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| Abstract

This project assesses the mechanical properties of a range of both base and surfacing
materials incorporaﬁng different combinations, size fractions and percentages of two
_primary aggregates (limestone and gritstone) and three secondary aggregates (basic
oxygen steel slag, blast furnace slag -and glass eullet). ‘The mechanical properties of
the asphalt nﬁxtufes have been measured using the suite of tests (stiffness modulus,
resistance to permanent deformation and resistance to fatigue cracking) possible with
the .Nottingham Asphalt Tester (NAT). Ageing- and moisture susceptibility of the
mixtures ai_so has been assessed using recogi:ised testing (conditioﬁing) procedures
and protocols. The mixtures have been designed using vblumetric grading in order to
take into account the difference of the particle density of aggregates. |
The results indicate that the use of glass cullet fine aggregate in a 28 mm continuously
graded base material only marginally reduces the stiffness modulus of the secondary
~ aggregate modiﬁed mixture. The moisture susceptibility of the material was also
shown to be less than what would be expected for a smooth surface textured aggregate |
such as glass, with and without the use of an antl-stnppmg agent. The replacement of
primary aggregate with glass cullet also significantly reduced the aging susceptibility
of the mixture, while the permanent deformation resistance, although inferior to that
of a primary aggregate mixture, was still acceptable with the fatigue performance
being comparable to the control mixture. _
The use of basic oxygen steel slag and blast furnace slag secondary aggregates |
signiﬁcantly increases the mixture density and stiffness modulus compared to primary
aggregate mixtures. The moisture susceptibility of these secondary aggregate mixtures
.was also found to be similar to that of the control mixtures, althougli the DBM slag
mixtures did show an increased susceptibility to moisture conditioning when the
binder content of the mixture was ‘not enough to cover the aggregate. The age
hardening of the slag mixtures was found to be much greater than that of control
mixtures. Overall the permanent deformation resistance and fatigue performance of
' the slag mixtures tended to be similar to that of the limestone and gritstone base and
surfacing control mixtures. However, results indicate that the slag mixtures become
| more brittle material than the other mixtures.
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Chapter 1 Introduction
N 1.1 Béckground of the use of secondary aggregates

1.1.1 Definition of secondary aggregate :
~ The term "Secondary aggregate” is defined as an aggregate, which is not obtained

- from a quarry (aggregates obtained from quarry are called primary aggregates), but is
a by-product or recycled material generated from production activities. Examples are
slag from the steel makmg process, crushed glass, crushed concrete, recycled asphalt

and so on.

The idea of utilising these by-products or recycled materials as an aggregate is not a
new concept. Probably it can be conjecturéd that the utilisation of waste materials’
began Wh_en human beings started production activity. In modern times, the example
of the use of secondary aggregates in road construction was found in a publication in
1894 [9]. Slag was used as an aggregate in a tarred footpath in Nottinghamshire. After
the industrial revoiution, there would be much waste materials generated from iron
ﬁmaking process. Regarding the use of secondary aggregétes as road aggregates, it was
‘found that the first slag tarmacadam has been laid in Derbyshire in 1901 [11].

Of course, recent activities have been generating not only these slag materials from
steel/iron making process, but wide range of waste materials, such as PBA (Pulverised
Bottom Ash) from power station to crushed glass from our ordinary life. How these
materials shoﬁld be utilised or recycled seems to be one of the most important matters

of the government.

1.1.2 Problem defi nltlon :
Accordmg to the report published by British Geologlcal Survey 11, approxxmately

210 million tonnes of aggregates was used for construction in the UK. in 1999. Most
aggregates are derived from land-won sources and are called primary aggregaie,- such
as sand, gravel and crushed rock. Although the figure is not precise, some 5% of ‘total
aggregates is accounted for by secondary aggregates, such as China clay waste,



metallurglcal slag- and power station ash, or recycled aggregates, such as road

planmgs and construction and demolition materials.

The government has published guidance aimed not only to guide the proper usage of
‘natural aggregates but also to reduce the proportion o-f. primary aggregates. A target'
has been set to increase the use of sécqndary and recyéle aggregates from 30million
tonnes in 1989 to S5million tonnes in 2006 [2]. In this report, it can be found that
there seems to be large quantities of mineral resources, which will be sufficient for the
demand for construction, however, it has been recognised that it is becoming more
"difﬁcult to exploit new sites because of growing concern for the 'prdteétion of

environment,

" On the other haﬁd, it seems that the government needs to decide urgently how the
\{Naste materials derived from industrial activity or our daily life shall be treated.
Furthermore, to make development sustainable, it becomes important to consider
recycling. To meet this social responsibility, developing the use of secondary and
fecjlcled materials as aggregate has begun to be addressed. To encoufage the use of
'secondary and recycled materials and reduce the demand for virgin aggregétes, the
goverhment announced that an Aggregates Levy of £1.6/tonne would be introduced in
April 2002 [4]. The Aggrég_ates Levy is applied to sand, gravel and crushed rock.
| Secondary and recycled aggregates arising from road construction, the spoﬂ or waste,
and industrial by-products vﬁll ‘be exempt from the Levy. | '

Approximately one-third of total aggregate consumption is used for road construction,
repair and maintenance, therefore the responsibility for using secondary and recycled
materials in the road construction area is significant. Secondary materials, such as
colliery spoil, China clay waste, powei' station wasfe, blast furnace slag, slate waste,
and construction and demolition wastes have been used as fdad construction aggregate
\[3,6]. One of the secondary aggregates highly exploited is blast furnace slag (BFS). It
is reported that this material is utilised completely as a construction aggregate [1]. As

research on the utilisation of BFS as an aggregate began in the 1940's in the UK. 7,

it is recognised that BFS is a durable and stable material and can be used in asphalt
mixtures and concrete mixtures. '



1.2 Objective and '_Ou_tliné' of the Research =

1.2.1 Objective

The aim of this pro_]ect is, pnmanly, to investigate the properties of ‘bituminous
mixtures that contain secondary aggregates. One -of the secondary aggregates
employed in this project is steel slag. It seems that steel slag can be expected to
enhance the mechanical properties of the mixture because of its durable nature. The
. other secondary aggregate employed in this project is crushed glass. Many cases of
using crushed glass in bituminous ‘mixtures were found in .U.S.A in the 1970's.
However, to increase the recycling ratio of -glass, the use of crushed glass in
bituminous mixtures has been addressed recently in the UK. [5] as well as other
countries, such as Japan [10]. In addition.to these materials, becaﬁse of its lower

specific gravity, BFS aggregate was used in combination with steel slag aggregate.

1.2.2 Outline
Two types of bltummous mixture were selected: Stone Mastic Asphalt (SMA) and

Dense Bitumen Macadam (DBM). SMA is a wearing course material, which was
developed in Germany and has been used in many countries because of its superior
performance, such as good resistance to rutting and cracking. It is also known that
traffic noise is reduced approximately 2dB in relation to the lmore traditional Hot
Rolled Asphalt' because of its open surface texture [8]. DBM is a basecourse /
roadbase mateﬁal, which is employed primary in the: UK. “In this project, DBM is
regarded as roadbase material, mainly because ravelling of glass aggregate is one of
the problems, as explained later in Section '2.2, when crushed glass mixture is
trafficked directly, making roadbase a more suitable mixture than basecourse, which
~ is sometimes trafficked. - |

Cohventi_onal ¢valuation methods, such as the Nottingham Asphalt Tester (NAT) and
the Immersed Wheel Tracking test were employed to assess the mixture performance.
The NAT was developed in the University of Nottingham and is used in the UK. to
obtain the fundamental properties of bituminous mixtures. The Indirect Tensile
Stiffness Modulus (ITSM), Indirect Tensile Fatigue Test (ITFT), and Vacuum
Repeated Load Axial Test (VRLAT) can be undertaken using NAT machine [12]. It
will be important to assess the long-term performance of the mixture containing

10



eecondary aggregate, especially if there are not many precedents for using ‘these

materials. Therefore, a conditioned test, after ageing and/or water sensitivity, was also

" conducted using the NAT.
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: Chapter 2 Literature review
2.1 Steel slag

2.1.1 Definition
 Steel slag is defined as a non-metallic product, consisting 'essentia]ly of calcium
silicates and ferrites combined with fused and mineralogically combined oxides of :
iron, aluminium, manganese, calcium and magnesium, that is developed
simultaneously with steel in basic oxygen, electric arc, or open hearth furnaces [1]. In
‘the steel industry, Blast furnace slag (BFS) and steel slag are mainly produced as by-
products of the steel making process. The basic oxygen furnace (BOF) process and
electric arc furnace (EAF) pfocess are the steel making processes employed in the UK
presently, with almost 75% of steel produced by the BOF process [2].

2.1.2 Process

~ In the BO'F process, steel is produced from iron ore through two stages. In the first
stage, iron ore is charged in the blast furnace and smelted with coke as fuel and
limestone as flux. During the smelting process, while the reduction of the iron oxide
“occurs, slag is formed as a combination of the impurities in the ore and lime. At
regular intervals, molten slag is removed and molten pig iroﬁ is tapped in the ladle.
‘Molten pig iron is sent to the BOF to produce steel, while slag is processed to form

blast furnace slag aggregate.

Selective cooling of the liquid slag results in four distinct types of blast furnace slag
3,117} .
1- Air cooled; material resulting from solidification of molten blast furnace

slag under atmospheric conditions. This material can be extenéively used
in conventional aggregate applications.

2- Expanded or foamed; lightweight cellular mate;ial obtained by controlled
processing of ‘molten blast furnace slag with water or water and other
agents, such as steam or compressed air or both. This material is mainly
used as a lightweight aggregate. |

12



3- Granulated; 'glaséy, granular ‘material forméd when molten blast ﬁn'nace
slag is rapidly chilled, as by immersion in water. This material is mainly
used in slag cement manufacture. ' '

4- Pelletised (solidified by water and air quenéhing in conjunctioﬁ with a

| spinning drum), which is used both as a lightweight aggregate and in slag

cement manufacture. :
The molten pig iron is sent fo the Basic Oxygen Furnace (BOF) where it is combined
with steel scrap, vérious metaliic elements, additional lime or dolomitic lime fluxes.
High-pressure- oxygen is injected to remove and to combine with the impurities and
_ﬂuxes such as lime and dolomitic lime. Steel slag is formed by the combination of

these impurities, lime and dolomitic lime.

The main differences between BOF and EAF is that the EAF steel making process is
more energy efficiency and cold steel, such as scrap steel, is mainly used in the EAF
process instead of molten pig iron as in the BOF process [4]. '

2.1.3 Properties of slag aggregate

| Steel siag and blast furnace slag processed as aggregates have suitable properties for
road construction materials. Typical values of the physical properties are listed in
Table '2;_1; It is obvious that steel slag aggregates have good physical properties, such
as Aggregate Crushing Value (ACV, resistance to crushing under a gradually applied
compressive load), Aggregate Impact Value (AIV, resistance of an aggregate to
impact) and Aggregate Abrasion Value (AAV, resistance to surface wear By dry
abrasion), and Polished Stone Value (PSV, used to evaluate the potential for skid
r‘esistahce) [5]. However, steel slag has a relatively high specific gravity, compared to
blast furnace slag or natural aggregate.

Typical basic oxygen process steel slag and blast furnace slag composition is listed in
Table 2.2. - ' '

13



Table 2.1. Physical properties of slag aggreg ates [6]

Properties Steel slag .- | Blast furnace slag | Typical limit [5]
“Specific gravity 31-35 | 238-276 .
ACV | 12-25 — 25-39 | 25
AlV ' 18-24 21 -42 <30
AAV 3-4 . 5-31 <16
Water absorption | = 02-2 1.5-5 '
PSV o 53-72 50-63 >58(surfacing)

Table 2.2. Chemical Properties [7]

Constituent .Com'position (%) . Composition (%)
Steel slag . Blastfurnace slag
CaO . 42 - 44 - 41
SiO, 10-12 : 35
Fe;03 _ 27-31
MnO 3-4
MgO 5-6 7
ALO; 1-2 14
P,0s S 1-2
TiO; 0.5
S 0.8

Steel slag has expansive nature because of the presence of free calcium oxide and

magnesium oxide. This is explained in more detail in 2.1.5.

2.1.4 Application of slag aggregates

Blast Furnace Slag | 7
Air-cooled BFS is used in a similar way to conventional aggregate. Applications are;
granular base,:-ballast, trench fill, backﬁ_ll, asphalt concrete and Portland cement
concrete. Because of its low bulk density, the self-weight of structure and
transportation costs on a volumetric basis can be reduced. High stability and friction
angle aré also attractive characteristics of the air-cooled BFS. However, due to the
vesicular surface and high water absbrption ratio, larger amounts of bituminous binder
~ (approximately 8% for a dense graded mixture) may be required when used in -
bitmﬁnous mixtures [11]. In the UK, a full-scak experiment of the use of blast
furnace slag as an aggregate in bituminous materials was conducted after the Second

14



World War. It was observed that the use of blast funace slag aggregaite in bituminous
-mixtt_li'es had some advantages, such as high skid resistance and good rutting
resistance [6]. -

Expanded and Pelletized BFS are used not only as aggregates but also as slag
cement. When these slag aggregates are used in concrete, self-weighf of structure can
be reduced significantly. Moreover, as the granulated and pelletized BFS have

cementitious properties, these materials are used as slag cement.

Steel slag -
Steel slag aggregate has been used in bituminous mixtures. General features of steel

slag mixtures are; high Marshall stability with good flow properties, excellent
resistance to stripping, good skid resistance, and high bulk density, which is a
disadvantage of the mixture [11]. The expansive nature of steel slag aggregates may
‘cause premature deterioration, such as cracking, therefore, steel slag is used under
restricted conditions in .many countries, such as the U.S.A., Belgi_um; Germany and
Japan ['1 5]. In these countries both aggregate and mixture expansion tests are required.
In the UK., .according to the British Sfandard, steel slag should be weathered until it
is no longer susceptible to expansion [17]. Because of its expansive nature, steel slag

aggregate is not used in cement concrete.

