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Abstract

The use of non-conventional aggregate materialoau works is still at an experimental
stage in Malaysia. The persistent utilization afigentional aggregates in the construction of
roads and highways is a potential hazard to thér@mwent. Effective extenuation actions
and invaluable research on alternative aggregaterials could alleviate the problem. In this
study, an investigation on the suitability of etectarc furnace (EAF) steel slag and copper
mine tailings (CMT) as alternative asphalt pavingtenials is proposed. Laboratory tests to
evaluate the performance of mixtures incorporafiAdr steel slag and CMT were conducted.
Four material mixtures of sixteen mix designs, ei§@W 14 designed and eight SMA 14
designed were evaluated. Mix 1 was 100% granite, Meconsisted of 80% granite and 20%
CMT, Mix 3 consisted of 80% EAF steel slag and 20%T while Mix 4 consisted of 40%
EAF steel slag, 40% granite and 20% CMT. The testilts indicated that mixes containing
EAF steel slag and CMT performed better in ruttangl are less susceptible to permanent
deformation compared to control mix. Hence, itnwisioned that EAF steel slag and CMT
are promising alternative aggregate to be used@sa#t paving material.

Keywords: conventional aggregate, environmentalttasusbility, EAF steel slag, green
technology, copper mine tailing.

Introduction

The annual generation of industrial wastes in Mgiklys currently approximately 20
million tonnes and is increasing at estimated o&i® percent per year. The high productivity
of industrial wastes has resulted in heavy accutioma located in different locations
throughout the Malaysia. Presently, only insigrifit percentage of industrial wastes is being
utilized in Malaysia (Omran et al, 2009; Kathirvade al., 2004; Naganathan, et al, 2012;
Oluwasola et al. 2014; Hainin et al. 2014). Thevjmes studies revealed that Malaysian
industrial waste consists of high proportion of ftmgradable materials such as plastics, iron
and steel. About 95 percent of waste collectedaissported to landfill for disposal and the
remaining waste is sent to incinerating plants. rAgpnately, 6 percent of industrial waste is
recycled, but the present government intends tdeweh25 percent recycled by 2020
(Tarmudi, et al., 2012, Manaf, et al., 2009., Saeedl., 2009).

Currently, in order to enhance better managemenhese industrial wastes and to
improve the properties of construction materiadsearchers have been investigating the use
of industrial wastes in the construction industReriathamby, et al., 2009; Begum, et al.,
2009; Oluwasola et al. 2014). The use of by-praglactd industrial waste as replacement of
aggregates in asphalt mixtures strengthen the npeafice and properties of asphalt
pavements. Researchers are willing and devoteeéléztsaggregate materials that minimise
pavement failures and to enhance the performanaspifalt pavements.



Some industrial wastes such as sewage sludgeslflytailings and steel slag have
been recently used as aggregate materials in tdwugtion of asphalt mixtures. This thought
is becoming outstanding as the industrial wastes established to have close chemical
composition to the conventional aggregate suchrasitg and limestone which are needed
for the production of conventional asphalt mixtu(@sin et. al, 2011). The modern waste
recycling method is much better and environmentalgndly as it can clear up problems
connected with excess storage of industrial waates minimise exploration of natural
aggregates for asphalt mixtures to continuousliesushe nature (Karamanove, et al 2011).

The by-products from steel making industry, stdalyscould be an outstanding
substitute choice due to its comparable chemicahposition as aggregate materials for
asphalt mixtures. The notable increase of steelymiion and steel wastes have propelled the
notion to use the steel slag as aggregates in ksphdure as the conventional landfill
become ineffectual and uneconomical due to higbst (Andreas, et al, 2014). Steel slags
are obtained during the production of metal in masi furnaces (basic oxygen furnace,
electric arc furnace or blast furnace) wherebysonatals are melted in a furnace at the same
time with lime in refractory lined vessels. Theraduced carbon in molten steel was taken
out as carbon dioxide while other remaining oxidd ailicon bond with the added lime to
from steel slag.

Research findings revealed that some steel slags mot be suitable as asphalt
mixture aggregate. A good number of steel slaghigld content of free lime and magnesium
oxides, thus, the probability is high for its exp@m in humid environments. Appropriate
steel slag can be used as a partial replacemenafaral aggregate in some civil engineering
works, such as, concrete mix (Qasrawi, 2014), HMiAtanes (Oluwasola, et al.,2015), soil
stabilization (Manso, et al.,2013), subbase mdté€Xi, et al., 2014) and warm mix asphalt
(Ameri, et al., 2014). EAF steel slag can be wilizn dense-graded, open-graded and gap-
graded asphalt mix. The required qualities of st&d for use in asphalt mixture were stated
in ASTM D 5106.

