observahiah PPA and hydrated lime were seen to
work in good conjunction in the National Center Asphalt Technology test track in Auburn
(Alabama) [135] or in some recent Brazilian studresn the University of Sao Paulo [136].
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4. MECHANISMS OF HYDRATED LIME MODIFICATION OF ASPH ALT
MIXTURES

The mechanisms by which hydrated lime modifies akpmixtures remain somewhat
hypothetical. Still, the literature is rich of rétsushowing that hydrated lime has in fact
several effects, some having consequences in t&rahesion, others in terms of ageing and
yet some others in terms of mechanical properiibsrefore, it seems reasonable to conclude
that hydrated lime is acting at different levels:

» Hydrated lime is modifying the aggregate surfacesiof the US methods to add
hydrated lime consist in putting it directly ontoetwet aggregate, sometimes with
marination (Table 20). This demonstrates that th&fase modification of the
aggregate is one key aspect of hydrated lime nuadifin.

» Hydrated lime is also reacting with the bitumen.efiéh are chemical reactions
between this basic compound and some of the agidieties naturally present in the
bitumen. This aspect is referred to as the chemeitatt on bitumen.

» Then, hydrated lime develops some physical intemastwith the bitumen, arising
from its porous structure. As mentioned in Chagtehis differentiates hydrated lime
from other mineral fillers and will be referredds the physical effect on bitumen.

For all of these reasons, the interactions betvsenated lime and the other components of
the asphalt mixture are quite intense, explainiggitnprovement in properties as different as
moisture damage resistance, ageing resistance acitamical properties.

4.1 Effect on the Aggregate
4.1.1 Surface Modification

It is well known in asphalt science that silice@aggregates have worst adhesive properties
toward bitumen than limestone aggregates [8,13@&sBns for that are that both anionic and
cationic surfactants naturally present in the b#anstrongly bond with calcium ions when
only cationic surfactants strongly bond with siliaims [138]. As a consequence, anionic
surfactants are easily displaced by water on siliseaggregates.

Therefore, one of the effects of hydrated limeoigitow for the precipitation of calcium ions
onto the aggregate surface, making it more favdertdb bitumen. This effect was already
recognized by I. Ishai and J. Craus with Techiagadk Institute of Technology in 1977
(Figure 23 - [139,140]). As a consequence, a seartagatment with almost no remaining
hydrated lime particles already improves the bitnraggregate adhesion [141].

hydrated lime
bitumen mastic

silicious aggregate
coated with

silicious
calcium ions L

oggregate

Figure 23: The effect of hydrated lime on the aggte surface as proposed by I. Ishai and J.
Craus (from [139]).
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In addition, calcium carbonate can precipitatehi@ presence of water (at the manufacturing
stage or in-situ upon rain exposure) and therefogate a higher surface roughness which is
known to favour bitumen adhesion as well [142].

This effect can be quite strong to the point theat pf the hydrated lime is not recovered after
bitumen extraction as described later on in sedidn In the case of basalt filler, about 40%
of the hydrated lime was not recovered probablytdube reactions with the aggregate when
more than 90% of the hydrated lime was recoverék hvhestone filler (see Figure 30).

Still, the surface modification effect is not thelyomechanism. In fact, this mechanism would
be almost inexistent with limestone aggregates. él@w hydrated lime is known to improve
the adhesion of the limestone aggregates as wgjurg-9 - see also [57,77]. So, other
mechanisms must operate, and especially thosegamtitthe bitumen as described below.

4.1.2 Clay Flocculation

In the case of clayey aggregates, hydrated limendsvn to be highly effective in increasing

the moisture damage. This is the reason why hydiréitee is used in such States as
California, Colorado, Nevada or Utah which all haaggregates contaminated by large
amounts of clays. More specifically, clays are galiepresent in the form of small inclusions

inside the rock and are liberated upon crushingthla case, the role of hydrated lime is
similar as observed in soil treatment [143]: liraetulates the clay particles, preventing them
to build a water-displaceable barrier between theren and the aggregate.

A German study by H.-J. Eulitz with the Institutr filaterialspriifung Dr. Schellenberg in
Rottweil (Germany) and coworkers with controlledayclcontamination confirmed that
hydrated lime efficiently counteracts the effectlay [38,39].

4.2 Effect on the Bitumen
4.2.1 Chemical Effect on the Bitumen

The chemical effect between hydrated lime and béunwvas observed by Plancher and
coworkers at Western Research Institute (WY, US\parly as 1976 [72]. They took four
bitumens that varied widely in chemical compositidhey prepared 1:1:600 weight solutions
of bitumen, hydrated lime and benzene that were¢ tef react for 24 hours. After
centrifugation and solvent extraction, they receddime-treated bitumens that were carefully
analyzed by infrared spectroscopy. About 4-6wt.%each bitumen were strongly adsorbed
onto the hydrated lime particles [72].

More recently, P. C. Hopman with the NetherlandvelRgent Consulting showed that
hydrated lime was more effective than limestorlerfih respect to bitumen-filler interactions:
On average, bitumen adsorption from several satvémheptane, TetraHydroFuran — THF,
toluene and methylchloride) on active limestonkeificontaining 25wt.% hydrated lime was
1.4 and 2.1 times higher than with regular limestfitier, for respectively Middle East and
Venezuelan bitumens [69]. When comparing High Rerfmce Gel Permeation
Chromatography (HP-GPC) curves in toluene of thanbéns treated either with limestone
filler or active filler (Figure 24), it appears thaydrated lime has adsorbed some of the heavy
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molecules of the bitumens. Note that the effect lgas pronounced in THF than in toluene
[69].

HP-GPC - Venezuela (in Toluene) | HP-GPC - Middle East (in Toluene} '
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Figure 24: High Performance Gel Permeation Chrongagphy in toluene for two bitumens
from Venezuela or Middle East after contact withei a limestone filler or the same filler
with 25wt.% hydrated lime (active filler - from [§9

Information concerning the bitumen species adsodred the hydrated lime surface can also
be found in the literature. As reproduced in Talle the lime-treated materials in the study
by H. Plancher and coworkers at Western Reseastitute (WRI) in Laramie (Wyoming,
USA - [72]) showed lower concentrations in carbaxgcids, dicarboxylic anhydrides and 2-
quinolones, which are typically concentrated inhleaviest components of bitumen called the
asphaltenes (see [95] for a review of bitumen sirecand chemistry). The ketones were
however more numerous. Sulfoxides did not chargafgiantly.

Concentration, Moles/Liter

Car- Dicar-
boxylic boxylic 2-Quinolone Sulf-
Asphalts Ketones Acids Anhydrides Types oxides
B-2959
Untreated 0.015 trace 0.0014 0.003 0.015
Lime=Treated .039 * * * .013
B-3036
Untreated .021 trace L0074 . 001 .022
Lime=Treated .039 * * * .019
B-3051
Untreated 017 .04 .003 .009 010
Lime-Treated .039 * .001 . 004 .008
B-3602
Untreated .0b5 N L * L011 .015
Lime-Treated .10 L0l hxx .007 .006 .015

*Below level of detection
**Prasent as carboxylate salts

Table 18: Concentration of functional groups inf&C-10 bitumens of different chemical
composition before and after treatment by hydrditeé (from [72]).