2.1.5 Expansive nature of steel slag _
In fact, map cracking (cracks formed of a similar shape to a hexagonal pattern, see

Figure-2.1) -has been-observed-in-100% -stecl- slag-aggregate -mixtures- in- several - -

countries [8] and it is thought that the expansion of steel slag aggregate caused the
cracking. According to the Steel Slag User Guidelines [8],‘ expansion of steel slag will
result in cracking of the slag particles. Cracks or pop-outs can appear when such a
reaction occurs in the pavement. Emery ['1 1] noted that the hydratioﬂ'of unslaked lime
(free Ca0) and magnesium oxide (MgO) in contact with moisture is largely
responsible for the expansive nature of most steel slag and free CaO reacts rapidly and
may cause large volume change in the short term, while MgO reacts slowly and can
expand in the long term. However, the detailed mé‘chaniSm of expansion seetﬁs still
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unclear. In Canada, the Mlmstryof Transportation pfohibited the use of steel slag in-

1991 because the cause of the map cracking was still unclear.

Figure 2-1 Example of Map Cracking Observed on a Steel Slag Mixture [10]



The detailed analysls of steel slag aggregate
Coomarasamy and Walzak [14] investigated material composmon, morphology and :

surface chemistry of different sources of steel slag aggregate (three BOF, one EAF

and two experimental BOF steel slags; weathered in laboratory) using three o

techniques (scanning electron m10roscopy coupled with energy d1spers1ve X-ray
analys1s (SEM/EDX), electron. probe x-ray m1croanalys1s (EPMA) and x-ray
diffraction (XRD)). The result of surface characterisation obtained by EDX showed
that the different steel slag surfaces were consistent. Namely, calcium was enriched in

“all slag surfaces with varieties of oxide of silicon, iron, aluminium, magnesium and
' manganese. However, the result of EPMA [14] indicated that the ci‘oss section of steel

slag was not uniform (except for the EAF steel slag sample). It was also shown that

there was a difference between the interior region and the interface region for the

BOF slag. Primary phases of these samples were different in their detailed

composition, distribution -and microstructﬁre Also, the results indicated that the

mixed oxide region in the EAF slag had higher MgO component compared to the

BOF slag.

Chemical compositions of these slag samples were examined and the results showed
that all the BOF slags had consistent composition, whilst EAF had a lower iron oxide
content and free lime content than the BOF slag samples. '

Reaction with moisture
The reaction observed firstly on the steel slag surface during weathermg ‘was the

formation of thick crystal-like deposit, which is calcium-rich and easily removed. The
calcium rich crystals were also observed in cracks formed in Marshall briquette

saﬁaples during the process of weathering.

2.1.6 Expansion test of slag aggregate

Test method
Expansion tests were developed with the aim of determining the potential for

expansion of steel slag aggregate using a similar procedure to that of the California
Bearing Ratio (CBR) laboratory test [1'1,12]. The sample is compacted in a 152mm’
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diameter CBR mould in three layers with 56 blows per layet. To allow free access of
water to fhe top and bottom, a perforated base plate and top plate are used. The
conipacted sample and moﬂd are submerged in hot water to accelerate the expansion
_of steel slag and the vertical displacement is measured daily by a dial gauge. Eniery
[1 1] selected a test temperature of 82°C because the expansion levels observed at
- 82°C were approximately three times those observed at 60°C.

The Pennsylvania Department of Transportation developed the expansion test as
" PTM130 .[12].. They selected a test temperature of 71°C. The expansion test is
conducted not only on submerged samples but also on unsubmerged sémples for the
following 7days, because some materials-expand at a more rapid rate in oﬁe condition,
some in the other. Based on this research, ASTM developed the standard test method
"Potential Expansion of Aggregates from Hydration Reactions" (D4792-88) [18]. In
the standard test, the temperature is designated at 70 + 3°C and the height of specimen

is measured for a period of 7 days in a submerged state.

Test results
Emery [11] reported results from accelerated expansion tests conducted at 82°C and

60°C using fresh (unweathered) steel slag and two types of aged steel slag. As can be
seen in Figure 2.2, the unweathered steel slag expanded 9% by volume at 82°C and
3% at 60°C, while the weathered steel slag expanded 5% at 82°C and 1% at 60°C.
The results showed that ageing or weathering could limit the expansion of steel slag.
 Figure 2.3 shows the results of long term expansion tests conducted for 475 days at
20°C using unweathered and weathered, and coarser and finer fraction samples.
Results indicated that the unweathered coarser and finer samples expanded
approximately 2.8% and 3.5% respectively, while weathered coarser and finer
samples expanded 1.5% and 2% respectively. It was, therefore, observed that coarser

samples tend to expand less.
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Figure 2-3 Expansion tests results (20°C, 475days) [11]
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'Kandhal and Hoffman [12] conducted an investigation into the expansive
characteristics of steel slag aggregates using 10 different sources incluajng 3
unweathered steel slags. The accelerated expansion test was conducted at a
temperature of 71°C. Results ‘showed that the unweathered steel slag aggregate’
expanded approximately 1% to 2.8% by volume, whereas, weathered steel slag did
not expand by more than 0.5%.

. Coomarasamy and Walzak [14] conducted the expansion test complying with ASTM
D-4792 using two BOF slags, EAF slag and experimental BOF slag. Results showed
that EAF and experiméntél BOF slag expanded less than the other slags, although the
expansion volume of all samples exceeded 1% in a week, which is the criterion for
~ highway construction material. The authors also found that expansion volume was not

dependent on the quantity of the free lime observed in the samples.

2.1.7 Mixture evaluation

Marshall stability T .
It has been reported that mixtures containing steel slag aggregates exhibit high

Marshall stability, Mixtures containing both coarse and fine steel slag aggregates have
exhibited 10 to 18kN Marshall stability [9,11]. A mixture containing steel slag fine
| aggregate and limestone coarse aggregate also showed higher Marshall stability (9 to
10kN) than a control mixture (limestone aggregate mixture; 7kN) [12].

_ Conditioned Marshall stability e :
Accordmg to Emery [11], the speclmen is condltloned by immersion in hot water

(71°C) for 48 hours and then tested for Marshall stability. Retained stability is
designated as the ratio of unconditioned and conditioned stability. 75% of retained
stability is the minimum value for a desirable mixture. The retained Marshall stability
obtained from mixtures containing steel slag coarse and fine aggregates have been
- reported as being between 73.5 and 82.5%, although the lower value was obtained
from the mixture containing open hearth steel slag aggregate [11]. Retained Marshall
stability was carried out by' Kandhal and Hoffiman [12] on four mixtures containing
different steel slag fine aggregate and limestone coarse aggregate. The retained
stability of the control mixture (limestone aggregate) was 88%, whilst between 75% -
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and 86% were 6btained'ﬁ'om steel slag.mixtures.' Although these values satisfied the .-

- minimum limit for an allowable mixture, the mixture contéining steel slag aggregate
could have a slightly lower retained stability value than the conventional mixture.

Lottman Freeze and Thaw Conditioning |
Lottman freeze and thaw conditioning tests were conducted by Kandhal and Hoffman

. [12] on the mixtures containing different steel slag fine aggregates. The conditioning
process of the test is as follows. The specimen is saturated in water for 30 minutes
under vacuum conditions. Then the specimen is placed in a plastic bag containing
distilled water and the bag is sealed and placed in a freezer at -18°C for 15 hours.
~ Finally, the specimen is placed in a water bath at 60°C for 24 hours. The tensile
strength ratio (TSR) is calculated using the tensile strengths of conditioned and
unconditioned specimens. The results showed that the retained TSR of all steel slag
mixtures was higher than that of the control mixture (limestone mixture).

“Indirect Tensile Stiffness Modulus (ITSM) _
Rockliff et al [13] reported the ITSM of the SMA mixture containing Steel slag coarse

~ aggregate and BFS fine aggregate. The results showed that the SMA mixt'ur_e‘
containing slag aggregates exhibitéd higher stiffness (3500MPa) than the SMA
mixture containing gritstone aggregates (2900MPa). Moisture conditioned stiffness
| modulus of these mixtures were also determined after 3 cbnditioning cycles and the
results showed that the retained stiffness of SMA slag éggregates mixture was higher
- (110%) than that of SMA gritstone mixture (100%). = =

- Skid resistance ,
Ryell, et al [9] reported improvements to the Toronto by-pass surfacing project, which

was constructed in 1974. In-this project, dense graded wearing course mixtures were
constructed using slag aggregates (steel slag and blast furnace slag) and conventional
aggregate (traprock (basaltic quarried material), limestone and natural sand). The skid
resistance of these mixtures was evaluated using 4 different types of measurement
method (ASTM-Bfake force trailer, Mu-meter trailer, SCRIM and Photo-
interpretation). The initial skid characteristics of all mixtures were satisfactory. The
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| result of measunng the sk1d number after 4 years in-service mdlcated that both the
steel slag aggregate mixture and the blast furnace slag aggregate mixture maintained
good skid characteristics, while the mixtures which contained natural sand or

limestone fine aggregate with slag coarse aggregate indicated lower values.

Noureldin and McDaniel [10] conducted field investigations on an existing road
containing steel slag aggregate constructed between 1979 and 1981. Skid numbers
were measured in accordance with ASTM-E274 after 6 to 9 years in-service. It was
reported that the mixture contalmng steel slag aggregate mamtamed good skid
characteristics. However, it was also reported that map cracking appeared on the
surface and these cracks were only associated with the surface course. The authors
considered that the age hardening, weathering; or accelerated hardening of asphalt
“binder caused by the presence of ferric and ferrous oxide in steel slag might have

caused the map cracking.

Field samples _ ‘ )
Core samples, which were taken from good and poor performing sites, respectively,
_were examined [14]. The mterface and cross section of the 'good performance' cores

appeared to show good adhesion and no debris in the internal voids. In contrast, the
‘'poor performance' cores showed that white debris had accumulated between the steel
slag and the bitumen coating. However, even in samples from the 'good performance’
~ sites, which had been in-service for many years, calcium rich deposits had formed on
the surface of steel slag after weathering. This means that if moisture is allowed to

_enter _the steel slag and asphalt binder interface, calcium rich crystals will be formed . .

and this can be a reason for premature deterioration, such as map cracking. It is not

clear whether weathered steel slag aggregate was used in the 'good performance’ sites.

2.1.8 Other mixtures
The Ministry of Transport in Canada has investigated the expansive behaviour of

reclaimed asphalt pavement (RAP) containing steel slag aggregate. Senior et al [16]
reported that expansion test results indicated that steel slag derived from RAP still had

expansive characteristics even though the steel slag had spent about 10 years in an
asphalt pavement.
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2.2 Crushed Glass

2.2.1 Background
Approkimately 2 million tonnes of container glass,- such as bottles and jars, are -
consumed annually in the UK. (70% of the glass is coloured glass). Although the
average recycling rate in Europe is over 50%, only 22% of c;)ntainer glass was
recycled in thé UK. in 1998 [19]. Glass _éan.be recycled without loss of properties.
Recycled crushed glass is called ‘cullet’, and a proportion of cullet can be mixed with
other materials such as sand, soda ash and limestone, in the process of production of
new glass. In 1998, 657,000 tonnes of cullet were recycled (over half was green glass).
Nowadays, the amount of collected green glass is larger than the capacity of recycling
by glass container manufacturers. Furthermore, quality and colour imbalance of cullet
would be the objection to increasing recycling rates. Therefore, developing alternative
use of cullet is important to increase the recycling rates. In -partic':ular,‘ the use of
excess cullet as an aggregate in bituminous .mixtures, known as 'Glasphalt, is

" recommended in the government report [19].

The idea of using crushed glass as an aggregate in- bituminous mixtures was
developed in the U.S.A. in 1960's [20]. Since then, many studies have bee_n
conducted in the U.S.A. For example, Glasphalt was placed in 19 test sections, in
parking lots or streets, in the U.S.A. and Canada in 1969 to 1971 [21]. However, a
survey conducted in 1994 indicated that only 6 state high\;vay agencies use glass
aggregate in bituminous mixtures [22]. The reasons why the use of glass aggregate

.does not increase are thought to be cost, availability and performance of bituminous

mixtures containing glass aggregate [23]. The costs of obtainihg the ground cullet
comprise collection cost for cullet and grinding and pulverisation costs. These costs
vary depending on geographical region and quantity of the cullet. It is estimated that |
the costs of producing ground cullet in the U.K. are likely to be in the range of £25 to
£90 per tonne [19]. The availability of the glasé aggregate is dependent on whether a
recycling system has been established. Big cities, such as New York and Los Angels
in the U.S.A., have their own systems where glass can be obtained free and processed.
Therefore, glass aggrcgéte can be available steadily and it would not be expensive;
Apart from these problems, the mechanical properties of glass aggregate and the
mixture containing glass aggregate have to be addressed by engineers. The properties
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of glass aggregate and the bituminous mixtures containing.glass aggregate will be
stated below. ]

2.2.2 Properties of crushed glass

Specific gravity
Specific gravity of two sources of cullet were obtained in the Glass Feedstock

Evaluation Project [25]. The specific gravities of coarse cullet and fine cullet are in

the range of 1.96 to 2.41 and 2.49 to. 2.52 respectivély. The differences in these
ranges appeared to be caused by the difference in the debris levels of cullet samples.
Debris was defined as any deleterious material that could affect the performance of |
engineered fill, generally nonceramic materials. Types of debris observed in cullet
Samples included paper, foil, and plastic labels, plastic and metal caps,- cbrk, paper
bags, wood debris, food residue, and grass. Malisch et al [20] carried out the first
experiment using cullet in a Bituminous mixture and according to their report, the
speciﬁc gravity of cullet was 2.50. |

Blewett and Woodward [24] reported the specific gravity of three samples of crushed
'glass; fine crushed glass, coarse crushed glass and raw crushed glass. Fine and coarse
crushed glass comprise clear énd green glass and they were ground to prbduce smooth
| particles. The specific gravity of fine and coarse crushed glass was 2.45 and 2.46,
~ respectively, while the specific gravity of raw crushed glass, derived from bfown

glass and obtained without grinding, was 2.59. Based on this research, it is obvious

that the-specific-gravity-of crushed-glass-is lower than-that-of conventional-aggregate; - — -

such as limestone of which the specific gravity is typically 2.7.