In late 70’s, research was carried out on the pdggiof using copper mine tailings
stabilized with geopolymers in road constructioheTesults of the study showed that CMT
has outstanding engineering properties and carntilieed in highway industry. The recent
research trend on CMT has been shifted to its egdn in concrete technology.
Onuaguluchi and Eren (2012) studied the propediesoncretes incorporating CMT. Their
findings showed that CMT can be used as additiveomncrete.

This paper presents the comparative evaluatiorensetgraded (ACW 14) and gap-
graded stone mastic asphalt (SMA 14) mixes incaefpoy EAF steel slag and copper mine
tailing obtained from Malaysian steel making anaimg industry respectively. This research
attempts to optimize addition of EAF steel slag &WIT in order to produce asphalt
mixtures with higher resistance to rutting and dafation than conventional asphalt mix.

Experimental design
Material

Granite, EAF steel slag and CMT are the aggregaiested in this study. The granite
was obtained from Ulu choh Sdn Bhd Quarry, Puleated in the southern part of Malaysia.
EAF steel slag and CMT were sourced from Antralséee Malaysia Marine and Heavy
Engineering (MMHE) Sdn Bhd respectively. Table égants the properties of the aggregates



used while Table 2 shows the mix design compositbrihe mixtures. To enhance the
comparison of the performance properties of thetunes, the gradations for all the mixes
were deliberately selected to fall within the loveerd upper limits as illustrated in Figure 1
and also complying with superpave grading requirdseA design of 16 mixes was made, of
which eight were ACW 14 mixes and the remainingev8MA 14 mixes. The grades of
bitumen binder; PG 76 and pen 80/100 were uselisnstudy. Also, pen 80/100 binder was
modified with 5% EVA for the production of SMA 14msples. Table 3 illustrates the binders
properties used in this study.

Table 1: Properties of the aggregates

Testing Specification  Granite EAF Steel Copper mine Standard
slag tailings
Loss Angeles Abrasion < 25% 10.276 5.100 - ASTM C 131
Flakiness <25% 7% 5% - BS 812
Soundness <18% 3.5% 0.71% - AASHTO T 104
Polished Stone Value > 40% 52.3% 55.3% = BS 812
Water Absorption <2% 0.756% 3.896% 4.17% MS 30
Stripping >95% > 95% > 95% - AASHTO T 182
Specific gravity:
Fine Aggregate 2.585 3.051 3.578 ASTM C 127
Coarse Aggregate 2.594 2.816 - ASTM C 128
pH 10.22 11.42 6.42 BS 1377

Table 2a: Gradation limits of combined aggregabe ACW 14

Fraction Mix 1 Mix 2 Mix 3 Mix 4
Granite | Granite Copper | EAF Copper| Granite EAF  Copper
(%) (%) tailing slag tailing (%) slag tailing
(%0) (%) (%) (%) (%)

14.00 6 6 - 6 - 3 3 -
10.00 14 14 - 14 - 7 7 -
5.00 26 26 - 26 - 13 13 -
3.35 9.5 9.5 - 9.5 - 4.75 4.75 -
1.18 215 11.4 10.1 114 101 5.7 5.7 10.1
0.425 8.5 4.5 4 4.5 4 2.25 2.25 4
0.150 8.5 4.5 4 4.5 4 2.25 2.25 4
0.075 4 2.1 1.9 2.1 1.9 1.05 1.05 1.9
Filler 2 2 2 2

(Cement)




Table 2b: Gradation limits of combined aggregatesSMA 14

Fraction Mix 1 Mix 2 Mix 3 Mix 4
Granite | Granite Copper | EAF Copper| Granite EAF  Copper
(%) (%) tailing slag tailing (%) slag tailing
(%) %) (%) (%) (%)
9.50 22 22 - 22 - 11 11 -
4.75 48 48 - 48 - 24 24 -
2.35 13 8 5 8 5 4 5
0.60 9 - 9 - 9 - 9
0.30 2 - 2 - 2 - 2
0.075 4 - 4 - 4 - 4
Filler 2 2 2 2
(Cement)
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Figure 1b: Gradation curve for SMA 14



Table 3: Properties of bitumen binder

Binder Viscosity G*/sind at Penetration  Softening Penetration
at135C  76°C (kPa) point CC) Index
(Pa.s)
80-100 0.40 0.70 85 46 -1.05
5.0% EVA 80-100  0.63 1.79 49 63 1.96
PG 76 1.8 1.70 48 64 1.96