Clearly, hydrated lime reacts with the acids, timhyarides and the 2-quinolones of the
bitumen. The same conclusion was reached in a meoent study by the same group [22].
150g of several bitumens were left to react ungé@aton for 6 hours at 150°C with various
amounts of hydrated lime or hydrated dolomitic linfdhe hydrated limes could then be
solvent-extracted. Infrared spectroscopy was usethéracterize analysis the materials with
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and without lime-treatment and before or after THAAgeing (see the results for the same
material in Figure 12). As reproduced in Table th@, presence of hydrated lime reduces the
amount of ketones, anhydrides and most of all diaeylic acids that form upon ageing.

Concentration, mol/L

Lime treatment Aging Carboxylic Z2-Quinolione
Type % test Ketones Anhydrides acids types Sulfoxides
None 0 Unaged 0 0 0.015 0.017 0.02
0 Aged 0.28 0.007 0.015 0.017 0.35
High 10 Unaged 0.03 0 0.005 0.016 0.03
calcium 10 Aged 0.24 0.005 0.004 0.016 0.32
High 20 Unaged 0.03 ] 0.003 0.014 0.03
calcium 20 Aged 0.22 0.006 <0.002 0.017 Q.34
High 30 Unaged 0.03 0 <0.002 0.013 0.03
calcium 30 Aged 0.21 0.006 <0.002 0.014 0.32
Dolomitic 20 Unaged 0.03 4] 0.005 0.013 0.03
20 Aged Q.22 0.006 0.005 0.014 0.34

Table 19: Concentration of functional groups in @sBan bitumen before and after TFAAT
ageing in the presence of various amounts of hedréie or hydrated dolomitic lime (from

[22]).

Therefore, the acid-base reactions between hydliatedand the acids naturally present in the
bitumen are fully supported by the published datareviewed by Professor D. N. Little at

Texas Transportation Institute (College StatiorxaB® and J. C. Petersen, retired from WRI
[12]. In addition, other data support the imporent acid-base reactions on the anti-ageing
effect:

» L. Johansson with the Swedish Royal Institute ofhf®logy (KTH) and coworkers
observed that the anti-ageing effect was not ptesigh Mg(OH),, a weaker base than
Ca(OH) [80].

» M. Wisneski and coworkers at Texas A&M Universityserved that quicklime had
the same anti-ageing effect as hydrated lime [75].

Still, the acid-base reactions are probably nofigaht to explain the whole chemical
interactions at stakes. J. C. Petersen and coveatdWRI proposed that hydrated lime acts as
an inhibitor for the oxidation catalysers naturgdhgsent in the bitumen [22,72]. This was in
part validated by L. Johansson (KTH) and coworkefsy showed that the catalytic effect of
vanadium compounds on bitumen ageing was decrdagdu/drated lime, although they
could not highlight any specific vanadium — hyddatame interactions in order to explain
their findings [80]. In all cases, it must be reded that the intensity of hydrated lime-
bitumen interactions dependent on bitumen cheméastd/therefore on bitumen crude source
[22,72,74,81].

In the end, the hydrated lime-bitumen chemicalradgons have two effects:

» First, the polar molecules neutralized by the higttdime remain strongly adsorbed
onto the hydrated lime particles [12,22,72]. Thisvents them from further reacting
as a consequence of bitumen chemical ageing. Sime are especially prone to
ageing, their removal generates an overall slovgeing kinetics, as detailed in a
former section.

» Second, these polar molecules that are neutrabyetthe hydrated lime particles are
also prevented to diffuse to the bitumen-aggregatface. As a consequence, only
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the remaining non-acidic surfactants of the bituntam move to the bitumen-
aggregate interface [137,142]. These other suritsi@re typically amine-based [144]
and are not easily displaced by water, unlike anisarfactants [137,138]. This effect
is confirmed by the observation that putting thelrayed lime directly inside the
bitumen improves the moisture resistance of theesponding asphalt mixtures
[20,53,65].

As a conclusion, the chemical interactions betwlagrated lime and the acidic moieties of
bitumen contribute to both the improved ageingstasice and the improved adhesion of
hydrated-lime modified mixes.

4.2.2 Physical Effect on the Bitumen

As described in a previous section, hydrated lirag higher dry porosity (Rigden air voids)
than mineral fillers, with typical values rangingii 60 to 70% when mineral fillers have
values closer to 30-34% (Figure 4). The differenoenes from the higher porosity of the
hydrated lime particles (Figure 25): For miner#dé&fi the porosity essentially comes from the
voids between the particles. For hydrated lime piw@sity inside the particles sums up to the
porosity between the particles, hence leadingrtmueh higher value.

32% air
voids

65% air
voids

mineral hydrated
filler lime

Figure 25: The dry porosity of hydrated lime (rigkg higher than that of mineral filler (left)
because the porosity inside the particles, whiahegligible with mineral filler, sums up to
the porosity between particles.

Rigden air voids correlates very well with thefstiing power as measured by the delta Ring
and Ball, as illustrated in Figure 26 using datarfra study performed by S. Vansteenkiste
and A. Verstraeten at the Belgian Road Researchie€g30], completed by data from the
study by W. Grabowski et al. of Poznan Universify T@chnology already described in
Chapter 2 ([31] — see Figure 4 and Figure 5).
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Figure 26: Correlation between the stiffening efffeicseveral fillers with their dry porosity
(Rigden air voids). The data are from two studm®e from Poznan University [30] (already
described in Figure 4 and Figure 5) and the othrent the Belgian Road Research Center

[31]).

Therefore, the stiffening effect of hydrated limtehagh temperature can be explained, at least
partially, by the higher porosity as captured by ligh Rigden air voids values. Note that the
build-up of this effect is not immediate. It wassebved that several hours at 138°C were
needed for one bitumen (AAM) to develop a stronffesting effect when modified with
hydrated lime, whereas it was almost instantaneduthe same temperature for another
bitumen (AAD) (Figure 27 - [81]). The kinetics olfi$ process might explain why the
stiffening of hydrated lime is not always obserwgten asphalt mixtures are tested (see

Chapter 3).

viscosity ratio

- AAD + 20wt.% HL
= AAM + 20wt.% HL

60
time (min)

80 100 120

140

Figure 27: Kinetics of viscosity build-up at 138f@ two bitumens modified with 20%
hydrated lime. The viscosity stabilizes quicklyA&D when it keeps increasing after 120min
for AAM. The neat bitumen did not show any sigaific/ziscosity change in the mean time

(after [81]).

Still, the contribution of other factors must alse considered. Several papers mention the
adsorption of some bitumen components onto the abgdr lime particles [12,81]. The
consequence would be to increase the effectivenwléraction of particles and hence the
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mechanical properties of the mastic. However, tingoirtance of these effects would be highly
particle size dependent and it remains difficultcadculate the expected effect without a
precise knowledge of the thickness of the adsoldngat.