Strength o
- The L.A. abrasion test was conducted on coarse and fine cullet samples in the Glass

Feedstock Evaluation Project [25]. The results of fine and coarse cullet were
approximately 30% and 42% respectively. The result obtained from crushed rock,

which was tested at the same timie, was 14%.
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Blewett and Woo_dwar.d [24] conducted a modified Agg_regal:e- Crushiilg Value test.

- Instead of using sieved samples, continuous distribution sized samples were used.

Using the results of before and after crushing size distribution charts, a coefficient of
uniformity was obtained as the ratio of dgo and djo (particle size at which percent
passing is 60% and 10% respectively) and the modified ACV was calculated as the

ratio of crushed and uncrushed coefficient of uniformify. Accofding to their results,

- the behaviour during crushing was that the coarse fractidn of glass aggregate was

'groﬁnd and the fine fraction of aggregate increased. As a result of this, the values of
dep of crushed and uncrushed were apprqximately the same, while the d;q of crushed
material had doubled. The main change of particle size was due to the grinding of
coarse particles rather than the splitting of particles and a similar result was obtained

from gravel.

Particle shape and other properties
Angular, flat and elongated particles may be contained in glass aggregate [26]. In the

Glass Feedstock Evaluation Project [25], particle shapes were evaluated in accordance
with ASTM D2488. According to this, all particles were angular, 20 to 30% of 3/4-

. inch minus particles were of flat shape, although only 1% of 1/4-inch minus Were flat.

Low. percéntages of flat and elongated pai'ticles were observed.

Glass does not absorb measurable amounts-of water, therefore, the water absorption

ratio is very low [20,26].

2.2.3 Properties of bituminous mixtures containing crushed glass

Marshall stability .
Regarding the properties of bituminous mixtures containing glass aggregate, the

Marshall stability test and the stripping test were mainly employed to assess the
properties of the mixture. Although it has been reported that the Marshall stability
could be better than for conventional mixtures [26], it seems that the stability depends
on the replacemeﬁt ratio of glass to aggregate. West et al [27] evaluated the feasibility
of using crushed glass as an aggregate in bituminous mixtures. A -limeston‘e aggregate
mixture was selected as the control, and a coarse glass mixture, which contained 15%
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of coarse glass agg_régafe, and a fine glass mixture which contained 15% of fine glass
aggregate were tested for Marshall stability. The result showed that introducing glass
aggregate leads to the _redu’ction of Marshall stability. The stébi]ity of the coarse glass
mixture and fine glass mixture wére 15% and 12% lower than the control mixture,

respectively.

Chesner [28] evaluated mixtures, in which aggregate was replaced with 15%, 32%
and 43% of glass aggregate. The glass aggregate mixtures and the control mlxture .
were the same. with respect to the grading by mass. The result showed that the
Marshall stability decreased along with the increase of the replacement ratio of glass
to aggregate. The reduction in stability was significant (31% to 47% lower than the
“control mixture). The author noted that the decrease of angular shaped aggregates
contributing to the stability and the increase of rounded sand (necessary to achieve the
required grading) had a negative impact on the stability, as did the increased glass

~ aggregate quantity.

Stripping : - |

Since glass aggregate does not absorb any bitumen, stripping could be a problem.
Malisch et al [20] reported that significant stripping was observed in glass aggregate
mixtures without anti-stripping additive, such as hydrated lime. A high replacement
ratio of glass aggregate and coarser glass particles caused a stripping problem,
therefore, in the case of New York City, a smaller replacement ratio (5 to 10% by

weight of the mixture) and lower gradation ( 3/8-inch minus) is applied for Glasphalt

" mixtures [23]. -

West et al [27] conducted tensile strength tests on the fine and coarse glass aggregate
mixtures mentioned above. According to their report, the mixture containing fine
glass aggregate was more susceptible to moisture than the mixture containing coarse
glass aggregate. However, it was noted that 15% by mass of the fine glass aggregate
or coarse aggregate simply replacéd the limestone, and the fine glass mixture had
- greater surface area of glass than the coarse glass mixture. This diﬁ'ercnce in surface
area appeared to cause the moisture susceptibility. Moreover, as the result of a
boiling test, they also reported that the potential for stripping of coarse glass
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aggregate was actually -gfeater than that of ﬁne -aggregate. Therefore, it can be
deduced that the amount of surface area in contact with bitumen is a key factor
determining the effect of stripping. ' -

Maupin [29,30] reported that the Tensile Strength Ratio (TSR) of a mixture
containing 15% of glass fine aggregate was lower than the speeiﬁcation value (0.9),
with an increase in the glass aggregate ratio leading to a decrease in the TSR, and
‘some stripping observed from glass particles in the boiling test. He also reported the
result of a field investigation. According to the invesﬁgaﬁon, some loss of glass
particles was observed, although the .GIasphalt still seemed to perform adeqﬁately.
However, ravelling of gless particles caused some problems, such as cutting vehicle
. tyres. Therefore, the author recommended that surface mixture might not be a
_ suitable for using glass aggregate. o '

If crushed glass is used in a road base mixture, the problem of stripping is likely to be

less serious. In the UK., road base / base course material'containing crushed glass as
aggregate has been evaluated by the Highway Agency and bituminous mixture was
placed in Warwickshire in 2000 as a field test, containing approximately 25% of
crushed glass [31].

Stiffness and Permanent Deformation
Mechanical properties of 20mm DBM mixtures containing glass aggregates were

reported by Nicholls et al [32]. 30% of total weight of aggregate were replaced with

o gl§§§_a@giégéte ‘and 50pen of binder was used in the mixture. The stiffiness modulus of -

mixture containing gless egg_regate and control mixture (limestone aggregafe) were
2600MPa and 2800MPa, respectively. Water sensitivity ITSM tests were also

performed and the results showed that both mixtures exhibited similar retained

stiffness ratio (123% and 126%). Permanent deformation characteristics of these
mixtures were evaluated using Repeated Load Axial Test (RLAT) and Wheel
Tracking test. The mixtures containing glass showed slightly lower axial strains than
the control mixture in the RLAT, Wheel Tracking tests did not show a significant
difference between the performance of these mixtures.
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- 2.3 Conclusions
'2.3.1 Summary of the literature review

. Steel Slag : _
1) The physical property of steel slag aggregate seems to be appropriate for

aggregate use in comparison with conventional aggregate. The specific gravity is
~ much higher than that of conventional aggregate.
2) Steel slag has an expanswe nature caused by the presence of CaO and MgO .
- reacting with moisture. Weathering, therefore, is essential for steel slag aggregate.
3) It is thought that the premature deterioration (map cracking) observed in 100%
steel slag mixtures was caused by éxpansioﬁ of the aggregate. However, it is
possible that a chemical reaction betwéen the binder and the steel slag nﬂght
facilitate the ageing of binder and cause the cracking.
‘4) Steel slag will enhance the properties of mixturss, such as Marshall stability and
~ skid resistance.

Crushed Glass
1) The physical properties, such as strength, of glass aggregate seems to be adequate

for aggregate use. The specific gravity of glass aggregate is lower than
conventional aggregate.
2) A near 0% water absorption ratio of glass aggregate'leads to a stripping problem.

~~ 3y Ingeneral, introducing glass-aggregate leadsto-areductionof Marshall stability: — -

~ 2.3.2 Research addressed in this project

Volumetric mixture design
As the literature review shows, bituminous mixtures contammg steel slag or glass

~ aggregates have been tested and evaluated. However, it seems that most research has
been carried out on mixtures having different volumetric characteristics from
conventional mixtures. It was found from the- literature review that the specific
gravities of secondary aggregates evaluated in this project are different from those of
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conventional aggregatés.- Besides, secondai'y aggregates tend to be incorporaied with
conventional aggregate in a mixture. For example, a 100% steel slag aggregate
mixture is not commoniy used because of its high specific gravity and, as the
literature review showed, deterioration was found in 100% steel slag ,a'ggregate

-mixtures. Crushed glass aggregate is also mixed with another aggregate. In the U.S.A.,

usually less than 15% of total mass of aggregate is replaced with glass aggregate in

. mixtures, A difference in specific gravity of aggregate will lead to difference in

volumetric characteristics of mixtures (this is'explained in more detail in Chabter 3).
Therefore, the results might be influenced by not only the characteristics of the

‘secondary aggregate itself, but also the difference in volumetric characteristics, such

as grading and binder content. To eliminate the difference in volumetric
characteﬁstics, volumetric grading of aggregate and .eﬂ'ectii{e binder content, which is
influenced by the specific gravity and binder absorption of aggregate; needs to be
considered. In this project, tests will be carried out on control mixtures and secondary
aggregate mixtures, which have nominally similar volumetric characteristics and the
mechanical properties evaluated.

‘Evaluation of test methods

It was found that steel slag aggregate mixture has potential for cracking if
unweathered steel slag aggregate is incorporated in a mixture. Also, glass aggregate:
mixture has potential for strippiﬁg. It is necessaty to know how these characteristics

‘are reflected in the results obtained from tests carried out in this project. In other

words, test methods need to be able to evaluate the potential for the poor perfdrmance

properties of practical mixtures, experimental mixtures, which can be expected to
perform poorly, such as an unwe_athered. steel slag .mixture and a 100% glass
aggregate mixture, will be tested to make sure whether the conventional test methods
are valid for assessing these mixtures or not.
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| Chapter 3 Mixture Deéign & Sample Preparation

~ 3.1 Mixture design

3.1.1 Design factors affecting test results

Volumetric grading

The mixtures evaluated in this project ii_re designed in accordance with prEN 13108-5
[1] for the SMA mixtures and BS 4987 [2] for the DBM mixtures. However, even if
identical aggregate gradings are used, mixtures containing different types of aggregate

“with different specific gravities will have different volumetric proportions which will

influence the mechanical properties of mixture. For example, an SMA mixture that
incorporates steel slag coarse aggrégate (with a 'speci_ﬁc gravity of approximately 3.0)

and BFS fine aggregate (with a specific gravity of approximately 2.5) will have a |
volumetric grading that is 3-5% different compared to the volumetric grading of a
control mixture (both coarse and fine aggregates having the same specific éravity)
when the gravimetric gradings of those mixtures are the same (Figure 3-1). If the
grading of aggregate is designed only by mass, the slag aggregate mixture will have a
volumetrically finer grading than the control mixture. Therefore, even if the grading
of the aggregate is the same as the control mixture, the arrangement of the aggregate
particles in the mixture would be different and this will sigpificantly influence the
mechanical properties. To clarify the effect of an éggregate in a bituminous mixture, it
is important to desigh mixtures to be volumetrically the same. Therefore, the mixtures

used here were designed using volumetric grading.

The procedure of volumetric grading design follows. After obtaining the grading of
the control mix’aire, the grading is converted to percentage passing by volume, then
the other mixtures, which contain secondary aggregate, are designe,_d to obtain the
same volumetric grading as the control mixture. The volumetric grading is converted
to the graxhvietzic grading to check where the grading is located in the specification.

-Binder content

To make the mixtures volumetrically similar, it is also necessary to consider the
amount of binder. This is influenced by not only the specific gravity (particle density)
of combined aggregate but also the degree of binder absorbed by the aggregate. The
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binder tﬁat 1s not absorbed is called the .eﬂ’ectivé binder conteh't and is calculated
using the resuit ofa Rlce Density test [3]. Figure 3-2 shows schematically the state of
aggregates, binder and air void in a bituminous. mixture. The effective binder content
can be determined by obtaining the effective specific gravity of agg:egaté and binder
absorption ratio. The effective specific gravity of aggregate is influenced By the
degree of binder absorption. For example, if the binder is not a_bsorbéd by the
aggregate, the effective specific gravity of aggregate is equal to the bulk specific
gravity (oven dried particle density). If the pores of an aggregate are filled with binder
fully, the effective specific gravity of the aggregate is equal to the apparent specific
gfavity. Therefore, it is obvious that the effective specific gravity of an aggregate
Should be somewhere between the bulk specific gravity and the apparent specific
gravity of the aggregate.

The volume relationship of a bituminous mixture is eXpressed as,

% of Aggregate by mass N % of Binder Content by mass
Aggregate S.G. Binder SG. - _
_ % of Total mixture by mass (=100%)
- Mixture S.G. (= Maximum Density)

3.0

The binder content of the mixture and the binder S.G. are known and do not change
before and after mixing. Percentage of aggregate by mass also does not change if the
absorbed binders are not regarded as the part of aggregates. On the other hand, the
~ free pore volume of the aggregate would change with the degree of absorbing binders.

The result obtained from a Rice Density test designates the maximum density of the
mixture using the mass and volume relationship of the mlxture The volume of the
mixture can be interpreted as the total of binder volume and aggregate volume from
which the volume of porosity absorbed by binder is subtracted. Therefore, using the
result of Rice Density, the effective 5.G. (Gse) of the aggregate is designated as,

_ % of Total Mixture by mass — % of Binder Content by mass G.2)
se % of Total Mixture by mass _ Binder Content % :

Maximum Density Binder S.G.