Permissible results Max. 3 Min. 1.00

Sample preparation

Superpave mix design procedures from AASHTO M32Bvenployed to design the
mixtures. The mixtures, when blended at optimurarbén content (OBC) should give a void
content of 4% based on the stipulated superpavafagion at the required design number
of gyrations. In this research work, the estimgiegject traffic load medium to high, which
is in the range of 3 to 30 million ESALs was adaptéhe Troxler model superpave gyratory
compactor was employed in compacting the sampledefdgn number of gyration of 100
was used so as to achieve the design density aanix

For each mixture, a bitumen content of 4% was Umsinning with the median and
at steps of +5% of the median. Three replicate $ssnwere prepared for each bitumen
content. Before mixing, aggregates were pre-heimterh oven set at +26 exceeding the
mixing temperature for 4 hours to remove any inheraoisture and to achieve a uniform
temperature.

To prepare the short-term aging samples, the pedpBIMA mix placed in a flat
container pan and maintained at the compaction ¢eayre for a period of 4 hours. The mix
was stirred at regular intervals in the oven toidaxposure to unequal heating during the
short-term aging process. Prior to short-term agagture compaction, the superpave
gyratory compactor mould was preheated to compatctimperature. A speed of 30rpm with
pressure of 600kpa was applied at a 1 @%gle of gyration to compact the specimen. The
long term aging test was conducted according to AAS R30. The test was performed on
compacted specimens after they have been shoredeaged. The specimens were arranged
in a flat pan and placed in a force draft oven naaned at a temperature of°8for 5 days.
The oven was switched off after the aging period kft to cool at room temperature. The
volumetric properties of the HMA mix were deterndnigased on £ and Gy to calculate
the amount of air voids in the total mix (VTM), dsiin the mineral aggregate (VMA) and
voids filled with aggregate (VFA).

Moisture susceptibility

The indirect tensile test evaluates change inleesgength resulting from effects of
saturation and accelerated water conditioning ampaxcted asphalt mix in the laboratory.
The test was performed by loading a cylindricalcapen with a single compressive load
which acted parallel to and along the vertical ddé&ma plane, which principally caused the
sample to fail by splitting along the vertical diet®r. The test was performed following the
AASHTO T 283-02 procedure. The samples were comegath have equal air voids of
7+£1%. The recommended high percentage of air Voédsen to accelerate moisture damage



to the samples. The samples were stored at roompetature for 24 hours before proceeding
with the testing procedures. The samples were @ividto two sets; one set of the specimens
was unconditioned while the other set was 70-8@egrvacuum saturated with water. The

volume of air voids of specimens subjected to vatwgaturation were determined using

equation 1 below

% air voids X volume of the specimen
V= 100 (1)

The conditioned specimens were placed in a vaccomiainer and supported at a
minimum height of 25mm above the bottom of the aowr by a perforated spacer. The
container was filled with distilled water at rooentperature so that the specimens have at
least 25mm of water above their surface. A vacudm 367 kPa absolute pressure was
applied for 8-10 minutes. The volume of absorbetewaas calculated using equation 2

wl=Bl-4 2)

Where:

W= volume of absorbed water

B'= mass of saturated surface dry specimen afteiapasicuum saturation, and
A= mass of dry specimen in air

The degree of saturation, S which should be betWw@e80% was determined by comparing
the volume of absorbed water,'With the volume of air voids, V using equation 3

__100w?

" 3)

S

Thereafter, the specimens that met the conditidheodegree of vacuum saturation
were tightly covered with plastic wrap. Each wraghpecimen was placed in a leak-proof
plastic bag containing 10 £0.2 ml of distilled wassad sealed. The plastic bags containing
the specimens were then placed in a freezer at-12C for 17 *1lhours. Thereafter, the
conditioned specimens were placed in a water mat®4 hours at 6. Prior to testing, the
unconditioned specimens were wrapped with a leakfpplastic bag. The specimens were
then placed in a 25 +0@ water bath for 2 hours 10 minutes with a minimR&mm of
water above their surface. The cycled specimeng pkced directly in the water bath for
two hours before the test was performed. The iotiensile strength (ITS) was determined
using equation 4

2000F

mhd (4)

ITS =

Where:
ITS = Indirect tensile strength (kPa)



F = Maximum applied load (N)
h = Specimen thickness (mm)
d = Specimen diameter (mm)

The tensile strength ratio (TSR) was calculatedthes ratio of the tensile strength of
conditioned sample to the tensile strength of adrs@mple as expressed in equation 5