Therefore, it can be concluded that the physidalcefof hydrated lime essentially lies in its
porosity which generates a higher stiffening eftbéein normal mineral fillers, as captured by
the Rigden air void test. However, the contributionthe stiffening effect coming from a

possible adsorbed layer of bitumen components thetdydrated lime particles, remain to be
quantified.

Finally, as described in section 3.3.1, the higffesiing effect observed with hydrated lime at
high temperature disappears below room temper#ésee Figure 13). No interpretation was
proposed so far, and it could be a consequencéefniechanical contrast between the
bitumen-swollen hydrated lime particles and the@rihous matrix. At high temperature, the
internal porosity of the hydrated lime particles &illed with bitumen, and this filled particles

are seen as hard spheres in the bitumen matriseftiie increasing the volume fraction as
explained above. The relevant volume fraction aliig the stiffening effect is therefore

that of the bitumen-filled hydrated lime particltBFHLP). Below room temperature, the

BFHLP start to become deformable, and the mechloadrast diminishes between matrix
and inclusions. Therefore, the system tends tovseas a function of the true volume fraction
of solid instead of that of BFHLP.
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5. HYDRATED LIME IN ASPHALT MIXTURES IN PRACTICE
5.1 How to add Hydrated Lime to an Asphalt Mixture

There exist several ways to add hydrated lime iasghalt plant. The hydrated lime content is
generally between 1 and 2.5% of the dry aggregeté, a strong consensus around 1-1.5%
(Table 20). Most mix formulation methods considgdrated lime as a mineral filler. As a
consequence, the filler content is reduced in #Hmesamount as hydrated lime is added, so
that total filler content is maintained constant.

The National Lime Association published a reviewtloé methods currently used in the
United States of America in order to put the hyelldime into the mixes [145]. To these US
methods, the mixed filler method in use in Europestrbe added (Table 20). As a result,
many studies exist that compare the several wagsldolime, with diverging conclusions as
the best way to add lime [20,57,60,146,147,148,14®restingly, all methods were found to
be equally valid in order to benefit from the aditof hydrated lime [145,150].

Therefore, the main factors affecting the selectbra given method are the choice of the
plant manager and the local specifications.

Country / State Hydrated Ways to add hydrated lime
Lime
Content
(%) Pure Mixed Dry to Dry | Dry to Wet Lime Marina-
Hydrated Filler Aggregate| Aggregate| slurry to tion
Lime Aggregate
Europe
Austria 1.5-3.5 X
France 1-1.5 X X
Netherlands 2 X
Switzerland 1.5 X
UK 1-2 X
USA
Arizona 1 X
California 0.7-1.2 X Required
Colorado 1 X X Optional
Florida X X
Georgia 1 X X
Mississippi 1 X
Montana 14 X
Nevada 1-2.5 X Required
New Mexico X
Oregon 1 X Optional
South Carolina 1 X
South Dakota X
Texas 1-15 X X X
Utah 1-1.5 X Optional
Wyoming 1-1.5 X

Table 20: Methods currently used to add hydratetlio asphalt mixtures. Data for the USA
are from [145]. Detailed data for Europe were altdagiven in Table 1 Here, the focus is on
these European countries for which the use of hedrime is close to 1% or more (estimates
in terms of percentage of HMA modified with hydddime compared to the total HMA
production).
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5.1.1 Pure Hydrated Lime at the Asphalt Plant

Hydrated lime can be added to the asphalt plara Bpecific silo with direct access to the
mixer (Figure 28).

In the case of a batch plant, the most common ndetiomisists in having the hydrated lime
weighted in the same device that weighs the mirfélel. The installation therefore consists
in connecting the hydrated lime silo to the exigthystem by means of a screw conveyor.

In the case of a continuous plant, the most commethod consists in having a weigh pot
dispensing hydrated lime through a rotary vanedeethe hydrated lime is then injected into
the drum through a screw conveyor. The entry psitypically 1m before the binder injection
point [145]. This is a method in use in Europe (#as France, Germany, UK) and in Florida,
Georgia, Montana and Texas (Table 20).

Note that initial implementation of this technology continuous plants led to poor
incorporation of hydrated lime into the mix becaosésses as dust [2]. This could be solved
by a proper modification of the hydrated lime feft,example using donut-shaped baffles at
the point of lime injection [2].

In terms of capacity, it must be reminded that hyell lime has a lower apparent density than
mineral filler and that a minimum capacity mustréfere be at least 7Ghn order to unload a
full truck. The silo has an aeration system witthwhaidifier, with the air inlet system
typically 1m above the cone of the silo. The sd@lso equipped with a small filter baghouse
on top [145].

in rgia with two silasne for miner iIIer and the other for
hydrated lime (from [145]).

Figure 28: Asphalt plant

5.1.2 Hydrated Lime as a Mixed Filler

Hydrated lime can be added to the asphalt plangusie same silo as the one already existing
for mineral filler. In this case, hydrated lime mb& mixed with the filler prior to the plant,
and most companies supply mixed filler. Mixed filie a standard product in Europe and
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several categories are described in the specditatior aggregates in asphalt mixtures (EN
13043 - [26]). They are summarized in Table 21.

Category Calcium

hydroxide content

wt.%

Kays >25

Kayg >20

Kazo >10

Kadeclared <10
Kanr No Requirement

Table 21: Mixed filler categories as described N E3043 [26].

Most European countries have experience with thednfiller. Since the target hydrated lime
content is 1-1.5% in all countries, the hydratedelicontent inside the mix filler must be
adjusted. As a result, the Netherlands specify dtedr lime in the form of Kg with 25%
hydrated lime for all their porous asphalts [16gr@any has also a strong experience with
Ka25, but more categories can be found on the mftké]. In both countries, the quantity of
filler used in most of the surface mixes is highl(®6) thanks to the use of washed sand. On
the contrary, France uses mixed fillers with a bigiuantity of hydrated lime. The trend there
is to supply mixed filler with up to 75% hydratedhé, given the low quantities of added filler
(typically 2%) as a consequence of using unwashed.s

5.1.3 Other Forms to Add Hydrated Lime

Other methods exist in order to add hydrated limeah asphalt mixture. All of these
additional methods are not currently used in Eutmygeare well developed in the USA (Table
20). Most of these methods use a pugmill in ordenix the hydrated lime with the aggregate
(Figure 29). Still, it can also be sprayed directtythe aggregate on the belt conveyor, but this
is not a preferred solution because of the losaaikrial by dusting [2].

The most common method consists in adding the tgdriame in dry form (hence the need
for a dedicated silo) to the wet aggregate usimuamill (Table 20). Still, some Georgia
plants prefer to treat the dry aggregate (Table 2Bo, other States like California or Utah
specify the use of a lime slurry instead of dryraged lime. This necessitates the presence of
a lime slurry installation. The lime slurry meth@lalso used in some plants in Colorado,
Florida and Texas (Table 20).

Finally, some states also specify a marinationgokedf typically 24-48 hours. The aggregate
can then be treated and stockpiled for marinativactly in the quarry and the treated
marinated aggregate can then be processed atghaligslant [145].
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Figure 29: Pugmill used to mix hydrated lime witle tvet aggregate in South Carolina (from
[145]).