G
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Binder absorption ratio is éxpressed as the percentage of absorbed binder against mass _

of aggregate. Using bulk S.G. and effectlve S.G. of aggregate, the volume of binder

“absorbed in the aggregate is designated as,

mass of aggregate  mass of aggregdte

Py =

-Absorbed Binder volume = 3.3)
Bulk S.G. Effective S.G.
Therefore, the binder absorption ratio (Py,) is expressed as,
Absorbed Binder volume x Binder S.G. «100
Mass of Aggregate
_ ( Mass of Aggregate  Mass of Aggregate Jx Binder S.G. 100

\ Bulk S.G. Eﬁ'ecﬁve S.G.

( Effective S.G.- Bulk S.G.

\ Bulk S.G.x Effective S.G.

= ) x Binder S.G.x100

Mass of Aggregate

(3.4)

The effective binder content (Pp) is designated as the subtraction of a percentage of

absorbed biﬁder from a percentage of total binder content.

P,, =Total Binder Content — B
100

x % of Aggregate by mass

(3.5)

Pbe expresses the mass relationship of . the mixture. Volumetric effective binder

content (Ppey) is designated as,

P _ Effective "binder by volume

bev ; X 100
' Total volume

b,

_ Binder S.G. . 100

100 %
Maximum Density

P x Maximum | Density
Binder S .G.
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Finally, th_e binder content of the mixture confaining secondary aggregates is
detelfmined in order to obtain the same volumetﬁc effective binder content as the
control mixture, '
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36



37




3.1.2 Mixture desigh results

14mm SMA

‘Table 3-1 shows the materials used for making 14mm SMA mixtures. In thxs

investigation, there were three types of bituminous mixtures with different aggregate
compositions. Gritstone coarse and fine aggregates were used for the control mixtures.
Two different types of slag mixtures were made distinguished by their filler types;

-~ BFS filler and hmestone filler. Steel slag coarse aggregate and BFS fine aggregate

were used for both slag mixtures.

Table 3-1 Mixture Types and Materials

Slag Slag
| Control - (BFS filler) (limestone filler)
Bitumen 50pen 50pen "~ 50pen
Coarse Gritstone Steel slag Steel slag
aggregate (Bayston Hill) ‘ (Llanwern) ' (Llanwern)
Fine a ate Gritstone -~ BFS BFS
© ageregale | (Bayston Hill) (Port Talbot) (Port Talbot)
. . ' BFS .
Fluer Limestone | (Llanwern) Limestone
- Additive Cellulose fibre Cellulose fibre Cellulose fibre

Penetration test, softening point test results and the speéiﬁc gravity of bitumen are
listed in Table 3-2. '

Table 3-2 Test results of bitumen ,
Penetration Test | Softening Point | Specific Gravity
50pen 50 50.2 °C 1.03 |

Table 3-3 shows the particle density and water absorption of aggregates employed in
the SMA mixture. As can be seen, the particle density of steel slag aggregate is much
higher than that of gritstone and BFS aggregates. Also, the water absorption ratio of

BFS aggregate is much higher than other aggregates.
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Table 3-3 Particle Density and Water Absorption of aggregates

Particle Relative Dens1ty Water
_ Qven Dned gfrfmazgf ed Apparent Absg;op)tion
?Cr(‘)t:;;’:zn 4 fine) 276 | 2718 281 | 07
2?:1!siligggregate 327 333 346 | 17
BFS Fine aggregate 2.47 2.65 2.98 6.9
Grading

The volumetric and gravimetric grading curves for the SMA mixture are shown in

Figure 3-3 and Figure 3-4, respectively. As can be seen, the volumetric grading

shows that the control and slag aggregate mixtures have approximately the same size

distribution. The gravimetric grading, on the other hand, indicates that the grading of

the slag mixture is located near the lower limit of the specification, although the
_grading of the control mixture is nearly in the middle.

_ Binder content
The binder content for the control mixture was originally éelected as 6.2% with a
target air void of 4%. However, specimens obtained from the mixtures had very low
air void ratio (approximately 1.0%).' Therefore the binder content 6f control mixture
was reduced by 6.0% to obtain specimens having 2 - 4% air void ratio, and also the
slag mixtures were made using 6.0% of binder content. Figure 3-5 shows the
———_volumetric_binder_content of these mixtures. As can be seen, slag mixtures have

higher volumetric binder content than gritsione mixture due to the higher combined
aggregate specific gravity. Nevertheless the results of Rice density tests indicated that
the effective volumetric binder content of slag mixture incorporating limestone filler
is similar to that of gritstone m1xture, as shown in Flgure 3-6. The calculated effective
binder content of the gritstone. mixture was the same as the design- ‘binder content
since gritstone aggregate has a very small water absorptlon ratio (0.7%) which
resulted in not absorbing bitumen. On the other hand, the steel slag and, especially
BFS aggregates have higher water absorption ratios and this resulted in 0.63% of
.binder absorption ratio and this made the slag mixture have a similar volumetric
- effective binder content to that of the gritstone ‘mixture. Based on these fesults, the
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gravimetric binder content for SMA mixtures was selected at 6.0%, athough a 6.2%
binder content of the gritstone mlxture and a 7.0% binder content of.-the slag m1xture
containing BFS ﬁ]lef were also e\}aluated using some test methods as described in
Chapter 4.
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Figure 3-3 Volumetric Grading of SMA mixtures
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. 28mm DBM

Table 3-4 shows the matenals used for ma.kmg 28mm DBM mixtures. There were
four types of bituminous mixtures dxstlngu_lshed by different aggregate composmons.

_Limestone coarse and fine aggregates were used for control mixttire. There were two

types of mixtures which incorporating glass fine aggregate; one is limestone coarse

aggregate + glass fine aggregate, the other i's‘ steel slag coarse aggregate + glass fine

aggregate. The slag mixture consists of steel slag coarse aggregate and BFS fine

aggregate.

Table 3-5 shows the particle density and water absorption of aggregates employed in
the DBM mixture. As can be seen, the particle density of glass aggregate is slightly
- lower than that of limestone aggregate.

Table 3-4 Mixture Types and Materials for DBM mlxtures

Limestone
(control) leegtone + glass Slag Steel slag + glass
Bitumen 50pen 50pen 50pen l-’SQpen |
Coarse Limestone Limestone Steel slag - Steel slag
aggregate (Ballidon) (Ballidon) (Llanwern) (Llanwern)
Fine - Limestone Giass BFS Glass
aggregate (Ballidon) (Port Talbot) ,
Filler Limestone Limestone Limestone Limestone
Table-3-5 Particle Density-and-Water-Absorption-of aggregates
" Particle Relative Density Water
| Saturated & Absorption
Oven Dried Surface Dried Apparent (%)
| Limestone _
(Coarse and fine) 2.61 2.64 2.68 1.0
Glass 251 0.0
Fine aggregate
| Steel slag 327 333 | 346 17
Coarse aggregate :
BFS Fine aggregate 247 2.65 2.98 6.9
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~ Grading . _ - _
The volumetric and gravimetlic grading curves for the DBM mixtures are shown in
Figure 3-7 and Figure 3-8, respectively. As can be seen, the volumetric gradings
‘show that all mixtures have approximately the same size distribution. The gravimetric
gradings indicates that the grading of the limestone mixture and limestone + glass
mixtures are similar because there is not much difference between limestone and glass
with respect to specific gravity. The gradings of the mixtures containing steel slag
aggregate are located closer to the lower hm1t of the specification than the control
mixture. ' '
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Figure 3-7 Volumetric Gradings of DBM mixtures
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Figure 3-8 Gravimetric Gradings of DBM mixtures
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Composltlon - ' ' '
Figure 3-9 shows the size distribution of glass and BFS ﬁne aggregates. Table 3-6

shows the detalled mixture composition for all DBM mixtures. All mixtures have
similar volumetric characteristics in terms of aggregate éomposition The ratio of
-glass aggregate incorporating in the hmestone + glass mixture is appr0x1mate1y 51%

by volume.
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Figure 3-9 Size Distribution Curves for Glass and BFS fine aggregates

Table 3-6 Aggregate Compositions of DBM mixtures

Limestone Limestone+Glass|  Slag Steel slag+Glass

Size Gravi. Vol. Gravi. | Vol. | Gravi. | Vol. Gravi. Vol.

Coarse 59.5% | 59.5% | 61.0% | 59.9% | 67.1% | 62.3% | 63.8% | 59.9%

~3.35mm 44.7%:Lime.| 43%:Lime. | 53.9%:S.S. | 47.0%:S.S. | 48.6%:S.S. | 43.0%:S.S.

16.3%:Glass | 16.9%:Glass 13.2%:BFS 15.3%:BFS 15.1_%:Glass 16.9%:Glass

Fine 32.9% | 32.9% | 32.7% | 34.0% | 26.6% | 30.5% | 30.4% | 34.0% |
~0.075mm (all glass) (a!l glass) (all BFS) (all BFS) (all glass) (all glass) |
Filler 7.6% 7.6% 6.3% | 6.1% | 6.6% | 7.2% 5.8% 6.1 %-
0.075mm~ ' : '

1.4%:Glass | 1.4%:Glass | 3.8%:BFS | 4.4%BFS | 1.2%:Glass | 1.4%:Glass

4.9%:Lime. | 4.7%:Lime. | 2.8%:Lime. | 2.8%:Lime. 4.6%:Lime. | 4.7%:Lime. -




., Bmder Content

According to BS 4987-1, the bmder content for a 28mm DBM mlxture mcorporatmg
crushed rock or steel slag aggregate would be designated at 4.0% but the binder
- content for the mixture containing BFS aggregate will need to be designatéd
depending on the bulk density of the BFS aggregate. Therefore, the binder content
was selected as 4.0% apart from the slag mixture. Because only BFS fine aggregate
was incorporated in the slag mixture used in this research, the procedure for
determining the binder content for the slag mixture did not comply with BS 4987 but
was achieved by evaluating the volumetric binder content of the mixture.. |

Figure 3-10 shows the volumetric binder content of the DBM mixtures having 4.0%
binder content by mass. Because the slag mixture contains steel slag aggregate with a
high specific gravity, the amount of bmder by volume in the slag mixture is higher
than in that of control mixture. Takmg account of the volumetric binder content and
that the slag mixture only contains BFS fine aggregate, the binder content of the slag
mixture was selected as 4..0% by mass, which is as same as the other mixtures. Figure
_3-11 shows the volumetric effective binder content of DBM mixtures, which were
derived from the Rice Density test results. Only the mixture incorporating BFS
aggfegate that has a high water absorption ratio exhibited a signiﬁcant-reduction. of

effective binder content.
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Figure 3-10 Volumetric Binder Content of DBM mixtures
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Figure 3-11 Volumetric Effective Binder Content of DBM mixtures

In .addi_tﬂion to the mixtures having 4.0% gfavimaﬂc binder content, slag mixture was
‘evaluated using 5.0% gravimetric binder content because the water sensitivity test
- results descnbed in Chapter 4 indicated that the slag mixture (MB—4 0%) is
susceptible to moisture induced damage.

3.2 Sample preparation

3.2.1 Mixing
Materials
- Single sized coarse aggregates were used throughout this research work. Aggregates

were dried at a temperature of 105°C and preheated before mixing at a temperature of
150°C because 50pen binder was used in all mixtures.

50pen of bmder was used for both SMA and DBM mixtures. Bitumen was preheated
before mixing ata temperature of 150°C for 2 hours.

Procedure
A mechanical mixer was used for mixing the matena]s and the mixing temperature

was selected as 150°C. At first, aggregates were placed in the mixer and mixed for 2
minutes. Then, the bitumen was poured into the hole made in the centre of aggregates.
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: Mixing was continued until the aggregates were covered by bitumen properly :
" (approximately 2 minutes). After finishing mixing, mixed materials were placed into a
square mould to fabricate a slab sample.

322 Sample fabrication
Firstly, a slab sample is made using mixed materials. A square mould, having 305mm ‘

side length and 140mm depth, was used for making the slab. A slab compactor was
used for compacting the sample. After the compaction, the slab sample was left in the

room overnight.

Core samples were then cut from the slab sample. 100mm diameter and 65mm height

of core specimens were used in this research. 4 core specimens were cut from 1 slab
sample. | ' '
Number of specimens

Table 3-7 shows the number of specimens used for NAT and Splitting tests. After
conducting ITSM tests, specimens were used for the other tests.

Table 3-7 Nﬁmb_er of core specimens used for NAT and Splitting test / mixture

Unconditioned Aged Moisture
conditioned
ITSM (11) 8 (11)
ITFT 5 5 5
CRLAT -3 ' 0 ' 3
Splitting 3 3 3
Total (performed)
Total (fabricated) 30

Therefore, a total of 60 specimens * 8 mixtures = 480 specimen tests were performed
and a total of 30*8=240 specimens were fabricated. '
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| Chapter 4 Mechamcal Propertles of Bltummous \
' Mixtures Contammg Secondary Aggregates

| 4.1 Indmect Tensile Stiffness Modulus

4.1.1 Factors affecting Stiffness Modulus :
Stiffness modulus, determmed by the relatlonshlp between stress and strain of a

bituminous mixture, is an important factor for load spreading capability of a pavement.

Stiffness o‘fﬁ pavement is dependent on loading time and temperature because of the

visco-elastic behaviour of the bituminous binder, therefore, different types of stiffness -
which are called elastic stiffness and viscous stiffness, are obtaingd in different

ldading time and/or temperature conditions. Elastic stiffness is determined by short
loading time / low temperature conditions. This would express the stifﬁaesé modulus
of the actual pavement under moving traffic loading. The elastic stiffness is mainly
inﬂuénced'by the stiffness of binder and volumetric characteristics of the bituminous
mixture, such as binder content, air void content and VMA (Voids in Mineral
Aggregates). Viscous stiffness is determined by long loading time / high temperature
conditions. This could express the stiffness modulus of the pavement under low speed
traffic load, e.g. the road where traffic congestion would be likely to occur. Factors
influencing the ﬁscous stiffness are not only the stiffness of binder and volumetric
characters of the mixture, but also aggregate type, shape-and grading and so on.