TSR _ ITS(conditioned) (5)
ITS(control)

Dynamic creep test

The dynamic creep test was performedassess the resistance to permanent
deformation or rutting. The test was carried ouaatordance with ASTM D 3497 (2003).
Prior to the test, the specimen was conditionedi0i€ for at least 4 hours. The parameters
which include a preload stress of 150kPa, prelgatime of 30s to ensure a complete contact
between the sample and the load bar and axial ¢galiing stress was set at 300kPa. The
MATTA machine was also set to stop at 3600 cycldsclv is enough to predict the
behaviour of the sample mixture in a repeatablaldsading stress. Thereafter, the specimen
was secured on the testing jig at a middle positdjustments to the vertical levelling
sensor were then made to ensure the readings afefoemation started from the origin. A
levelling indicator in the computer programme wasdito justify the determined level. The
result of the creep test is displayed in a graphican between deformation/strains and
number of cycles. The dynamic creep modulus wasitakd using equation 6

Applied loading stress (6)

Dynamic Creep Modulus = .
Strain

Rutting test

The Asphalt Pavement Analyzer (APA) is multifuonoal equipment used for
evaluating rutting (permanent deformation), fatiguacking and moisture susceptibility of
both cold and hot mix asphalt. The test simulategel passes within a pavement. In this
study, Asphalt Pavement Analyzer Jr model was used procedure as described in
AASHTO TP 63 — 07 was followed. Prior to the tebe prepared samples were heated at a
temperature of 13& + 0.5C for two hours. Thereafter, the specimens werepemted in a
cylindrical mould of 150mm diameter using Super é&h\Gyratory Compactor (model -
Troxler) to a target air void of 7+1%. The bulk sffie gravity of each compacted sample
was measured and the percent air voids was compQ@masequently, the samples were
conditioned in the test chamber afG0for four hours. Rutting susceptibility of mixesasv
measured by placing cylindrical samples under repetwheel loads and measuring the
amount of permanent deformation under the whedi. pelte APA features an Automated
Data Acquisition System, which obtains rutting meaments and displays these
measurements in a graphical and numeric formaé Figasurements can be obtained during
a cycle. Each sample is subjected to a repetitikeelvload of 445N (100 Ibs) and a hose
pressure of 690 kPa (100psi). The test runs foO893@les, after which the final rut depth
measurements are taken. A complete rutting evaludatikes approximately 2 hours and 15
minutes.



Toxicity Characteristic Leaching Procedure (TCLR}BT

The TCLP test was performed on the EAF steel geapite, copper mine tailings,
and the four mixes. The mixes were prepared at thspective optimum bitumen content.
The test was developed by the United States Enviemtal Protection Agency (US EPA,
1992). The materials were passed through a 75w sibkile the asphalt mixes were passed
through a 1.18 mm sieve in order to remove largéegbes and impurities. Subsequently, the
sieved materials (except the asphalt mixes) wees avied at 105C for 24h in order to
remove any absorbed water. The TCLP test commaunitedc 5 g aliquot taken from the
oven dried samples of the materials. Thereafteh specimen was gently added to 100 ml of
0.1 M of nitric acid (solution pH = 2.88) as thadhant to simulate and examine the impact
of an aggressive agueous environment.

The opening of the extraction bottles were covevigd aluminum foil prior to
agitation and fastened with a set of rubber bahks.process ensured no content loss in each
of the reactor due to volatilisation of colloidarpcles during the shaking process. The set-
up was well-fixed and subjected to continuous digiteon a specially designed Orbital
shaker. The whole system was subjected to 100rpi8io at an ambient temperature of 27
°C. The set time is sufficient to allow mobilisatiand steady state dissolution to take place
for small diameter samples. At the end of the 1@tation process, the liquid in each
extraction bottle was poured in a respective beaptcentrifuge (EBA 21 and later subjected
to 6000 rpm for a period of 10 minutes. Subseqyetite filtrate was filtered out of the ware
through a 0.20 um Agilent Premium Syringe filtetefil to a 10 ml Cellotron dispensable
syringe.

Results and discussion
Moisture susceptibility

Moisture susceptibility or the deterioration of HMlle to the detrimental influences
of moisture produces a loss of strength throughatbéakening of the cohesive bond between
the bitumen binder and the aggregate. This losstrehgth can be sudden and dangerous
where the bitumen peels off the aggregate, causisg of cohesion of the mixture, and
distresses can easily developed. Therefore, igleyhimperative to evaluate each mixture to
determine if it is susceptible to water damagénadvent that water penetrates into the HMA
layer.