The marination process is thought to allow for #dvereatment of clayey aggregates. Also,
the quality control is simplified because the hyelddime content can be measured directly on
the stockpiled material.

The marination period must not be extended forlomg, because of a risk of hydrated lime
recarbonation. Therefore, some States specify amuax marination time. For example,
Nevada says no more than 45 days [145]. Still,as whown that recarbonation even after 6
months is only present in the top 8cm of the stdeKp3].

5.2 Observed Increase in Durability in the United States of America

The experience gathered in the USA on pavementbdiyais well documented. As
mentioned earlier on in the introduction, the NiadlbLime Association survey of 2003 gave
some precise numbers on the changes in asphalinesxdiurability thanks to the treatment by
hydrated lime [10]. The survey was performed bydsamn a questionnaire to all the agencies
that are experienced in the use of hydrated lirhe. fUll results are given in Table 22.
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Lime Treated Non-Lime Treated
Agency 10% | Average |  90% 10% | Average |  90%
a) Interstate

Arizona 13 15 17 10 12 14
California 8 10 12 6 8 10
Colorado 8 10 12 6 8 10
Georgia 7 10 15 N/A

Mississippi 7 10 15 N/A

Nevada* 7 8 9 3 4

Oregon 10 15 20 8 12 15
South Carolina 10 12 15 N/A

Texas 8 12 15 T 10 12
Utah 15 20 25 7 10 15

b) State and U.S. Highways

Arizona 18 20 22 15 17 20
California 8 10 12 6 8 10
Colorado* 8 10 12 8

FHWA 15 20 25 1A

Georgia 8 10 14 N/A

Mississippi 12 15 17 N/A

Nevada 10 12 14 6 g 10
Oregon 15 17 20 8 12 15
South Carolina 8 10 12 N/A

Texas 10 12 15 8 10 12
Utah 15 20 25 7 10 15

¢) Low Volume Roads

Arizona 20 25 30 15 20 25
California N/A N/A

Colorado* 10 12 15 8 10 12
FHWA 15 20 25 N/A

Georgia 8 10 15 8 10 15
Mississippi 12 15 17 N/A

Nevada 18 20 22 12 15 18
Oregon 15 20 25 7 10 15
South Carolina 10 15 20 N/A

Texas 8 12 15 7 10 15
Utah 7 10 15 3 5 7

*Pavement preservation
N/A = not applicable

Table 22: Life expectancy of hydrated lime treanad untreated mixes in the USA. From
[10].

From these data, it can be seen that the life ¢éapeg for all types of roads is increased by 2
to 10 years when hydrated lime is added. Given ttmatlife expectancy of untreated roads
ranges from 5 to 20 years, the relative improvergeets from 20 up to 50% higher durability.
Note that one State, Georgia, reported no diffexefioc treated mixes (low volume roads

only).

5.3 Observed Increase in Durability in Europe

The situation in Europe is unfortunately not fullgcumented as in the USA. Still, the local
experiences show that the beneficial effect of aigdt lime allows for an increased durability
of typically 20-25% in terms of pavement life exfmwy.

The French motorway network SANEF commented thdtdtgd lime increases the durability
of its wearing courses by 20-25% [15]. For example the very first application of porous
asphalt in France was in 1984 on the A1 motorwamfParis to Lille. This highway is part of
the SANEF network, one of the busiest highway ian€e, then with 35 000 vehicles per day
with 27% heavy trucks. 10km of porous asphalt betwRessons and Compiegnes (Lille-
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Paris direction) with a hydrated lime and crumbbeibmodified asphalt mixture [152,153]

were laid down and lasted over 16 years. A moremneapplication of porous asphalt with

polymer-modifier and hydrated lime on the A4 motaywn Reims gave a similar duration of
17 years. Experience with untreated porous aspjiadis expectancies of order 12 years,
clearly validating the increased durability.

The Danish experience also reports increases iabdily of order of 20% for hydrated lime
treated mixtures [23].

The Netherlands specify hydrated lime in their psrasphalts [16,154]. Porous asphalts there
are made exclusively out of unmodified 70/100 pextetn grade bitumen and covers 70% of
the highway network [18]. The current formulatiagise a life expectancy of 11 years [18].
Although no reference without hydrated lime allofws a direct evaluation of the observed
increase in durability, the lack of hydrated linseknown to be one of the major reasons for
premature failure [18].

In addition, it is also interesting to note thaé thederation Internationale de I’Automobile
(FIA) specifies hydrated lime in the wearing cosrséthe race tracks (Table 23).

Country Race Course Year built Hydrated Lime +
Brasilien Rio de Janeiro 1999
Portugal Estoril 2001

Italien Fiorano 2002 PMB
Bahrain Manama 2003/04

China Shanghai 2004
Spanien Barcelona 2004

Turkei Istanbul 2005 B50/70+TE

Table 23: Race tracks built with hydrated lime nfiedi mixtures. The last column states the
type of binder used (PMB = Polymer-modified bitumBs = Trinidad Epure, a natural hard
asphalt)

As a consequence, the observed durability increa&eirope agrees with the data published
in the USA. From the extensive field experienceldwide, it can be concluded that hydrated
lime increases the durability of asphalt mixturgsableast 20%.

5.4 Hydrated Lime Dosification

Hydrated lime can be dosified in an asphalt mixtire’o methods can be found in the
literature, the first one coming from Germany amel $econd one from the USA.

The German method [155,156] is very simple andvdsrifrom the lime characterization
methods detailed in EN 459-2 [24]. In fact, the iB&an method separates three different
characterization methods:

1. Hydrated lime purity,

2. Hydrated lime content in a mixed filler,
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3. Hydrated lime content in the filler recovered framasphalt mixture.

The method consists in a hydrochloric acid titrataf a suspension of the product to be
tested. The acid has to be weaker (0.5 M) when anoterecovered fillers are concerned, in
order to adapt for a lower basicity. The fillerrescovered from an asphalt mixture using
solvent extraction of the bitumen as describedNn12697-1 (usually using trichloroethylene
or tetrachloroethylene as a solvent - [157]). Thgpgnsion to be titrated is then obtained by
blending 1g of recovered filler to 150ml of watéfml isobutanol and 5ml of a surfactant
solution (1g Sodium DodedylSulfate and 1g polyethgglycol-dodecylether in 100ml water).
The surfactant solution is needed only when reaal/étler is tested, in order to wash out the
filler from remaining bitumen or solvent from bitem extraction. The coloured indicator is
phenolphtalein (0.5g in 50ml ethanol, completedl@®ml by water). Titration rate is 12
ml/min initially, but decreases to 4 ml/min neag thansition point. The method was shown to
work with all types of fillers, including limestoridler [155].

A round-robbin test was performed with 12 labora®r The repeatability (in terms of wt.%
of hydrated lime in the filler) was 0.52wt.% ane tleproducibility was 0.91wt.% for a mean
value of 27.3wt.%.

The method was validated on samples taken out r&scb.5years after construction (Table
24). The SMA 0/8 S mixes were made either with amab filler or with mixed filler
containing 25wt.% hydrated lime and the resultsgaren in Table 24 [155].