4.1.2 Test Procedure

ITSM test
There are several test methods that can be used for determining the stiffness modulus

of bituminous mixtures. Those are repeated load beam (simple beam, trapezoidal
beam), uniaxial repeated-l'oad and indirect tensile tests. In the U.K., the indirect tensile
test is commonly applied using the Nottinghain Asphalt Tester (NAT) and the NAT
" -was used through out this pfoject. During the test a load pulse is applied along the

vertical diameter of a cylindrical specimen and the - resultant peak transient

deformation measured along the horizontal diameter. The stiffness modulus is then a
_ function of load, deformation, specimen dimensions and an assumed Poisson’s ratio
~of0.35. | |
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Sm = %b 5 t)' x (v + 0.27 ) - .(4.1)

Sm : Stifness Modulus

L= Peak yaiue of the applied vertical load (N)

D = Peak horizontal diamentral deformation (mm)

t = Thickness of the test specimen (mm) |

v = Poisson's ratio (0.35 is assumed for bituminous mixture)

Temperature, loading time and Poisson's ratio are designated in accordance with BS
draft DD213 [1]. Namely, a test temperature of 20°C, a rise time of 124ms and a
Poisson's ratio 'of 0.35 were selected. 100mm -diarheter and 65mm thickness
specimens weré used for the test. Specimens were cored from slab samples fabricated

in the laboratory.

Conditioning (Ageing & Moisture conditioning)

Ageing |

Specimens were conditioned in accordance with the LINK BITUTEST Project
proéedure [2]. Namely, after determining the unaged stiffness modulus, speciniens
were placed in an oven at a temperature of 85°C for 120h. After that, the specimens
- were cooled to room temperature, fhe_n an agéd stiffness modulus is determined by the
ITSM test. '

Mdisture conditioning (Water sensitivity ITSM test)
Water sensitivity tests were also carried out in accordance with the LINK BITUTEST

Project procedure [2]. Firstly, specimens were immersed in water and vacuum was
applied for 30minutes. The percentage saturation is determined using the weights of
dry and wet spéc‘imens. Then the specimens were conditioned routinely as below,
a) specifhens were placed in a hot water bath (60°C)'for 6h,
- b) specimens were moved to a cold water bath (5°C) and placed for 16h,
c) sﬁeciniens were moved to a 20°C water bath (test temperature) and placed
for 2h.
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| Then, the stiffness modulus was' determined by the ITSM test immediately after -
taking speci'meﬁ out of the water bath. After tesﬁng, the specimens were subjected to
the cdnditio’ning cycle (a to c) and stiffness modulus was determined after every
conditioning cycle. In this project specimens were conditioned for 4 cycles, although
the standard test method finishes after 3 cycle conditionings.

-4.1.3 Test Resuits
14mm SMA

Unconditioned
Unconditioned ITSM tests were carried out using the gritstone mixture and two types

of slag mixtures, which are distinguished by limestone filler and BFS filler. Table 4-1
shows the results obtained from those mixtures. As can be seen, the stiffness modulus
of the slag mixtures are higher than that of the gritstone mixture at the same
- gravimetric binder content. To consider these results, it is important to check the

- volumetric characteristics of these mixtures. '

Figure 4-1 shows the volumetric binder content of each mixture. Although the
gravimetric binder content is the same in each mixture, the volumetric binder contents
are different because of the difference in specific gravity of aggregates. From this
figure, it was found that slag mixtures would have a higher binder content compared -
to the gritstone mixture. Figure 4-2 also shows the volumetric effective binder content
of these mixtures, which takes account of binder absorption of aggregates. As can be

seen, similar results were obtained from gritstone and slag with limestone filler
mixtures. Thus, the amount of binder existing between aggregates is the same in both
mixtures. However, differences in surface texture of aggregates would lead to
different binder thickness. Namely, binder film thickness of slag mixture might be
thinner than that of gritstone mixture. Therefore, the difference in stiﬁiiess modulus of
these mixtures might be given by the difference in surface texture of aggregates,
especially the porous material of BFS. It could be thought that the aggregate contacts
in slag mixtures would be more efficient than those in the gritstone mixture.
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Table 4-1Unconditioned ITSM test results

Stiﬁ'néss

Standard

, Binder Average Number of
Mixture type Content - | Air void % of | Specimens | Modulus | Deviation
' (%) specimens - tested (MPa)
Critstone 60 24 30 | 3413 232
Slag .
(with Limestone filler) 6.0 2.6 30 4351 337
: 6.0 4.1 4 4734 447
Slag
(with BFS filler) 7.0 2.8 4 3401 311
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Figure 4-1 Volumetric Binder Content of SMA mixtures
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Aged Results | o _ : o
Aged ITSM tests were carried out using gritstone and slag (limestone filler) mixtures.

Figure 4-3 shows the ITSM test results obtained from these mixtures, It was found .
- -that the increase in aged stiffneés modulus of slag mixture is much higher than that of
' gritstoné mixture. One of the reasons for the result is thoughﬁ to be that the porous
BFES aggregate faci]jtates the volatility or absorption of oily coinponent of bitumen [3].

The other reason could be that different chemical composition of aggregates. Thus, |

CaO and free lime contained in steel slag aggregates may have. facilitated the
stiffening of the binder.
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Figure 4-3 Ageing ITSM Test Results for SMA Mixtures

Dynamic Shear Rheometer (DSR) tests were carried out on the binders recovered

~—from those aged gritstone and slag Mixtures to investigate the results of aged TTSM
tests. Figure 4-4 shows the master curve of complex modulus for both binders. The -

results indicated that there was not much difference between the properties of both

binders. Small differences in complex modulus were found at a particular

temperatures and frequency. Figure 4-5 shows the isochronal plot of the compléx ‘

modulus at 1.2Hz. The ITSM tests were carried out at a temperature of 20°C,
therefore, the ratio of difference in complex modulus at this temperature was
calculated. It was found that the rate is pretty similar to the rate of increais'ing rate of

ITSM test results. Together with those results, it was confirmed that the binder of slag

mixtures. is stifféned by the presence of slag aggregates, although the detailed process

is unclear.
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Figure 4-5 Isochronal Plot of Comj)lex Modulus at 1.2Hz

Moisture conditioned
Water sensitivity ITSM tests were carried out using the gritstone mixture and two

~types of slag mixtures. Figure 4-6 shows the results obtained from these mixtures. The
results showed that the two slag mixtures incorporating BFS filler (Mg=6% and 7%)
deteriorated significantly due to moisture conditioning. On the other hand, the slag
mixture incorporating limestone filler showed good performance. Therefore, it seems
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that the use of BFS filler might affect the results. The gritstone mixtures of higher
density specimens (V,=1.0%) did not show a decrease in stiffness modulus and the
lower density of the gritstone mixtures (Vy=2.5%) allowed the stiffness modulus to
| reduce gradually as the specimens were m01sture conditioned. Comparing gritstone
" mixture (lower density) and slag mixture (hmestone ﬁller), both of which had similar
volumetric characteristics, slag mixtures resulted in better performance than gritstone
mixtures. It could be thought that the rough and porous surface texture of slag
aggregates contribute to the resistance to moisture susceptibility.
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. Figure 4-6 Water Sensitivity Test Results for SMA mixtures

28mm DBM

Unconditioned
Unconditioned ITSM tests were camed out using limestone, limestone + glass, slag

( BOS + BFS), and steel slag (BOS) + glass mixtures. Table 4-2 shows the results
. obtained from these mixtures. As can be seen, results are similar apart from that of
slag mixtures. Two different density of slag mixtures were used in the test. The feason
for this is that the initial slab samples for the slag mixture were fabricated not using
the maximum density of the mixture from the Rice density test but using the assumed
maximum density by calculation, because the Rice density test results of the 4%
binder confent of slag mixture came out with an fncorrect value. After fabricating the
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: m1t1al slabs, further Rlce dens1ty tests were conducted usmg 6% and 7% bmder

content slag mixtures. Then the maximum dens1ty of the 4% binder content slag
mixture was determined using these results. Figure 4-7 shows the Rice density results
and theoretical_ly calculated maximum density of the slag DBM mixtures. In theory,
maximum-' density increases/decﬁases at the same ratio as the bindef content
increases/decreases. However, the results obtained from lower binder content (4 and
5%) do not comply with the theory It could be thought that the aggregates are not
covered by binder sufﬁclently because of vesicular surface of BFS aggregates and

, durmg testing, water could get into aggregate partlcles Therefore, results would -be

slightly higher than actual density.

Figure 4-8 and Figure 4-9 show the volumetric binder content and effectiire
volumetric binder content of DBM mixtures respectively. Mixtures containing steel
slag aggregate have a higher binder content compared to the other mixtures because of
its hlgh specific gravity. However, the slag mixture has the least effective volumetric
binder content in these mixtures because of the high binder absorption of BFS

‘aggregates.

Table 4-2 Unconditioned ITSM test results for DBM mixtures

Binder Average Number of | Stiffness | Standard
Mixture type Content | Air void % of | Specimens | Modulus | Deviation
(%) specimens tested (MPa)
Limestone 4.0 43 30 4587 487
_Limestone + Glass 4.0 - 3.2 30 4706 478
4.0 4.0 30 5615 529
Slag - ' )
: 4.0 6.5 4 4691 435
Steel slag +Glass 4.0 4.4 12 | 4288 336
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Aged ' , _
"Aged ITSM tests were carried out using those mixtures used for unconditioned ITSM

tests. Figure 4-10 shows the results obtained ﬁom these mixtures. As expected, and
similar to the results of SMA mixtures, a much higher ITSM ratio was obtained from
the slag mixture. The lowest ITSM ratio was obtained from the limestone + glass
mixture. The limestone mixture and the steel slag + glass mixture are ranked between
them. The factors that affect the stiffening action of binder could be the chemical
composifion_ and surface texture or binder absorption of aggregates. From this point of

view, steel slag and BFS slag aggregates contribute greatly to the stiffening. On the
other hand, the glass aggregate seems not to affect the binder hardening because of its
_ snioofh surface texture and nearly 0% binder absorption. Limestone aggregates would
affect the hardening slightly due to the absorption of binder. |
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Figure 4-10 Aged ITSM Test Results for DBM mixtures

Moisture conditioned * . o
Water sensitivity ITSM tests were carried out on the mixtures used for unconditioned

ITSM tests. Figure 4-11 shows the results obtained from these mixtures. Different
behaviour-was observed in different mixtures. Stiffness modulus of limestone mixture
increased after the 1st conditioning and then did not decrease with moisture
conditioning. The limestone + glass mixture alsb seemed to perform well during the
moisture conditioning. More than 95% initial stiffness was retained after 4
conditioning cycles. The slag mixture exhibited less resistance to moisture than the
other mixtures. Two different density samples were tested and, although both
inixtures behaved differently duﬁng the 1st conditioning cycle, the slag mixtures lost
stiffnesé modulus at a similar ratio after the 2nd conditioning cycles. The results

obtained from the steel slag + glass mixture is ranked between the limestone and slag
mixtures. To clarify the difference in these mixtures after conditioning, Figure 4-12
shows the results in which the data is rearranged to be normalised with respeét to the
Ist conditioning.' As can be seen, the two slag mixtures decreas'eci at nearly the same
ratio. The limestone, limestone + glass, and steel slag + glass mixtures decreased their

stiffness modulus ratio at a different ratio, but similar to each other.
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- 4.1.4 Conclusion

~ The results obtained from the ITSM tests show that the unconditioned ITSM result of
bltummous mixtures containing slag and/or glass aggregates were satisfactory because

<

at 1st Conditioning
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these m1xtures have a level of stiffness modulus more than equal to that of
eonventiona;l' mixtures. The higher stiffness ef slag. mixture would be derived from the
* different \lrol-umetrie characteristics caused by the vesicular surface texture of BFS
aggregates SMA slag mixture and DBM slag mixture indicate contradictory results
with respect to water sensitivity test. The reason could be that the binder content of -
the SMA mixture is very high while that of DBM mixture is low, and also the BFS
aggregate content of SMA mixture is lower than that of DBM mixture. Therefore,
there could be adequate binder to cover aggregate sufficiently in the SMA mixture,
while there might not be in the DBM mixture. This could lead to the poor
performance in the water sensitivity test of the slag DBM mixture.

To investigate this, a slag DBM mixture which binder content increased to 5% was
used for a water sensitivity test. 'Figure 4-13 and Figure 4-14 show the results of
unconditioned ITSM and water sensitivity ITSM tests obtained from all the slag DBM
mixtures. An improvement of resistance to moisture induced damage of the slag
- mixtures as binder content increases is evident, although the initial stiffness modulus
of slag (Mp=5%) mixtures is much lower than that of slag (Mp=4%) mixtures.
Splitting test results, which will be discussed later in the chapter 5, also show less

moisture induced damage.
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Figure 4-13 Unconditioned Stiffness Modulus for slag DBM Mixtures
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Figure 4-14 Water Sensitivity ITSM Test Results for Slag DBM mixtures

As indicated in the literature review, a bituminous mixture incorporating glass

aggregate has a potential susceptibility to moisture induced damage. Although the
data obtained from ITSM tests indicated that the limestone + glass mixture exhibited a
rather good performance for moisture susceptibility in terms of stiffness modulus, the

mixture was also evaluated using anti-stripping agent. 0.3% by weight of bitumen of .

anti-stripping agent was added to the binder before mixing. Unconditioned stiffness
modulus of limestone + glass mixture without anti-stripping agent and incorporating
anti-stripping agent are 4706 (MPa) and 4259 (MPa), respectively. Figure 4-15 shows

the water sensitivity ITSM test of these mixtures. The results indicate that the mixture -

incorporating anti-stripping agent had a slightly improved resistance to moisture
susceptibility. The effect of the anti-stripping agent will be discussed in a latter
chapter. ‘
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Ageing ITSM tests suggest that the binder hardening in a slag mixture would be
a_écelerated by the vesicular surface texture of BFS aggregates and chemical
composition of steel slag aggregates. As a result of the hardening of the binder, the
mixture would become more brittle material and this will be diséussed in a latgr

section.