The indirect tensile strength test results of thi&es are presented graphically in
Figure 2. The value plotted represents the aveoadjeree readings. The test results indicate
that the tensile strength of ACW 14 mixtures isegefly slightly higher than SMA 14 mixes.
The result is in conformity with Huang, et al (19%d Sengul, et al (2013). Huang et al
(1995) also reported that dense-graded mixes tgitehindirect tensile strength than open-
graded mixes. The higher air void content of theASMI mixtures might probably account
for the behaviour. It is believed that high amoahtir void causes the mix to have higher
deformation and lower strength. In addition to thaixes containing EAF steel slag and
copper tailing recorded higher tensile strengthtierunconditioned (dry) samples.
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Figure 2: Indirect tensile strength of the mixes

Figure 3 shows the average tensile strength r&&iR] for the mixtures. The freeze-
thaw cycle causes reduction of the tensile streofttihe moisture conditioned specimens.
The presence of more pores in EAF steel slag apdezamine tailing provided vacuum for
water absorption in their mixtures. Therefore, wi@nforms within the pores, it may lead to
cracking. The Indiana Department of Transportatitso reported that the presence of pores
in aggregates could treat the resistance agamstérthaw cycles (INDOT, 2004). The result
is similar to that of Zeng, et al (2009), which esgled AC specimen to resist moisture
damage due to freeze-thaw cycles better than SM&sni

However, in this study, the reductions can be a®red minimal due to the fact that
the TSR> 80% as recommended in AASHTO M323 (2008). The Tisdcates that the
moisture susceptibility of ACW 14 and SMA 14 mixiesorporating EAF steel slag and
copper tailing do not appear to be a threat ta tsage as asphalt paving materials.
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Figure 3: TSR of the mixes
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The effects of conditioned and unconditioned rasdisplayed in Table 4 from the
moisture susceptibility test were evaluated usihg bne way ANOVA test. The null
hypothesis for this analysis was that the mearedffce in the mean indirect tensile strength
for both conditioned and unconditioned data wasakdthe results of the analysis indicated
that the F-values for ACW 14 and SMA 14 mixtures &096 and 30.969; the p-values are
0.017 and 0.000 respectively, which is less th@b.0Therefore, the mean difference between
conditioned and unconditioned sample is highly ifiggnt, implying that the null hypothesis
is rejected. Also, this indicates that moisture diboning has a significant effect on the
tensile strength of the mixes.

Table 4: One way ANOVA for Moisture Susceptibility
Sum of Squares df Mean Square F

Sig.

Between Groups 205146.750 1 205146.750 30.969 .000
SMA14 |Within Groups 304716.250 46 6624.266

Total 509863.000 47

Between Groups 86615.021 1 86615.021 6.096 .017
ACW14 |Within Groups 653611.458 46 14208.945

Total 740226.479 47

Dynamic creep

The dynamic creep test can be used to determinsttéegth of asphalt mixtures to
permanent deformation. Each dynamic creep curvsisof two segments, one is the curve
part showing the densification of mixture, and diieer is lined section reflecting the stable-
developing an axial strain. The axial stress ofkKB@and a loading period of 3600 cycles
was applied and none of the specimen failed duhedest period.

The mean ultimate strain of all the mixes afterB@@cles is displayed in Figure 4.
The ultimate strain results exhibit that the mixesorporated with EAF steel slag and CMT
show lower ultimate strain compared to the controk. In addition, the aged samples
produced a lower strain compared to the unageduneist Also, SMA 14 recorded lower
ultimate strain than the dense graded mix, ACW figr 8600 cycles. The axial strain of the
mixes reflects the permanent deformation in thestieation stage and the more axial strain
is, the larger the initial permanent deformationhaf sample.
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Figure 4:

Maximum axial strain of the Mixes
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Figure 5 depicts the results of the creep modltiash value represents the mean of
the three tested specimens. The results reveathibaACW 14 mixes blended with 80-100
bitumen are less superior to those blended witly®Gitumen while SMA 14 mixes blended
with 5% EVA modified 80-100 produced better creé@firess than mixes blended with PG
76. Furthermore, aged samples recorded highenasifthan the unaged mixtures. For SMA
14 mixtures prepared with 5% EVA modified 80-100d=r, the creep stiffness of Mix 1, 2,
3 and 4 increased by 26.0, 30.3, 4.0 and 9.0% césply after STOA and 89.5, 129.1, 192.2
and 129.1% respectively after LTOA. The samplespamed with PG 76 bitumen also
recorded increases in creep stiffness with agiogiever, the percentage increase was not as
high as that of EVA modified mixtures.