Section Nominal Hydrated Measured
Lime content Hydrated Lime
Content in
Recovered Filler

wt.% wt.%
1 0 0.9
2 0 0.7
3 25 29.2
4 25 26.0

Table 24: Results of the validation of the Germasifitation method (after [155]).

Note also that a study using different methods sbtlat the titration method was equivalent
to the sugar method, which is the reference oneNmM459-2. Interestingly, the comparison
based on asphalt mixtures made with different agges showed that part of the hydrated
lime was not fully recovered, because of the hydtdime — aggregate reactions (Figure 30).
As a result, these reactions were more importanb&salt aggregate (about 60% recovery),
than moraine (about 80%) and limestone filler (al90%0).
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Figure 30: Percentage of hydrated lime eventuaditedted using three different chemical
methods. “Titration” refers to the direct titratiofollowing the German method [156]
described at length in the text. “Sugar” refersthe titration of a saccharose extract of the
filler to be tested and “Ester”, to an ethyl-acettate extract (from [155]). The materials
were asphalt mixtures with different fillers mixgith hydrated lime: M2 and M3 with basalt
filler (respectively 5 and 20% hydrated lime), M&avi9 with moraine filler (respectively 5
and 20% hydrated lime), M10 with 67% moraine ané3Bnestone filler (25% hydrated
lime) and M16 with limestone filler (20% hydratéaié). The recovery rate is the ratio of
dosificated lime over nominal lime content.

The US method was developed by the Federal HighWdyninistration (FHWA -
[158,159]). It consists in measuring the Fourieangform Infra-Red (FTIR) spectrum of the
filler and quantify the hydrated lime content frothe peak intensity at 3,640 &m
corresponding to calcium hydroxide (Figure 31).olah carbonate peaks at 1,390 tand
can be unmistakably separated from the hydratei(€ig§1).

i FTIR Spectrum of Hydrated Lime
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030 - __d-'.‘aidumﬂrdrmunmat
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Figure 31: FTIR spectrum of hydrated lime (from§1p

The analysis was shown to be easily performed mgukb-20g of dust recovered by hammer
drilling through an asphalt mixture with a 9.5mmgsten carbide bit [158,159].

Interestingly, measurements on 10Oyears old matserfebm Nevada showed that no
recarbonation or leaching had occurred in the spording time frame [158,159].
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6. SUMMARY AND CONCLUSIONS

Hydrated lime has been known as an additive fohasmnixtures from their very beginning.
It experienced a strong interest during the 19M0thé USA, partly as a consequence of a
general decrease in bitumen quality due to theofgetm crisis of 1973, when moisture
damage and frost became some of the most presavgment failure modes of the time.
Hydrated lime was observed to be the most effe@dditive and as a consequence, it is now
specified in many States and it is estimated tB& bf the asphalt mixtures produced in the
USA now hold hydrated lime.

The effect of hydrated lime on asphalt mixtures l@sn thoroughly reviewed from more than

100 documents coming from the 5 continents. Althohygdrated lime has been successfully
used in asphalt mixtures for a long time, it il sih active research field as demonstrated by
the high number of recent publications.

The literature review confirms that hydrated linsevery effective to improve the moisture
damage and frost resistance of asphalt mixturek.avdilable test methods confirm its
beneficial effect. However, the most severe testhous such as multiple freeze-thaw
procedures or Hamburg Wheel Tracking Device ara seelearly differentiate hydrated lime
from other solutions such as liquid antistrip aideis.

Given its extensive use in the past 40 years, iwdriime has been seen to be more than a
moisture damage additive. Hydrated lime is knowrettuce chemical ageing of the bitumen.

The overall effect consists in decreasing the @éx@ééhardening that the bitumen experiences

under prolonged exposure to high temperature imptheence of renewed air. It is observed

that hydrated lime essentially reduces the formatibasphaltenes, the viscosifying moieties

of the bitumen.

Hydrated lime stiffens the mastic more than normmaheral filler, an effect that is well
described in the literature, but it is really olvsel only above room temperature. This
stiffening effect of the mastic impacts the mechahiproperties of the asphalt mixture.
Strength and modulus, which are generally measwakediemperatures around room
temperature, are seen to be modified by hydrated Addition for a little more than half of
the mix formulas. However, the rutting resistangenerally measured at temperature in the
45-60°C range, is seen to be improved by hydrated hddition in about 75% of the mix
formulas. In all cases, most of the studies foaushydrated lime contents of 1-1.5%, and
these effects are generally more pronounced fdrenigydrated lime contents.

Finally, the few published studies on fatigue r@sise indicate that hydrated lime improves
the fatigue resistance of asphalt mixtures in 77%he cases, but no study was found using
the European standard protocols. Therefore, thégheol evidence would be more conclusive
if the mixes were tested with a number of cyclesfdadure above 1 million, and at
temperatures below 20°C.

In line with the observation that hydrated lime slo®t exhibit a higher stiffening effect than
mineral filler at low temperature, no improvemerit tbe thermal cracking resistance is
reported in the literature.
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As a summary, Figure 32 illustrates the efficierady hydrated lime for the distresses
mentioned in the literature.

Moisture Damage

and Frost Resistance 100

Ageing 100

Thermal cracking |0

Strength 56

Modulus 59]

Fatigue 77]

Rutting

(excluding HWTD) s

0 25 50 75 100
Percent of studies showing improvement in property

Figure 32: Improvement in selected asphalt mixpn@perties by hydrated lime addition. The
percentage must be understood as the proportigrublished studies showing an
improvement. Rutting excludes Hamburg Wheel TragdRievice (HWTD) results because
they better fit in the moisture damage category.

The reasons why hydrated lime is so effective phalt mixtures lie in the strong interactions
between the major components, i.e. aggregate anchén, and the combination of 4 effects,
two on the aggregate and two on the bitumen. Hgdréime modifies the surface properties
of aggregate, allowing for the development of afesi@ composition (calcium ions) and
roughness (precipitates) more favourable to bituamesion. Then, hydrated lime can treat
the existing clayey particles adhering to the agape surface, inhibiting their detrimental
effect on the mixture. Also, hydrated lime readtenoically with the acids of the bitumen,
which in turns slows down the age hardening kiisetind neutralizes the effect of the “bad”
adhesion promoters originally present inside thenbén, enhancing the moisture resistance of
the mixture. Finally, the high porosity of hydratihe explains its stiffening effect above
room temperature. The temperature dependence aridnigtics of the stiffening effect might
explain why hydrated lime is not always observedtitien asphalt mixtures and why it is
more efficient in the high temperature region wireitting is the dominant distress.

The way hydrated lime is used in the field is dethiWays to add hydrated lime, i.e., into the
drum, as a mixed filler, dry to the damp aggregasea lime slurry, with or without marination
are described. No definitive evidence demonstridtaisone method is more effective than the
other, and all methods are seen to allow for theeheal effects of hydrated lime to develop.
As far as fabrication control is concerned, hydidime can be easily dosificated inside the
mixture.