4.2 Permanent Defonnatioh

4.2.1 Factors affecting Permanent Deformation

Fhe resistance-to-permanent-deformation would be influenced by the grading, particle
shape and surface texture of aggregates. Generally, DBM and SMA mixtures would
have good resistance to permanent deformation because the inter-particlé contact is

~well established. To increase the interlocking of aggregates, particle shape could be an

important factor. Angular shaped aggregates could provide better interlocking than '.

rounded particle aggregates. Also, the surface texture of aggregates would be another
important factor. Rough texture would be better than smooth texture, the latter being
associated with loss of adhesion which will result in 'poor performance in terms of

permanent deformation.
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4.2.2 Test Procedure

Confined Repeated Load Axial Test (CRLAT)

The unconfined Repeated Load Axial Test (RLAT) 'was developed to evaluate the

permanent deformation characteristics of bituminous mixtures. The methodology of

this test can be found in the BS draft DD226 [4] Al second period of 100kPa axial

- stress is applied vertically to the specimen followed by a 1 second rest penod 3,600
loads are applied to the speclmen The axial deformation is measured durmg the test.
The test result is expressed as the relationship between accumulated axial strain and
test duration (number of load cycles). However, in the RLAT, the lateral confinement,
which exists in the actual road, is ignored. To take account of the effect of lateral
confinement, a modified version of the RLAT was developed. Thus, the specimen is
covered by a membrane and vacuum is applied during testing to simulate actual road
conditions. Previous research investigating the effect of conﬁnihg pressure [5] showed
thata low confining pressure may be enough to simulate the lateral confinement effect.

_Although this modified version of the RLAT has not been standardlsed, 50kPa of
confining pressure has been selected in this project. The test temperature has been

. selected as 40°C, and 100mm diameter and 65mm thickness specimens were used.

Wheel Tracking Test :
A wheel tracking test, previously developed, is widely used to evaluate the reslstance

to permanent deformation of bituminous mixtures using a more realistic wheel load.
A single wheel load which is normally 520N is applied to a test specimen with a
frequency of 21 load cycles per minute. Tests are carried out at a temperature of

45/60°C and during testing the vertical deformation is monitored. The test will finish’

if the defofmation reaches a depth of 15mm or for 45 minutes, whichever occurs first.
Test results are expressed as the wheel tracking rate and Whe_el‘tracking depth.

4.2 3 Test Results
CRLAT

14mm SMA.



' Tests Wére cafﬁed out using gritstone m1xtures and slag mixtures, and uncbn’ditioned '
: and moisture conditioned speclmens were prepared for the test. Figure 4-16 and
- Figure 4-17 show the results obtained from these mixtures. These graphs express the
development of vertical strain, which is accumulated during testing. As can be seen,
both unconditioned and moisture conditioned results indicate that the slag mixtures
would be moré susceptible to rutting. Figure 4-18 and Figure 4-19 show the total
strain and strain rate obtained from these results. Strain rate is expressed as the rate
between 2700 and 1800 loéd cycles. It was confirmed from these results that the slag
mixtures performed poorly in the CRLAT. In theory, as mentioned above, slag
aggregate having rdugh and vesicular surface texture would improve'-the resistance to

permanent deformation, however the results are opposed to this theory,
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Figure 4-16 CRLAT Results for Unconditioned SMA mixtures
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Figure 4-19 CRLAT Results for SMA mixtures (Strain Rate)

One -of the factors aﬁ"ectiﬁg the poor results of slag mixture could be the amount of
binder in the mixture. As mentioned above, the volumetric binder content of the slag
mixture is -higher than that of gritstone mixture. Gravimetric binder content of slag
mixture needs to be 5.5% instead of 6.0% to obtain similar volumetric binder content
to the gritstone mixture, if binder absorption is not taken account. Therefore,
- specimens were fabricated using 5.5% binder content slag mixture and tested by
CRLAT. Figure 4-20 and Figure 4-21 show the results obtained from both slag
mixtures (MB—6 0% and MB=5.5%) and gritstone mixture (MB=6.0%). As can be
seen, the slag (MB=5.5%) mixture performed slightly better than slag (MB=6.0%)

mixture in moisture conditioned specimens, however, still thereis a gap relative to the
gritstone mixture.

CRLAT tests were also performed at a temperature of 60°C using unconditioned
gritstone (MB=6.0%) and slag (MB=5.5%) mixtures because the influence of physical
characteristics of aggregates would be clarified at a high temperature. Figure 4-22
shows the results from the gﬁtstone mixtures. As expected, poorer results were
obtained at higher temperature. Howevef, the slag mixture results, which are shown in
‘Figure 4-23, show that resistance to rutting would be better at higher_temperatuie. |
Although the reason for the interesting behaviour of slag mixture is not clear, the
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gntstone and slag mixtures performed s1m11ar1y at the h1gh test temperature as. shown
- in Figure 4-24 to Flgure 4-26

[— SheMe60% — SlaMr55% — GrtMa60% |
20
15 e ]
;\; : "
£ |
g : _
§ 10 —
s
<
05 ,
00 . - ‘ . .
a 200 1800 2700 3600
- Number of Load Cycles
Flgure 4-20CRLAT Results for Different Binder Content Slag SMA mixtures
(Unconditioned)
| —— SleMr60%  —— GritMy6.0% Stag Ma=5.5% |
20 - : '

train (%)
5

w; Yy S
K
»”
< 05
0.0 4 T T T
0 900 1800 2700 . 36_00
Number of Load Cycles

Figure 4-21CRLAT Results for Different Binder Content Slag SMA mixtures
(Moisture Conditioned)
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28mm DBM _ _
Tests were carried out using limestone, limestone + glass, slag, and steel slag + glass

" mixtures, and unconditioned and moisture conditioned specimens were prepared for
the tests apart from the steel slag + glass mixture on which tests were conducted only
using moisture conditioned specimens. Figure 4-27 and Figure 4-28 shows the results

ohtaincdﬁom_ﬁncondiﬁoneianimoisturemndiﬁoned—specimens@f—thes&mixtﬂres,
respectively. As can be seen, limestone mixtures and slag mixtures. bcrformed
similarly and exhibited good resistance to rutting, on the other hand, mixtures
containing glass aggregate (limestone + glass and steel slag + glass mixtures)
exhibited susceptibility to permanent deformation. Figure 4-29 and Figure 4-30 show
the total strain and strain rate obtained from these data, respectively. Again, it was
confirmed that the mixtures incorporating glass aggregates have potential for poor
resistance to permanent deformation. The reason for this could be that the smooth
surface texture of glass aggregates contributes to reduced aggregaté intérlocking and
less adhesion of binder. It was also confirmed that slag mixtures exhibited good
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' performance, wh1ch resulted in an oppos1te result to that of the SMA Slag mlxture
: "I’h1s indicates that the poor performance obtained from SMA slag mixtures could not
~ bedue to the properties of slag aggregates but to factors of mixture design, e g. binder

content
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Figure 4-27 CRLAT Results for Unconditioned DBM mixtures
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Figure 4-28 CRLAT Results for Moisture Conditioned DBM mixtures
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Figure 4-30 CRLAT Results for DBM Mixtures (Strain Rate)

As mentioned above, the slag mixture which had its binder content increased to 5%
was also evaluated because the 4% binder content slag mixture was found to be
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. susceptlble to m01sture damage CRLA tests were also carned out using these %

binder content slag mixtures. These results are shown in Figure 4-31 to Figure 4-34,
The results indicated that the total strain of the slag (MB.—S%) mixture is slightly
higher than that of the slag (Mp=4%) mixture, however, the mixture still seems to
have good characteristics for permanent deformation. Together with the results
obtained from ITSM tests, it could be thought that the dptinmm binder coﬁterit for the
 slag mixture should be 5% instead of 4%.
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“In addition, the liméstoné’_ + glass mixture which iﬁcdrpo.rates anti-stripping agent was .
used for CRLAT. As shown in Figure 4-35, the use of anti-stripping agent did not -

" improve the resistance to permanent deformation.
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Figure 4-35 CRLAT Results for limestone + glass mixtures
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~ 4.2.4 Conclusion )
SMA slag mixtures showed poor performance and the DBM slag mixtures showed

good -performance{ From these results, it is deduced that the binder content of a slag
mixture affects the result of permanent deformation tests and the optimum binder

| conteht—of—SMArslag—mixune—Gan—be—less—than——S.—S%—wi—th—tespeet—te—adequate

permanent deformation performance.

DBM mixtures incorporating glass aggregate exhibited poorer performance in
permanent deformation tests. The reason for this performance is attributed to the
smooth sulfface texture of glass aggregate resulting in less aggregate interlock and
surface friction. Even the mixture used anti-stripping agent did not exhibit an
- improved resistance to rutting performance. Therefore the use of glass aggregate in a
bituminous mixture could have the problem of inadequate permanent de_formation

resistance.
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4.3 Fatigue Craéking-
-4.3.1 Factors affecting Fatlgue crackmg

Generally, binder content and air void content are the mam factors affectmg the
fatlgue property of continuously graded bituminous mixtures. If the binder content of
a mixture mcrease_s fatigue life will increase. If the air- void content of a mixture
decreases, fatigue life will increasé; Stiffness of binder (mixture) would influence the
. fatigue response. In stress-controlled test, fatigue life would be longer if the stiffness
is higher. However, the opposite result would be obtained from a strain-controlled test.
- For the same reason, the inﬂuenée of temperature would be different in both test
methods. Aggregate type seems to have much inﬂu_ence on the fatigue property of
mixtures. | '- |

4.3.2 Test procedure _
In the Indirect Tensile Fatigue Test (ITFT), pulse loads are applied to the specimen

repeatedly until the specimen is failed by cracking. The result is éxpressed as a
relationship between the maximum tensile horizontal strain and the number of cycles
to failure. The maximum tensile strain €xma, is defined as,

oo x(1+3V)

€ ¥ max = = x 1000 (4.2)

O xmax = maximum tensile stress at the centre of the specimen (kPa)

2x P
xxdxt

O xmax =

(4.3)

P = vertically applied loading (kN)
d= d_iameter of the test specimen (mm)
t = thickness of the specimen (mm)

Sm = indirect tensile stiffness modulus at 6 xmax (MP2)

v = Poisson's ratio

Speciméns are tested at various stress levels, and the results are plotted as a linear line
~ on logarithmic scales. This expresses the characteristic of the fatigue strength of the
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material. The methodology of the ITFT test is in accordance with LINK BITUTEST

| Projecf 'procedure [2]. The test is carried out af a texﬂperatu& of 20°C. From the
. Speciinens used in the ITSM test, 100mm x 40mm specimens were obtained by
4.3.3 Test Resuits
14mm SMA
Strés‘s—Fatigue life
Influence of conditioning - :
Figure 4-36, Figure 4-37 and Figure 4-38 show the fatigue lives obtained from SMA
mixtures, whic;h are expressed as a relationship between maximum tensile stress and
number of 'cycles to failure. As can be seen, fatigue lives obtained from aged samples
of each of three mixtures are longer than for unconditioned or moisture conditioned
samples. Slag results-.illustrate this clearly. Thus, the fatigue life of an aged slag
ISample is much longer than that of the other lives. This is because the stiffness
modﬁlus of aged slag inixture samples increased significantly. However, the results
indicate that ihe moisture conditioning does not affect the fatigue properties. Even
though ITSM test results exhibit some influence of moisture conditioning (decrease in
stiffness), especially of the gritstone lower density mixtures, the fatigue properties of
moisture conditioned samples were not affected very much. Decrease in stiffness

does not necessarily lead to increase in fatigue cracking risk.
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re 4-36 Stress-Fatigue Lives. itstone Vv=1.0%
Figure 4-36 Stress-Fatigue Lives (SMA gritstone Vv=1.0%)
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Figure 4-37 Stress-Fatigue Lives (SMA gritstone V\;=2.5%)
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Figure 4-38 Stress-Fatigue Lives (SMA slag mixture)
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Inﬂuence of D;ﬁ’erent Aggregate T)pe ' _

Flgure 4-39 shows all the results obtamed from fatigue tests carried out on 14mm
SMA mixtures. As can be seen, only the aged slag specimens behaved differently
from others. A trend lme was obtained from all results to express an average stress
fatigue life. Furthermore, to understand the advantage / disadvantage of individual
mixtures, the residual error was calculated using this trend- line and actual data, and
~ was plotted on a graph that is expressed as a 'relationship between log (predicted
value) and log (residuél error). Figuie 4-40 shows that the residual error of individual

results and Figure 4-41 shows average values of residual error for each mixtures.