The initial permanent deformation is not affectgdtbe load cycle, but principally
due to the two third parts of the linear dynamieegr curve (He and Wong, 2008). In view of
this, dynamic creep modulus which is a functiortted applied axial stress and strain; and
Creep Strain Slope (CSS) were employed to assessniix resistant to permanent
deformation. CSS was calculated between 1200 ariD 3fycles. Previous studies by
Pasandin and Pérez (2014) indicated that CSS wamet) between 600 and 1800 cycles for
dynamic creep test that was terminated at 180@®sy@lso, Ahmad, et al., (2012) obtained
CSS between 1200 and 3600 cycles.

The susceptibility of the mixtures to permanentod@fation with respect to CSS is
shown in Figure 6. It can be vividly observed thakes incorporating EAF steel slag and
CMT exhibit less CSS than the conventional mixtiia. ACW 14 samples, the CSS reduces
by 36.6, 44.3, 42.9 and 30.2% in Mixes 1,2,3 anckgpectively, after LTOA for mixes
prepared with 80-100 binder and 37.0, 42.4, 62.2 &4.6% in Mixes 1,2,3 and 4
respectively after LTOA for PG 76 mixtures.

Creep Stiffness (MPa)

= - - - - - - - - - - -
g O < g2 O < g O < ¢ O <
2w o B & S| E & o|E w o
PEN 80-100 PG 76 S%EVA MOD 80- PG 76
100
ACW 14 SMA 14
EMix 1 mMix2 sMix 3 Mix 4

Figure 5: Creep stiffness modulus of the mixes

The strain rate of deformation that occurs at thegry stage after deformation can
be evaluated by CSS. Hence, the higher the CSShiginer the strain and the lower the
resistance to permanent deformation. The contral shows higher CSS than the mixtures
that contain EAF steel slag and CMT. The ACW 14 thixt was blended with 80-100 binder
displays the highest CSS and thus the least rasigBigpermanent deformation among the
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four mixtures. This behaviour can be attributedhe better engineering properties of EAF
steel slag and CMT. EAF steel slag has higher teesie to friction and abrasion and also
more angular in shape. The CSS results also shaibttumen type and content affect the
resistance to permanent deformation. This agretstie findings of He and Wong, 2008.

w 0.2
.- < < 3 < < T < <4 7 <
2 © C ¥ © € a © < ¥ © O
£ 2 2 E 2 2 B 7 S B o7 2
PEN 80-100 PG 76 505EVA MOD 80- PG 76
100
ACW 14 SMA 14

EMix1 mMix2 ®sMix3 mMix 4

Figure 6: Creep Strain Slope of the mixes

The precise permanent deformation of the mixtusemot be correctly evaluated at
transient modulus because densification proceshatnitial stage. Hence, at the linear
development stage of the dynamic creep test, thtetheo thirds information of the creep
curve is used to determine secant creep stiffnesdulns (SCSM). The SCSM does not
contain information about initial axial strain cads by deformation. Therefore, it
significantly shows the susceptibility of mixes permanent deformation. SCSM can be
calculated using equation 7 below:

SCSM = —7%2 7)

€3600—€1200

Where€1200 €3600 are axial strains caused to the specimen afted 1@8d cycles and 3600
load cycles respectively, aad is the applied stress, 300kPa.

These SCSMs range from 213.7 to 1637.4MPa for AGMgdmples and from 518.5
to 2991.4MPa for SMA 14 samples. Figure 7 depittsng correlation between CSS and
SCSM. The relationship coefficient of the fittednae, R is 0.7455 for the pooled data for
both ACW 14 and SMA 14 samples. It is clearly obedrthat SCSM increases with a
decrease of CSS. Hence, enhancing SCSM will retheesusceptibility of the mixture to
permanent deformation. So, SCSM and CSS are coadide be valuable parameters for
assessing susceptibility of asphalt mixtures tona@ent deformation.
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CSS = 0.8449SCSM0202
¢ R?=0.7455
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Figure 7: Relationship between CSS and SCSM

Rutting

The rutting test is a simulative test performechgdhe Asphalt Pavement Analyzer
(APA) machine. The test was performed at’@Qo simulate extreme environmental
conditions for the mixes. Each sample is subjettea repetitive wheel load of 445N and a
hose pressure of 690 kPa. The test runs for 80@&gyafter which the final rut depth
measurements are taken. A complete rutting teappsoximately 2 hours 15 minutes. The
results of rutting deformation are visible from tineel tracking test conducted on the
sample as displayed in Figure 8

The results of the rutting test were analyzed fromo different perspectives;
comparing the performance of ACW 14 and SMA 14 ome$ and assessing the effects of
different types of binder used in the mixture. SMA mixtures rutting value varies from
2.230 mm to 3.961 mm compared to ACW 14 mix withhier rut values ranging from 3.324
mm to 8.986 mm. It can also be seen that SMA 14tures display lower rutting rate
compared to ACW 14 as shown in Figure 9. Thisartyeindicates the high resistance of
SMA mixtures compared to ACW mixtures. In additiomxes incorporating EAF steel slag
and CMT generally show better rutting resistancagared to the control mix.