Given that all the above properties impact the bilitp of asphalt mixtures, the use of
hydrated lime has a strong influence on asphaltures durability. The field experience from
North American State agencies estimate that hydidatee at the usual rate of 1-1.5% in the
mixture (based on dry aggregate) increases théilityaf asphalt mixtures by 2 to 10 years,
that is by 20 to 50%.
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The European experience is not yet as develop&d the USA, but the beneficial effects of
hydrated lime on asphalt mixture durability haveoabeen largely reported. As an example,
the French Northern motorway company, Sanef, ctlyrespecifies hydrated lime in the
wearing courses of its network, because they obsdetivat hydrated lime modified asphalt
mixture have a 20-25% longer durability. Similaisebvations led the Netherlands to specify
hydrated lime in porous asphalt, a type of mix thaiv covers 70% of the highways in the
country. As a result, hydrated lime is being insregly used in asphalt mixtures in most
European countries, in particular in particular thias France, the Netherlands, the United
Kingdom and Switzerland.

If the benefits of hydrated lime on asphalt mixtuege clearly demonstrated with a diversity
of materials (aggregate, bitumen, mixture formula®jering the 5 continents, the European
experience remains somewhat lower than the onengpfrom the USA. As a consequence,
the effect of hydrated lime on asphalt mixturesnemsured by several European standard test
procedures are not described in the literature. Agrihose of the highest interest, ITSR and
fatigue must be mentioned.

Also, the description of hydrated lime in the Ewgap standards for aggregates is not totally
appropriate. First, test methods such as the delgaand ball test can not be performed on
hydrated lime, although they are required for mahétlers. Hydrated lime being considered
as filler in the standards on asphalt mixturess itritical to resolve this situation. Then, the
mixed filler classes appearing in the aggregatedstals do not cover all existing products
currently used.

Finally, some theoretical aspects remain to be nstoled. If the chemical effects of hydrated
lime on bitumen are well described, the physicasoare barely treated. As a consequence, an
explanation for the temperature-dependence of tlifersng effect of hydrated lime in
bitumen remains to be validated. Then, the effecthe surface properties of the aggregate,
especially the presence of precipitates, is naildet in the literature and could be the purpose
of new research actions.

71/96



Hydrated Lime in Asphalt Mixtures

LIST OF FIGURES

Figure 1: Origin of first author for the documeitghe database. ...........cccc.vvvviiiieeeeenns 9
Figure 2: Year of publication of the documentshia tatabase. ..............cccevvvvvviiviiiiiennnnnn, 9
Figure 3: Hydrated lime (Source: LNOISt). ...cceiiiiiic e e 12

Figure 4: Rigden air voids of several fillers antked fillers. L: Limestone, D: Dolomite, M:
Melaphyr, B: Basalt, CAL: Hydrated Lime, X15: Fill¥ with 15wt.% Hydrated Lime, X30:
Filler X with 30wt.% Hydrated Lime (from [31]). e eeeeiirieieeeeeceie e eeeeeee e 13
Figure 5: Delta ring and ball of several fillersdamixed fillers. L: Limestone, D: Dolomite,
M: Melaphyr, B: Basalt, X15: Filler X with 15wt.%\drated Lime, X30: Filler X with
30wt.% Hydrated Lime (from [31]). ...eueooei ettt e s s e e e e e e e e e e e e eeeeeeeenneeeeeennnnnes 13
Figure 6: Ring and ball softening temperature 280@ penetration grade bitumen as a
function of filler weight content (expressed indifbitumen wt.%/wt.%) for hydrated lime

(Kalkhydrat), limestone filler (Kalksteinmehl) a@&tauwacke filler (from [38]). ................. 14
Figure 7: Aggregate stripping as a consequenceogdtare induced-damage (from [])......... 17
Figure 8: Comparison of the effectiveness of sdwesh methods in order to predict moisture
damage as evaluated by State agencies experi@ame[d]). ........cccoeveeeiiieeiiiiiiieeereees e 17

Figure 9: Moisture resistance of 0/20 asphalt mmedumade with different aggregate sources
and 4.8% 70/100 penetration grade and severakaigiadditives. The testing was done by
the Lottman test (1), Retained Marshall (2) and HW&E 60°C (3) (from [49])........ccceeee.. 18
Figure 10: Multiple freeze-thaw test on asphalttomi&s made with limestone (A) or granite
(B) aggregate and bitumen AAB-1. The unaged and ageler were tested, together with the
one modified with hydrated lime (20% based on birvdéh a binder content of 5.5wt.%) and

a sample modified with 1% (based on binder) dodeghenone (from [65])...........ccceveeneees 19
Figure 11: Comparison of the effectiveness of se\emtditives in order to treat moisture
damage as evaluated by North American State ageexerience (from [8])........cccccceeeennnn. 20

Figure 12: Aging index at 60°C (viscosity after mgedivided by the viscosity before) for
various sources of bitumen modified with differargight proportions of hydrated lime (Hi-
Ca) and hydrated dolomitic lime (Dol). Ageing wasfprmed in the Thin Film Accelerated
Aging Test (TFAAT) corresponding to 3 days at 113fi@@ler air exchange (from [22])....... 31
Figure 13: Temperature dependence of the stiffeeffegt of hydrated lime as compared to a
limestone filler: inverse of the imaginary compkan(1/J”) at 10 rad/s versus temperature for
a reference straight-run 70/100 bitumen (B1) ardstime bitumen with 50wt.% of limestone
filler (B1F1) or mixed limestone filler containind)% hydrated lime (from [97])................. 40
Figure 14: Master curve (norm of the complex modwersus reduced loading time) at
21.1°C for the 0/18 mixes made of Two-Guns aggee@aB% filler) and 4.6% PG64-22

L0 LT 10 7 S 41
Figure 15: Rutting in an asphalt mixture (from [A5].....cccoorrireiiiiiiiie e, 45
Figure 16: Interpretation of the experimental resstrom the HWTD (from [13]). ............... 46

Figure 17: Effect of hydrated lime on the ruttimgistance of a French BBSG 0/14 asphalt
mixtures: rut depth vs number of laod cycles inEhench rut tester at 60°C. Enrobé témoin is
the reference. 1.25 or 2% hydrated lime were a@dtbér to the dry aggregate (avec granulat)
or to the mixture after incorporating the bitumaprés bitume) (from [73]).........ccevvvunnens 6.4
Figure 18: Fatigue cracking (= alligator crackingpan asphalt mixture (from [45]). ............ a7
Figure 19: Effect of hydrated lime on the fatigife bf sand asphalt mixtures tested in
torsion: Number of cycles to failure vs strain $@wveral sand asphalts containing 10% of
hydrated (HL) or limestone filler (LS) in the bitem for two bitumen sources (AAD-1 and