Therefore, this graph shows the advantage of a mixture against the other mixtures. As

mentioned above, aged slag samples behaved very differently from the others. To

eliminate the influence of these extreme results, the data were rearranged not using

the results obtained from the aged Samples. Figure 4-42 shows the results obtained

from not using aged samples. It can be said that slag mixtures have slightly better
fatigue properties than gritstone mixtures, although there is not much difference
between these mixtures. '
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'Figure 4-39 ITFT Results (Stress-Fatigue Lives, all data from SMA mixtures)
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Figure 4-40 Residual Errors on Stress-Fatigue Lives for SMA mixtures

& _
§ m alldata
S
5 O unconditioned
E aged
S
% B moisture
g conditioned
Giitstone  Gritstone  Slag
W=1.0% W=25% Limestone
Mixture T filler

Figure 4-41 Average Residual Errors on Stress-Fatigue Lives for SMA mixtures
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Influence of conditioning

Figure 4-43 and Figure 4-45 shbw the fatigue lives obtained from gritstone higher
density mixtures and slag mixtures, respectively, and these are expressed as a
relationship betweeh tensile microstrain and number of cycles to failure. From these
results, it can be thought that there is not much difference between each. However,
results obtained from the gritstone lower density mixtures shown in Figure 4-44
indicate that the moisture conditioned samples would have a longer fatigue life than
that of the other conditioned saniples.’ It is known that, normally, the fatigue life of
bituminous mixtures approximately complies with the strain criteria. It seems that
only the low density gritstone moisture conditioned SampIes do not comply with the

criteria, although the reason for this is not clear. -
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Inﬂuence of Different Aggregate Type _ :
These data were rearranged in the same manner as described prevmusly to understand

t_he advantage and disadvantage of each mixture in terms of strain fatigue life. The
results are shown in Figure 4-46, Figure 4-47, and Figure 4-48. Because the moisture
conditioned gritstone lower density mixtures behaved different from the others, the
data were also 1_'earranged not using all the moisture conditioned samples and this is
shown in Figure 4-49. As can be seen, slag mixtures show less resistance to fatigue
cracking, which is in contrast with the stress-fatigue life results. |
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Figure 4-43 Strain-Fatigue Lives (SMA gritstone Vv=1.0%)
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Figure 4-44 Strain-Fatigue Lives (SMA gritstone Vv=2.5%) |
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Figure 4-45 Strain-Fatigue Lives (SMA slag mixture)
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Figure 4-46 ITFT Results (Strain-Fatigue Lives, all data from SMA mixtures)
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Figure 4-47 Residﬁal Errors on Strain-Fatigue Lives for SMA mixtures
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28mm DBM
Stress-;Fatigde life
. Inﬂdence of conditioning _
Figure 4-50, Figure 4-51, and Figure 4-52 show the ITFT results obtained from DBM
mixtures. As can be seen, longer lives were obtained from aged samples in each
» mixture, although, for the limestone + glass mixture, the aged samples tend to fail as
same as the other conditioning samples at a high str_esé level.. For the limestone
mixture, the fatigue life of the moisture conditioned sample is better than for the
unconditioned samples. Water sensitivity IT SM. tests also showed the good
performance of the limestone mixture. In contrary, the limestone + glass mixture
exhibited poor performance on moisture conditioning samples. This could be related
“with the stripping problem of glass aggregate, which will be discussed in Chapter 5.
For the slag mixture, aged samples exhibited good resistance to fatigue cracking
because of high stiffness of aged samples, while moisture conditioned samples
- behaved similar to unconditioned samples although the water sens_itivity ITSM test
showed poor performance of the slag mixtures.
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Figure 4-50 Stress-Fatigue Lives (DBM limestone mixture)
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Figure 4-51 Stress-Fatigue Lives (DBM limestone + glass mixture)
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 Figure 4-52 Stress-Fatigue Lives (DBM slag mixture)
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Inﬂuence of Dgﬁ'erent Aggregate Type
Figure 4-53 shows all the results obtamed from fatlgue tests carried out on 28mm '

DBM miixtures. As can be seen, because of its high stlﬁ'ness aged slag mixture
samples behaved quite different from the others. The data were rearranged in the same
manner as described prev10usly to understand the advantage / disadvantage of
individual mixtures and the results are shown in Figure 4-54 and Figure 4-55. Data
were also rearranged not using the aged samples to eliminate the superiority of aged
slag mixtures and this is shown in Figure 4-56. From these results, it was found that
the moisture conditioned limestone + glass samples would have poor res1stance to

' fatlgue cracking.
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Figure 4-53 ITFT Results (Stress-Fatigue Lives, all data from DBM mixtures)
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Flgure 4-54 Residual Errors on Stress-Fatlgue lees for DBM mixtures
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e _ .Stra.;in#Faﬁgue iifé

Inﬂuence ‘of conditioning

Figure 4-57, Figure 4- 58 and Flgure 4-59 show the ITFT results obtamed from DBM
mixtures, which are expressed as a relationship between tensile microstrain and
" pumber of cycles to failure. The results obtained from both limestone mixtures and
slag mixtures show that the moisture conditioned samples | resulted in better
performance than unconditioned samples. Although the reason for this is not clear, the
results show that, together with the results obtained from SMA. mixtures, moisture
conditioning would give a better resistance to fatigue cracking. However, the results
of llmestone + glass mlxtures did not show this trend. It may be that the stripping of
aggregates affected this result.

In the limestone mixtures, the aged samples resulted in a slightly quse performance
than that of the unconditioned samples. Both limestone + glass mixtures and sldg
mixtures indicate that, at a high strain level, aged samples would fail earlier than

unconditioned samples.
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Figure 4-57 Strain-Fatigue Lives (DBM limestone mixture)
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Figure 4-58 Strain-Fatigue Lives (DBM limestone + glass mixture)
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Figure 4-59 Strain-Fatigue Lives (DBM slag mixture)
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Inﬂuence of D ﬁerent Aggregate Dpe |

These data were rearranged in the same manner as descnbed prev10usly to understand
‘the advantage and dtsadvantage of each mixture in terms of strain fatigue life and the

results are shown in Figure 4-60, Figure 4-61, and Figure 4-62. Because the moisture

conditioned limestone mixtures resulted in much better performance than the others

and it seemed that these samples behaved differently from the others, data were also
rearranged not using all the moisture conditioned samples and this is shown in Figure
4-63. As can be seen from those results, slag mixtures show less res1stance to fatigue
* cracking, which is in contrast with stress-fatigue life results.
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Figure 4-60 ITFT Results (Strain-Fatigue Lives, all data from DBM mixtures)
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Figure 4-61 Residual Errors on Strain-Fatigue Lives for DBM mixtures
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Process to fallure ) ' L -
.Normally, during the ITFT data are stored as a relatlonshlp between vertical

deformatlon of a sample and number of cycles. Figure 4-64 shows the data obtained
from lower stress (strain) samples plotted in log-log scale graph. In each mixture, a
similarity is found in the slope of the data. Namely, between 100 cycles and
10000cycles the change in vertical deformation of each,_sample in every mixture is
similar, and is not influenced by the different conditioning. Furthermore, the
limestone and limestone + glass mixtures have similar slopes to each other, while the
slope of slag mixtures is more gentle than those of other mixtures. The peint where
the gradient of the line changes is regarded as a crack initiation point. Crack
propagation occurs from this point to failure. Both limestone mixture and limestone +
glass mixture would have reasonable crack propagation time, however, slag mixture
might have very short time because the slope of the line is quite steep. This indicates
that the slag mixtures became more briftle materials than the other mixtures. If those
samples failed at the same number of cjcles slag mixtures would take a more gradual
| slope than the other mixtures until reaching the crack initiation pomt then reach
fallure pomt more qulckly than the other mixtures.
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Figure 4-64 Processes.to Fatigue Cracking for DBM mixtures
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| 4.34 Conclusmn ‘ » -
'D1ﬂ'erent behaviour has been found in stress-fatlgue/stram-fatlgue life.. For example,

slag mixtures showed good performance in stress-fatigue and, on contrary, slag
- mixtures showed poor performance in stram-fatlgue life. In terms of slag mixtures, it
takes a long time to reach the initial fatlgue pomt ‘and thereafter the fatigue crack
_ progresses rapidly. It can be said from these results that the slag mixtures would have
no problems when the function of the pavement required is governed by stress,
however, the pavement governed by strain, e.g., a pavement on a 'support which tends
to bend easily, could have a fatigue crack problem. This is because the strain
occurring in the surface of pavement is not only dependent on the stiffness of the

surfacing material itself but also on the whole structure of the pavement.

28 DBM limestone mixtures showed good performance under both stress and strain
fatigue. Moisture conditioning might have some effect on limestone mixture

behaviour.

The mixtures incorporating glass aggregate exhibited somewhat poor performance in
regard to fatigue cracking. This may be due to the smooth surface aggregate texture
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Chapter 5 stripping of Bituminous Mixtures

5.1 Definition of Stripping | '

Fatigue cracking and permanent deformation are regarded as the major distresses of a

pavement. Another major distress occurring in a pavement,_' whose cause may .be |
derived from physical or chemical properties of aggregate and bitumen rather than
mechanical properties of bituminous mixtures, is suipping. The definition of stripping

. is found in some literature in different expréssions [1]. R seems that stripping used to |
be defined as the physical separation of asphalt cement (bituminous binder) from
aggregate surface due to moisture induced damage causing the lack of adhesion
between aggregate and binder. However, recent' studies showed [2,3] that the
weakéning_ of adhesion and cohesion due fo moisturé induced damage would occur
within binder and / 01_" aggregate. Therefore, stﬁpping would be defined as the physical
separation of a part of pavement from its main body (structure) because of the
weakening of adhesion and / or cohesion occurring between binder and aggregate

surface and / or within a binder / aggregate.

- 5.2 Mechanism of Stripping '- __
There are 3 possible states that would make stripping phenomenon;

1. loss of adhesion between aggregate surface and binder
2. loss of cohesion within binder

3. bond disruption within aggregate

Loss of adhesion between .aggregate surfaée and binder

The strength of adhesion between aggregate surface and binder would be dependent
on the bond energy generated from 'Both aggregate and binder. The stronger the bbnd
energy, the greater the resistance to stripping would be expected. There are three
possible theories for the bonding; surface energy concept, mechanical cdncept_and
chemical reaction concept [4]. Thé surface energy concept is explained by the surface
tension (cohesivity) and interfacial teﬁsion (adhesivity). In terms. of the boﬁding of
binder and aggregate, a better bond would result When_there is a low surface tension
and a high interfacial tension. This is the reason for using amine as an anti-stripping
agent because it will reduce the surface tension of bituminous binders. The
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'mechanwal concept is explamed by the physwal propertles of aggregate, such as
“surface texture A rough surface texture would provide a better bond due to the greater
“surface area per unit volume of aggregate. The chemical reaction concept is because
of the presence of reactive components in both the bituminous binder and the
aggregate, bonding would be generated by the results from the reaction of these.
compooents. The bond energy would be a combination of these theories. Concerning
the chemical reaction concept, one report showed [2] that the presence of cations such
as iron, magnesium, calcium and aluminium at the aggregate surface would enhance
the bond energy. Some limestone is known to have a high resistance to stripping and
this is due to the formation of water insoluble bonds between calcium sites on the
aggregate with bitumen constituents. On the other hand, the presence of potassium
* and sodium would decrease the bond because the reaction between these substance

and constituents in bituminous binder would generate water soluble substances.

Loss of cohesion
El Hussein reported [3] that debonding caused by adhesion failure occurred mainly

between the asphalt matrix (mixture of bituminous binder and fine materials, such as
fine aggregate and filler) and the coated aggregate particles. The coarser fractions of
aggregates are covered by a very thin film of bitumen during mixing. This thin
bituminous film and the bituminous materials mixed with fine materials would have
different characteristics. Moisture could enter the interface between coated aggregate
and asphalt matrix and result in failure. (The author insisted that this is adhes1on
failure because the thm bituminous film covering the coarse aggregate could be
regarded as a part of aggregates, while Graf [13], who also reported similar

phenomenon concluded this was the cohesive type of failure.)

Disruption within aggfegate
Intensive research work has been done on stripping by SHRP [4] and it has revealed -

that the. bond disruption takes place, not mainly at the intérface between bitumen an.d' |
aggregate, but usually within the aggregate. The reason for this is that once the
bitumen has wetted the microscopically rough aggregate surface and partially
penetrated the porous subsurface, the application of a separating force is more likely
to cause failure within the bulk aggregate or bitumen or both rather than at the
bitumen aggregate interface. The results of Surface Analysis by Laser Ionization
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'(SALI) showed [2] that there was substantlal amount of morgamc element denved
from aggregate at the sub surface monolayers of debonded bitumen. DlSSOlllthIl of
cations, such as sodlum, potassmm and calcium was greater at the stripped area than
unstripped area. '

5.3 Test Methods for Evaluating Stripping

 Qualitative evalu_a‘tioh
Boiling test
The boiling test has been used for a long time, especially in the U.S.A, because this

test can be carried out easily and in a short time and it has been standardised as
ASTM-D3625 - 96 [5]. Uncompacted bituminous coated aggregate are placed in -
boiling water for 10 minutes. After 10 minutes boiling and then cooling down to the
room temperature, water is decanted and the sample is placed on a white paper towel.
Potential for stripping is evaluated by the visual observation. Because the result would
depend on the subjectivity of observer, and correlation between field performance and
the test results has not been established, the standard states that this test will be used
as an "indicator of the relative susceptibility of bituminous coated aggregate to water".

Aggregate I binder compatibility test
This test method has been developed in Scandinavia and it has been standardised as

standard prEN 12697-11 in European [6]. Bitumen coated single sized aggregates @8/
1lmm or 5.6 / 8mm fraction with approximately 3% or 3.4% binder content
respectively) are placed in glass bottle with distilled water having a temperature of

5°C. The bottle containing water and sample is placed on a rolling bottle machine
providing a rotation speed of 60 r/min or 40 r/min. Visual observations are made after
" 5 hours, 24hours, 48houré and 72hours rotation. Similar to the boiling test, the result
of the observation is expressed as the degree of bitumen coverage.