Figure 8: Rutted Specimens from Wheel Tracking Test
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For ACW 14 blended with 80-100 binder, mix 1 rutB2886 mm compared to mixes
2, 3 and 4 which rutted 8.215 mm, 5.750 mm and% & respectively. A similar trend for
ACW 14 blended with PG 76 also showed that mixtiedu5.570 mm compared to mixes 2,
3 and 4 which rutted 3.667 mm, 3.324 mm and 3. B8t respectively. Results also
indicated that mix 3 which comprises of 80% EAFebtslag and 20% CMT displayed
highest resistance to rutting. Both ACW 14-mix 80-100 and SMA 14 —mix 3 —-PG 76
showed an improvement in rut resistance by apprateim 56.3% and 77.7% compared to
ACW — mix 1 — 80-100 and SMA 14 — Mix 1 — PG 76.eT$tone to stone contact of an
aggregate skeleton in SMA 14 mixture might havevenéed the mix from becoming
sensitive to temperature and thus susceptible nmgrgent deformation at high temperatures.
Similarly, the difference in rut value for ACW 14ixas 2, 3, and 4 blended with PG 76
mixes compared to mix 1 of the same mix designpigr@aximately 51.9, 67.6 and 57.7%
respectively. The result of the APA machine showtimg maximum rut depth of each mix is
illustrated in Figure 10.

In order to ensure that the performance of materislaccurately evaluated, two
parameters are generally considered (Faustind, 2085). The rutting rate is measured as
the primary measure of the resistance to permatefotmation and the maximum rut depth
is a secondary measure. This is highly importasabse some samples may rut at the early
stage of the rutting test excessively comparetié¢ddtter part of the test, and different mixes
may deform differently. In Figure 11, the ratesrutting for the mixes were compared. The
results showed that different types of gradatiomeha significant effect on the rutting rate.
Also, it can be observed that in ACW 14 samplegesyof binder showed variability in the
results of rutting rate, however, in SMA 14 mixtsiréypes of binder do not have significant
effects on the wheel tracking rate except for Misa@nples. Generally, in all the mixtures
Mix 1 has the highest rutting rate while the leasting rate was recorded by Mix 3.

100 ——acW14-80-100MIX ] —— ACW 14 80-100 MIX 2 ACW 14-80-100 MIX 3
ACW 14 - 80-100 MIX 4 ——ACW 14PG 76 MIX 1 —o—ACW 14 PG 76 MIX 2
9.0 —+ACWI4PGT6MIX3 —— ACW 14PG 76 MIX 4 ——SMA14-MOD EVA §0-100 MIX 1 A
——SMAI4-MODEVASO-I00MIX 2 —8—SMAI4-MODEVAS0-100MIX 3 —a—SMAI4-MODEVAS80-100 MIX 4 _&,,&.-'3* ¥
SMA 14- PG 76 MIX 1 SMA 14-PG 76 MIX 2 SMA 4-PGTEMIX3 oo ;
8.0 SMA 14-PG 76 MIX 4 R o
BT S

Rut Depth (mm)

0 1000 2000 3000 4000 5000 6000 7000 8000
Number of Cvcles

Figure 9: Asphalt Pavement Analyzer Rutting TessuRts
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Figure 11: Rate of Rutting of Mixes

An independent t-test analysis was also performecbmpare the superiority of the
mixes statistically. The null hypothesis is thag thean rutting for ACW 14 mixes and SMA
14 mixes is equal (1 1 swa 2= M acw 14)- From the Levene’s test for equality of varianoes
Table 5, it showed that the population variancegaal and t-value is considered to test for
null hypothesis. The results indicated that theaju® was 0.01 which is less than 0.05, hence
the null hypothesis was rejected. This indicated the mean difference between the two
mixtures is highly significant. This shows that SMA mixtures are the least resistant to
rutting compared to ACW 14 samples.