FAN N Y o R (o o T 0 ) SRR 48

72/96



Hydrated Lime in Asphalt Mixtures

Figure 20: TSRST (thermal stress vs temperature)/&2 asphalt concrete with 4.5%
polymer-modified bitumen and 2.5% hydrated limee Thrves correspond to repetitions for
the same material (frOM []).....ueeueei s o e e e e e e e e e e e et e ene e aeeeeas 50
Figure 21: Mastic toughness (reduced to that obtse bitumen) versus filler volume
fraction for several mastics made with two bitumand hydrated lime. The data are
compared to published data for mineral fillers fi@agse) or glass beads (spher. - from [81]).
........................................................................................................................................ 51
Figure 22: Rutting curves obtained on the HWTDdeveral SMA 0/8 mixtures made with
the same aggregate (Grauwacke) but different béngedymer-modified bitumen (PmB45A),
30/45 or 50/70 bitumen with 1.4% hydrated limetfia form of mixed filler). An adequate
choice of binder and hydrated lime content can giyaivalent properties as those obtained

with polymer-modified binders (from [37]). ...coceeeeeiiie e e 52
Figure 23: The effect of hydrated lime on the aggte surface as proposed by I. Ishai and J.
Craus (from [L139]). .ooeiiiiiiiiiiieiiit s e e e e e e e e e e et e e e e raa s e eneenes s s s e e e eaeeeaaeeeeeennnees 54

Figure 24: High Performance Gel Permeation Chrografahy in toluene for two bitumens
from Venezuela or Middle East after contact witthei a limestone filler or the same filler
with 25wt.% hydrated lime (active filler - from [B9.........oovvrririiiiii e, 56
Figure 25: The dry porosity of hydrated lime (rigisthigher than that of mineral filler (left)
because the porosity inside the particles, whigtegigible with mineral filler, sums up to the
POrOSIity DEIWEEN PANTICIES. ......cceeiiiieeeeeeeemr e e e e e e e e e e e e e eeees 58
Figure 26: Correlation between the stiffening dffeficseveral fillers with their dry porosity
(Rigden air voids). The data are from two studiese from Poznan University [30] (already
described in Figure 4 and Figure 5) and the ottwen the Belgian Road Research Center
1 SRS PRURSSPPPRRR 59
Figure 27: Kinetics of viscosity build-up at 138f&@ two bitumens modified with 20%
hydrated lime. The viscosity stabilizes quickly f/oAD when it keeps increasing after
120min for AAM. The neat bitumen did not show amgngicant viscosity change in the

Mean time (AftEr [BL]). ..vuuuuieiiiee i e oo e ettt s s e e e e e e e e e e e e e e e e e eeeneeeeeeeeeannn e e aeas 59
Figure 28: Asphalt plant in Georgia with two siloste for mineral filler and the other for

hydrated [Ime (from [145]). ..cco i e e e as 62
Figure 29: Pugmill used to mix hydrated lime witle tvet aggregate in South Carolina (from
2 | TR URRPRPPRPRRRR 64

Figure 30: Percentage of hydrated lime eventuatgcted using three different chemical
methods. “Titration” refers to the direct titratibwilowing the German method [156]
described at length in the text. “Sugar” referghmtitration of a saccharose extract of the
filler to be tested and “Ester”, to an ethyl-acettate extract (from [155]). The materials
were asphalt mixtures with different fillers mixedth hydrated lime: M2 and M3 with basalt
filler (respectively 5 and 20% hydrated lime), M&aM9 with moraine filler (respectively 5
and 20% hydrated lime), M10 with 67% moraine ant3iBnestone filler (25% hydrated
lime) and M16 with limestone filler (20% hydrateoh€). The recovery rate is the ratio of
dosificated lime over nominal IMe CONTENL. ...cccce.iiiiiiiiiiiiiiiiiee e 68
Figure 31: FTIR spectrum of hydrated lime (from§D5..........cooovrrrriiiiiiiiiiii e, 68
Figure 32: Improvement in selected asphalt mixproperties by hydrated lime addition. The
percentage must be understood as the proportipanldished studies showing an
improvement. Rutting excludes Hamburg Wheel Tragkdevice (HWTD) results because

they better fit in the moisture damage CategOLY ... .uuvurruiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 70
Figure 33: Type of documents in the database. .cccueeecooeeeeeeiiiiiiiee e 76
Figure 34: Hydrated lime compared to What? ... 77
Figure 35: How is hydrated lime evaluated?............ooovviviiiiiiiiiiiie e 77

73/96



Hydrated Lime in Asphalt Mixtures

LIST OF TABLES

Table 1: Current use of hydrated lime in asphaktunes in Europe. All data were gathered by
the Asphalt Task Force. Note that the values ferpgrcentage of HMA modified with
hydrated lime in the total HMA production is a rbugstimate used to quantify the level of
“lime awareness” in each country (in green, moent6% of the HMA production is modified
with hydrated lime and in yellow, abOUt 190 ). e ooeieeiiiiiieeceee e 3
Table 2: The various grades of hydrated lime adogrth EN 459-1. Note that the value for
available lime will only appear in the revisionEiN459-1 to be published probably at the

(o7 11T 1T 10 220 1 e PSSR 11
Table 3: Typical properties of hydrated lime congaaio mineral fillers. .......................... 15
Table 4: Reasons to use hydrated lime as evalbgtetEA State agencies experience (from
0 SR PRRPRSRUPPRR 21
Table 5: Most used testing methods in order touatalthe improvement of the moisture
resistance of asphalt MIXIUIES. .........iiiiiiiie e e e e e e e e e e e 23

Table 6: Some examples quantifying the improvenrettie moisture resistance of asphalt
mixtures by addition of hydrated lime as measungthb Hamburg wheel tracking test (EN
12697-22 — small size - method B underwater). S&esection 3.3.4 for a description of the

(S B (=250 ] PP PPPPPPPPR 25
Table 7: Some examples quantifying the improvenrettie moisture resistance of asphalt
mixtures by addition of hydrated lime as measungthb Lottman test. .................cceee. 27.

Table 8: Some examples quantifying the improvenrettie resistance to repeated freeze-
thaw cycles of asphalt mixtures by addition of laydd lime as measured from the repeated
Lottman test or the Texas freeze-thaw pedestal.test............ccccvvrrrriiiiiiiiiiivccceceee, 29
Table 9: Some examples quantifying the improvenrettie moisture resistance of asphalt
mixtures by addition of hydrated lime as measurethfsome of the other widely used tests.

........................................................................................................................................ 30
Table 10: A review of the laboratory studies shaytime effect of hydrated lime on the ageing
(o] o1 LU {3 0 T=T o PP PUPPPPPPPPR 35
Table 11: A review of the field studies showing #ifect of hydrated lime on the ageing of
011U 1 T=T o TSRO PPPPPPP 37
Table 12: Intrinsic viscosity of various fillergdim [95])........ccoovrrriiriiiiiici e, 39

Table 13: A survey of published modulus data. Fmhepublication, the total number of
mixes with hydrated lime is given together with taage of studied hydrated lime content
and the number of data showing a significant irmeéa modulus for hydrated-lime modified
mixes. The method of addition is B for inside tleder, D for dry lime to damp aggregate,
LS for lime slurry and an additional M in case aimation.............ccccceeeeeeeeeeeeeeseevieeeennn. 42
Table 14: A survey of published strength data.damh publication, the total number of mixes
with hydrated lime is given together with the ragestudied hydrated lime content and the
number of data showing a significant increaserengjth for hydrated-lime modified mixes.
The method of addition is B for inside the bind@ror dry lime to damp aggregate, LS for
lime slurry and an additional M in case of marioBti.............cccccvvvvvviiiiiiiiiiie s 44
Table 15: A survey of published rutting data. Nibigt data with the Hamburg wheel tracking
device were already described in Table 6. For gatification, the total number of mixes
with hydrated lime is given together with the ragestudied hydrated lime content and the
number of data showing a significant increase tting resistance for hydrated-lime modified
mixes. The method of addition is B for inside tleder, D for dry lime to damp aggregate,
LS for lime slurry and an additional M in case adnmation, MF for mixed filler. ............... a7