" Quantitative evaluation

‘Modified Lottman test (Splitting test) _

This is the currently most used test method for evaluating the stripping potential of
bituminous mixtures. The tensile strength of both uncondiﬁoned and moisture
conditioned specimens are measured and the judgement whether the material is
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susceptible to mbi_sthré damégc | or not is determined by the ratio between the
unconditioned tensile strength and moisture coﬁditione_d tensile siréngﬁl (TSR). The
theory of this test method iS'based on the splitting test for concrete. A monotonic axial
load, at a rate of displacement of 50mm/minute, is applied to a specimen until faﬂure
The indirect tensﬂe strength is des1gnated as below

S = 2 x Pult (5.1)
T X D xt
Where, St = Indirect tensile strength (MPa) |
Pult = Ultimate applied load required to fail specimen (N)
D  =Diameter of specimen (mm), and

t = Thickness of specimen (mm)

The indirect tensile strength may be influenced by the rheology of binder, aggregate
skeletqn structure, density, and binder adhesion.

In the original Lottman test procedure, specimens are subjected to a freeze-thaw cycle
and the tensile strength test is carried out at a temperature of 12.8°C. After Lottman,
Tanicriffe modified the procedure with the soaking of specimens in'a hot water bath
(60°C) instead of a freeze-thaw cycle and the tensile strength test is carried out at a
temperature of 25°C. Tl_lis test method has been standardised as AASHTO T 283-89
-[71 and according to the standa-rd,'the conditioning method should be selected either
as a freeze-thaw cycle or as the soaking hot water bath, and the tensile strength test

__ should be carried out at 25°C.—A TSR-> 70% was suggested-by Lottman-as-an-index
for determining whether the sample is susceptible to moisture damage or not.

Although the conditioning procedure is designéted in ASSHTO-T283, in this study
the moisture conditioned ten_sile strength was determix_led using the specimens which

wére conditioned in accordance with the procedure stated in previous chapter.

Immersnon wheel tracking test ' _
. This test method was originally developed in the UK. in the 1950's [8] Smce

stripping phenomenon can be thought to be derived from the combination of moisture
induced damage and traffic load, this test would simulate reahstlc circumstance. The
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prmclple of this test is that three rectangular specimens are mounted on the apparatus :
“and 1mmersed in water and subjected to wheel trackmg load. Vertical deformation (rut
~ depth) is measured during the test. Normally the test lasts 7 days or until the time
specimens fail. The temperature of the water can be selected in the range 40°C to
60°C. The wheel generates a vertical load of 181N and the wheel moves 25
cycles/minute with a stroke of approximately 280mm.

5.4 Test Results
5.4.1 Splitting
- 14mm SMA _
Figure 5-1 shows the results of tensile strength obtained from the gritstone
(Mp=6.0%) mixtures and slag mixtures. As can be seen, the tensile strength of the
slag mixture is slightly higher than that of the gritstone mixtures. Increased strength
was observed in aged samples in both mixture. types. Especially, the slag mixture
exhibited much higher tensile strength in aged samples, similar to the aged ITSM
results. Moisture conditioned samples exhibited slightly different behaviour. Thus, the
gritstone mixture decreased its strength, while the slag mixture increased. Figure 5-2
shows the TSR value of these results. The resistance to moisture induced damage of
‘the slag SMA mixture is better than that of the gritstone SMA mixtures, confirming
| the results of the water sensitivity ITSM tests presented in previous chapter. |

lEUnconditoned 0O Aged @ Moisture conditioned I
1900_— SD: Standard Deviation
- 1700 60
1680.
€ 1500 ;
€ D= | sD-
£ 1300 720 717
- SD=
& 1100 175529
K4 i
= 0 . B
g 90
= 700 -
. 500 e -
Gritstone M,=6.0% Slag M=6.0%

Figure 5-1 Splitting Test Results for SMA mixtures
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Figure 5-2 TSR Value for SMA mixtures

28mm DBM e _ |
Figure 5-3 shows the results obtained from limestone, limestone + glass, and slag

* (Mp=4%) DBM mixtures. As can be seen, the unconditioned tensile strength of slag

(Mg=4%) and of the limestone + glass mixtures showed higher strength than the
limestone mixture. Much increase in strength was found in aged slag specimens,
which is a similar finding to that of the ITSM tests. In terms of moisture conditioned
results, the limestone mixture mamtamed its tensile strength, while the limestone +

: glass and slag (Mp=4%) mixtures lost strength significantly. Figure 54 shows the

tensile strength ratio (TSR) obtained from these results. It is clear that the limestone -

mixture was not affected by moisture conditioning, while both limestone + glass and

slag (Mp=4%) mixtures are susceptible to moisture induced damage significantly.

In line with the test results presented in the previous chapter, the limestone mixture
exhibits good resistance to moisture induced damage. It is known that some
limestones are resistant to moisture damage, therefore it can be assumed that the

limestone employed in this research is not an exception.

'As described in Chaj)ter 2, stripping is the one of major problems arising from giass

aggregate use in bituminous mixtures. The results showed clearly the potential for the
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. 'sttzippi.ng‘ of this mixture. Reduction of tensile strength of limestone + glass mixture
"occurre;l only by moisture conditioning. |

As mentioned in the previous Chapter, a 4% binder content for the slag mixture
seemed to be insufficient to cover the aggregate adequately and this might cause a
significant moisture induced damage of the mixture.

In addition to thése three mixtures, lli'mestone + glass with anti-stripping agent mixture,
and slag (Ms=5%) mixtures were evaluated with respect to unconditioned and
moisture conditiohed tensile strength. These results are shown m Figure 5-5 and
Figute 5-6. As indicated by the results, it seems that the use of anti-stripping agent
could improve the resistance to moisture susceptibility of the limestone + glass
mixture, although the unconditioned tensile stréng'th of the mixture is slightly lower
than that of the non-agent treated mixture. The unconditioned tensile strength of the
slag mixtures a]sd decreased as binder conterit increased, however, the resistance to
- moisture susceptibility éppeared improved.

% Moisture conditioned & Unconditoned OO Patﬂ[

2000 . ‘ SD: Standard Deviation

Tenslle Strangfh (KP#)

Figure 5-3 Splitting Test Results for DBM mixtures
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Figure 5-5 Splitting Test Results for DBM Mixtures (2)
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5.4.2 Immersion Wheel Tracking Test

14mm SMA _ | -
Immersion wheel tracking tests (IWTT) were carried out using gritstone (M5=6.0%)

and slag (l\4,,=5.5%) mixtures. Specimens for the tests were prepared from cutting slab
samples which were fabricated in the same way as used to make core samples. At first,
tests were carried out at a temperature of 40°C and for 7 days. After this duration,
~ tests were continued for 5 days at a temperature of 50°C. It was observed that in some
aggregates binder was stripped off from the aggregate surface. However, deterioration,

- such as the ravelling of aggregate, derived from this, was not observed in both
mixtures. Figure 5-7 shows the rut depth measured during the tests. The rut resistant
properties of these mixtures obtained from the IWTT were similar.

28mm DBM |

The procedure of the IWTT was slightly amended because no stripping, nor
deteﬁOration derived from stripping, were observed in SMA mixtures. Specimens
were mounted in the test machine and immersed in hot water for 16hours (overnight)
. having a temperature of 50°C which seemed to be a maximum temperature fo carry
out the test. Tests were carried out at a temperature of 50°C for 5days. Similar to the
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resﬁlts of the'S'_MA. mixtures; _deteﬁoraﬁon,'d_éﬁved from stnppmg was ﬁbt observed in. |

both types of mixtures. Figure 5-8 shows the rut depth measured durmg the test. As
can be seen, the mixture incOrporaﬁng gléss aggregate had slightly greafer rut depth
than the other mixture. ‘ |
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Figure 5-7 IWTT Results for SMA Mixtures
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Figure 5-8 IWTT Results for DBM mixtures
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55 COnclusmn -,
| It was found that the SMA mlxtures retamed tensﬂe strength aﬂer m01sture

condmomng or ageing. Even the SMA mixture containing slag exhibited better
performance than the gritstone SMA mixture. The slag DBM mixture reduced the
tensile strength after moisture cohditiox_iing, in contrast to the result of SMA mixture.
Fuithermofe, the relationship between the retained tensile strength of the slag mixture
~ and the binder content (film thickness) was verified using increased binder content
mixture. As the binder content increase, fhe tensile strength can be retained, even
though the initial tensile strength decreased. | -
Excellent performance was obtained from the limestone DBM mixture. Good
performance was also obtainéd from the moisture conditioned ITSM tests for the
limestone DBM mixture. In line with these results the limestone aggregate should

“have some good effect on moisture condltlonmg
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Chapter 6 Conclusmn

Three secondary aggregate combinations have been assessed in thlS laboratory study.

- These combinations have consisted of coarse primary aggregate + fine glass cullet

with and without an anti-stripping agent, steel slag coarse aggregate + blast furnace
slag fine aggregate with either BFS filler or limestone filler and steel slag coarse
aggiegatc' + fine glass cullet. The performance of these secondary aggregate mixtures
has been compared to that of conventional, primary aggregate mixtures using both a
base material (28 mm DBM) and a surfacing material (14 mm SMA). All the mixtures
have been designed to have similar volumetric proportions within each mixture type

~and the mechaﬁical properties of stiffness modulus, resistance to permanent

deformation and resistance to fatigue cracking have been determined in the material’s
unaged, aged and moisture conditioned states.

| Mixtures that incorporate slag )
- The results obtained from the ITSM tests show that the unconditioned ITSM of

bituminous mixtures containing slag-and/or glass aggregates were satisfactory. The

higher stiffness of the slag mixture is likely due to the different volumetric
characteristics (effective binder content) caused by the vesicular surface texture of
BFS éggregates. Ageing ITSM tests suggest that the binder hardening in slag mixtures
would be accelerated by vesicular surface texture of BFS aggregates and chemical
composition of steel slag aggregates. As. a result of hardening of binder, the mixture
would become a more brittle material. From water sensitivity test results of slag
mixture, it was_confirmed that whether or not the aggregates-are-covered-by-binder
sufficiently is the important condition for performance in the water sensitivity test.

‘The SMA slag and DBM slag mixtures indicate contradictory results with respect to

the water sensitivity test. The slag mixture showed good performance while the DBM
mixture showed poor performance. The reason could be that the binder content of
SMA mixture is very high while that of DBM mixture is low, and also the BFS
aggregate content of the SMA mixture is. lower than that of the DBM mixture.
Therefo_;e, there could be adequate binder to cover the aggregate sufficiently in the

~ SMA mixture, while there might not be in the DBM mixture. This could lead to the
- poor performance in the water sensitivity test of the slag DBM mixture. The slag
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- DBM mlxture of whlch bmder content was mcreased by 5% was used for the water '
sensitivity test and an nnprovement of resistanice to ‘moisture mduced damage as
- binder content increases was _found, although the initial stiffness modulus decreases.
Therefore, it can be recommended tilat the determination of binder content shall to be
carried out depending on the required performance. This can be concluded from the
results of the permanent deformation tests. Thus, SMA slag mixtures showed poor
performance and the DBM slag mlxtures showed good performance. From these
results, it is seen that the binder content of the slag mixture affects the result of the
permanent deformation test and that the optimum binder content of SMA slag mixture
can be less than 5.5% with respect to adequate permanent deformation response.
- From the RLAT results, it could be thought that the susceptibility to permanent'
| deformation of SMA slag mixtures is a problem, however, the Immersion Wheel
Tracking Test results did not show a difference between slég and gritstone SMA
mixtures. Because the total stram of the SMA slag mixture in the RLAT d1d not
-exceed 2%, rutting wﬂl not be a problem in practice.
In terms of fatigue cracking, slag mixtures showed good performance in terms of
stress-fatigue and, in contrast, slag mixtures showed poor performance in terms of
strain-fatigue life. Slag mixtures take a long time to reach the initial fatigue point and
thereafter the crack progresses rapidly. It can be said from these results that the slag
“mixtures would have no problems when the function of pavement required is
| governed by stress, however, the pavement governed by strain, e.g. a pavement on a
~ support which tends to bend easily, could have a fatigue cracking problem, because
the strain occurring in the surface of the pavement is not only dependent on the
stiffness of the s_umfapjng_materiél_itself,_b.ut_also_on_the_whole_stcucture—of—t—he—-———-

pavement.

Mixtures that incorporate glass
Although the moisture susceptibility of the glass aggregate mixtures was greater than

the control mixture, probably due to the smooth surface texture of the glass,
nevettheless, in the light of the excellent performance of limestone mixtures, the
limestone + glass mixture exhibited a rather good performance for moisture
susceptibility in terms of stiffness modulus. The results from the mixture
incorporating anti-stripping agent show that it slightly improves the resistance to
moisture susceptibility.
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 Onthe ether hand, the glass mixtures exliibited a poor performance in the peﬂi_lanenf

déformation test. The reason, it is thought, that the smooth surface texture of the glass
 aggregate resulted in less aggregate interlock and surface friction. Even the mixture
using anti-stripping agent did not have an improved resistance to rutting. Although the
total strains were still below the acceptable limit, the use of glass aggregate in
bituminous mixtures would have a problem with regard to the permanent deformation
property, because the results obtained from the IWTT showed that the rutting
perfonhance of the glass mlxture was inferior to that of the control mixture.

- The fatigue performance of the hmestone + glass aggregate mixture was found to be
-comparable to that of the control mixture.

Fatigue Cracking
Different behaviour has been found in regard to stress-fatigue relative to strain-fatigue

life.

Similar strain-fatigue life behaviour was observed ﬁ'oni different conditioned samples.
'I\-'Iowever, 28 DBM limestone mixtures showed good. performance .for both stress and
strain fatigue life and it seems that the moisture conditioning makes limestone
mixtures give excellent performance against fatigue cracking. -

Deslgn )
Test performance was evaluated using volumetncally designed mixtures. To achieve

the objective of this project, volumetric design procedure needs to be applied because
of different speciﬁe gravity of secondary aggregates. When using aggregates having
very different specific gravity from conventional aggregates the volumetric des1gn

- ————procedure—should be apphed—m practice otherwise the mixture might become &

. different type of mixture.
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