16

Table 5: Independent-Samples t-Test for Ruttiniyliodes

Rut depth (ACW 14 vs. SMA 14
Equal variances Equal variances
assumed not assumed
Levene’s Test forF 22.615
Equality of Variances Sig. 0.000
t-test for equality of t 3.663 3.663
means df 30 17.544
Sig (2-tailed) 0.01 0.02
Mean difference 2.238 2.238
Std Error Difference | 0.611 0.611
95% Lower | 0.990 0.952
confidence
interval of
the mean | Upper | 3.486 3.524

Toxicity characteristics leaching procedure testgsis

The TCLP is formulated to assess the mobility athlorganic and inorganic analytes
present in solid, liquid, and multiphastic matesialn fact, Onuaguluchi and Eren (2012)
have proven that the leaching test is essentiahwindustrially generated material is used as
aggregate. Table 6 shows the results of the legdkst conducted on the granite, EAF steel
slag, copper mine tailings and four asphalt miduwensisting of these aggregates. As can be
observed, the concentrations of all the heavy mdtdted showed that their leachability is
relatively below the respective reference EPA &{liS EPA, 1992). However, leaching of
metal ions is a function of liquid to solid and @iflthe aqueous system (Sivapullaiah and
Lakshmikantha, 2005).

Table 6: The concentration of heavy metals in daelhates

Parameters Results (mg/l)

Granite | Steel slagl Copper tailing | Mix1 | Mix2 | Mix 3 Mix 4
Copper, Cu 0.063 0.095 0.146 0.042| 0.061 | 0.075| 0.083
Chromium,Cr (5) | 0.017 0.024 0.001 0.013| 0.019 | 0.014| 0.012
Lead,Pb (5) 1.910 3.476 1.189 1.542| 2.961 | 1.739| 2.535
Cadmium,Cd (1) | 0.307 0.365 0.602 0.174| 0.263 | 0.377| 0.402
Nickel, Ni 0.004 0.002 0.001 0.001| 0.0001| ND ND

ND — Not detected, TCLP standards are in parerghesi

The concentrations of five heavy metals: copper; Cbhromium, Cr; Lead, Pb;
Cadmium, Cd and Nickel, Ni were measured for al thixtures and the three aggregates as
presented in Table 4.4. It is observed that a T€kf#Pact of all the aggregates and the four
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mixes have the highest amount of Pb followed by lBdaddition to that, extremely low
concentrations of other metals are also detectagkeNis not detectable in both Mixes 3 and
4. However, the concentrations of all the detectedals do not exceed the regulatory limits
(indicated in the parenthesis) of the TCLP teste Tédygulatory limits for both Cu and Ni are
not available.

Furthermore, it was clearly seen in Table 6 the &addition of bitumen to the
aggregate had relatively no effect on the leachglmf the heavy metals. This indicates that
the use of EAF steel slag and copper mine tailsygsphalt mixture material would create no
immediate or long-term hazard to the environmemil&r finding was made in a related
research conducted by Onuaguluchi and Eren, (2@@nes and Ascenco (2006), Nikoli
et al. (2016) and Chiet al. (2009).

Conclusions

The investigation aimed at studying the suitabibfyEAF steel slag and CMT as
asphalt paving materials. Results have signifi¢enaings on the performance of ACW 14
and SMA 14 mixtures using metallurgical and minimgproducts and the superiority of
these mixtures was based on the results from tHerpence tests.

The following specific conclusions were drawn basadhe analysis and discussions
of results presented.

The EAF steel slag and CMT satisfied the standpettifications for Malaysian road works
(JKR, 2008) except water absorption. High percentaigwvater absorption of these materials
can be attributed to the more pores on their sartaea compared to granite. These pores
enhance water to penetrate easily through them.r@dts from the study further showed
that samples incorporating EAF steel slag and CN&pldy low TSR value, though, it was
vividly clear that the moisture susceptibility gbeximens containing EAF steel slag and
CMT does not seem to be a problem.

The dynamic creep results show that the mixes aontaEAF steel slag and CMT are more
superior and least susceptible to permanent detmméeSpecifically, Mix 3 which consists
of 80% EAF steel slag and 20% CMT proved to exhiid highest resistance to permanent
deformation for the unaged and aged samples coahpatée control mix. In addition, based
on rutting test using APA machine, Mix 1 (controixinis more susceptible to rutting
compared to other mixes. In both ACW 14 and SMAth&, control mix had the highest rut
depth.

In view of the promising results of this study asignificant contributions in reducing the
depletion of natural resources, the EAF steel slag CMT are suitable asphalt paving
materials. Apart from promoting the sustainabilifiynatural and non-renewable resources,
their usage will also reduce the cost of road cootbn and at the same time preserve the
environments.
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