74/96



Hydrated Lime in Asphalt Mixtures

Table 16: A survey of published fatigue data. Famtepublication, the total number of mixes
with hydrated lime is given together with the ragstudied hydrated lime content and the
number of data showing a significant increase figd@ resistance for hydrated-lime modified
mixes. The method of addition is B for inside tleder, D for dry lime to damp aggregate,
LS for lime slurry and an additional M in case ainmation.............cccceeeeeeieeeeeeeeeeesieeeennn. 49
Table 17: TSRST (thermal stress vs temperatur@)fdat A/ a SMA 0/8 asphalt mixture with
7.3% 50/70 bitumen and with or without 1.6% hydddime (in the form of Kg mixed

filler). B/ a AC 0/11 asphalt mixture with 6.2% 700 bitumen and with or without 1.4%

hydrated lime (in the form of kamixed filler - from [29]) .......ceeeiiiiii it 50
Table 18: Concentration of functional groups inrf&C-10 bitumens of different chemical
composition before and after treatment by hydréted (from [72])........ccovvvvviiiiiiiiiinnn. 56

Table 19: Concentration of functional groups inas&an bitumen before and after TFAAT
ageing in the presence of various amounts of hgdramne or hydrated dolomitic lime (from
227 | SRR PRURSSPPPRRRS 57
Table 20: Methods currently used to add hydratee lio asphalt mixtures. Data for the USA
are from [145]. Detailed data for Europe were ayegiven in Table 1 Here, the focus is on
these European countries for which the use of hgdrime is close to 1% or more (estimates
in terms of percentage of HMA modified with hyditene compared to the total HMA

[0 (o To 11 Tox 1T o ) P 61
Table 21: Mixed filler categories as described M E043 [26]........ccccvvvrvreeririinnnniiiiinnns 63
Table 22: Life expectancy of hydrated lime treadad untreated mixes in the USA. From
0 SR PRRPSSPPPRRRS 65

Table 23: Race tracks built with hydrated lime nfiedi mixtures. The last column states the
type of binder used (PMB = Polymer-modified bitum&g = Trinidad Epure, a natural hard

= ] 0] = 1) USSR 66
Table 24: Results of the validation of the Germasification method (after [155]). ............ 67

75/96



Hydrated Lime in Asphalt Mixtures

7. ANNEX 1: SOURCES

This report is based on the study of several dooatsngublished on the subject all over the
world. The full document list is given in Annex 2.

These documents were identified by several meainst, & classical literature search was
performed using technical databases such as H¢dpRB, Compendex, Civileng, NTIS and
Dissabs. Then, this search was completed by amettsearch on www.google.com with the
same keywords. Also, documents known to some memberthe Asphalt Task Force
working group were added to the list. Finally, va@et documents that appeared in the
references of the documents obtained using theeabwthods but were not detected before,
were added to the database.

In the end, 110 documents on hydrated lime in bitoos materials were studied in order to
produce this report. The country of origin of tivstfauthor (Figure 1) and year of publication
(Figure 2) are described in the introduction.

The following Figures give an idea of the type otdments, mostly research articles (Figure
33).

B Book, 1
OThesis, 2

O Research Report,
9

O Standard Test
Method, 1

H Review Article, 11

O Research Atrticle,
86

Figure 33: Type of documents in the database.

In terms of content, it is interesting to note thgtlrated lime is mostly compared to mineral
fillers or other adhesion promoters (mainly liquadtistrip) in the published documents
(Figure 34). Other comparison materials include fusul extended asphalt, lead
diamyldithiocarbamate (LDADC - an antioxidant), hethite (rockwool natural fiber),

dodecaphenone (a model compound for adhesion),nabdibers, PolyPhosphoric Acid

(PPA) and polymers.
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Figure 34: Hydrated lime compared to what?

Finally, the properties that were analyzed in tbeuwinents are described in Figure 35. The
sum overpasses 110 documents because some puobkcatiorked on different aspects.
Clearly, moisture damage and frost is the mostistugsue confirming that it is the most
widely known functionality of hydrated lime. Mecheal properties (i.e., others than fracture
or rutting) are also well documented, given thaghast mixtures are usually designed based
on their mechanical properties. In the “Other” fadt works on hydrated lime properties (filler
testing), on mastics and on the dosification methotist of references by functionalities is

given in Annex 2.
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8. ANNEX 2: LIST OF DOCUMENTS BY TYPE OF FUNCTIONAL ITY

In order to help the reader find appropriate refees, the content of the bibliographical
database used for this report is disclosed.

For each reference, the topics covered in the dentiare listed with the following code:

» Md = Moisture and/or Frost damage including HWTD,

» Ag = Ageing,

» Me = Mechanical properties including Marshall sliéfgi modulus, strength (only if
the test is done as such, that is, not done asopartmoisture damage test with and
without conditioning),... but excluding rutting afrdcture,

Ru = Rutting including HWTD,

Fr = Fracture including fatigue,

Ot = Others including mastic testing, lime dosifios, filler testing...

Fi = Field data.

The analysis of the database based on topics weedglgiven in Annex 1 (Figure 35).

VVVYY

The most important references are highlighted id.bo

Reference [Md | Ag [Me | Ru | Fr | ot | Fi

M. I. Al-Jarallah and K. W. Lee, “Evaluation of hhygded lime as an X
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King Saud Univ. 13(1), pp.65-83, 1987

M. Ameri and M. Aboutalebi Esfahani, “Evaluation dap X X
performance of hydrated lime and limestone powder i
porous asphalt”, Road Materials Pavement Design, 9(4
pp.651-664, 2008

T. S. Arnold, M. Rozario-Ranasinghe and J. Youtchdf X
“Determination of lime in hot-mix asphalt”,
Transportation Research Record 1962, pp.113-120, @0

T. S. Arnold, J. Rozario and J. Youtcheff, “New dirtest for hot X
mix asphalt unveiled”, Public Roads 70(5), Marchily
2007

T. Aschenbrener and N. Far, Influence of Compaction X X
temperature and Anti-Stripping Treatment on the
Results from the Hamburg Wheel-Tracking Device,
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Colorado Department of Transportation, 1994

J. Bari and M. W. Witzcak, “Evaluation of the Effeof Lime X
Modification on the Dynamic Modulus Stiffness of t-Mdix
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Design Guide”, Transportation Research Record 1929,
pp.10-19, 2005
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copolymer modified asphalt: Evaluation of pavedtisecat
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2
X
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asphalt mixes”, Proc. Annual Conf. Transportatjon
Association Canada, Calgary, Sept. 2005
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