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Abstract

This research investigates the effect of corrosiolutions on the mechanical properties of asplaitiete
mixtures. A control asphalt mixture (CM) and fivelymer-modified (PM) or filler-modified (FM) mixtas
containing waste materials are prepared, namehhiktdensity polyethylene plastic (PM-PL), PM crunabber
(PM-CR), FM Para wood ash (FM-PA), FM palm emptyitftbunch ash (FM-EA), and FM rice husk ash (FM-RA)
The experiment is conducted by immersing the mégmecimens in four types of water solutions (destilled
water, alkaline solution, sulfate solution, anddasdlution), followed by the splitting tests. Filyalthe corrosion
resistance factorffd is computed to assess the corrosive effect oEtiesion solutions. The results show that the
degree of reduction in tensile strength mainly aeiseon the type of corrosion solutions, type of tomigs, and
immersion time. FM-EA provides better resistancdarrthe alkaline and acid solutions, while PM-Phibis the
greatest, under the sulfate solution. Among all the mixtufesi-PL shows the greatest ability in withstandiing

corrosion solutions.

Keywords: asphalt, waste material, mechanical deterioratemsile strength, corrosion resistance

1. Introduction

Growing awareness has become the driving trendrtbtte use of recycled solid waste (RSW) mateiajsavement
construction, which typically requires a high voleiwf virgin materials. The use of RSW materialighway pavement has
the potential to achieve remarkable environmental aconomic benefits, and yield satisfactory ergying performance,
including durability of the pavement [1]. Attaelnzanet al. [2] concluded that the hot mix asphaM@]) containing waste
plastics showed relatively better resistance agamssture damage and was much more economicalud@faoy et al. [3]
studied the characterization of seven waste méeaamfillers in the HMA mixtures, and found thditthe waste-modified
mixtures yielded an acceptable tensile strengthclvisignified the resistance to cracking. Since dbaventional HMA
mixtures contain aggregates, asphalt binders, aril&r materials, some RSW materials can be usegdlace of these
materials. These RSW materials have been catedoaiggavement by-products (e.g., recycled asphakment, recycled
concrete pavement, etc.), industrial by-producits. (steel slag, bottom ashes, fly ashes, wasttigdawaste tires, and waste

glass), and construction and demolition by-prod{#}s

Asphalt mixture durability refers to the ability a§phalt concrete to maintain structural integhtpughout its expected
service life [5]. The moisture in the environmestai factor which influences the durability of adpltancrete pavement.
Generally, the enhancement of asphalt mixtures bmyconducted by using modified mixtures: binder-ified and

filler-modified (FM) mixtures. Polymer-modified (PMisphalt is commonly used to improve the asphixiture performance.
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As found in literature, stiffness can be increasgddding polymer of about 3-5% by weight of bitumader the wet mixing
method, and the mixture with polymer can providdtdreresistance against permanent deformation cmdpto the
conventional mixtures [2, 6-9]. The materials saststone dust, cement, hydrated lime, and fly astefrequently used as
mineral fillers of 2-10% by weight of aggregatesrtgprove the durability and the performance of mhigtures [3, 10-11].
Nevertheless, the asphalt concrete pavement caroded under the harsh environment, such as @ciénd tides, causing
the asphalt paving deterioration and reducing émeice life of asphalt [12]. Thus, understanding #ffect of different water

solutions on the asphalt mixture performance iy w@portant.

This study aims to evaluate and compare the comasdlution effect on the asphalt concrete mixtw@#aining waste
materials with that on the conventional HMA mixtufde waste plastics including high-density poly&the plastic (PL) and
crumb rubber (CR) are selected as part of the palymaste, while the biomass fly ashes includingaRayod ash (PA), palm
empty fruit bunch ash (EA), and rice husk ash (B#) considered. Four different water solutiondumtiag distilled water, an

alkaline solution, a sulfate solution, and an acidition, are used in the immersion test on theadified and modified mixtures.

This study is organized into five sections. Therdduction is presented in section 1, and the liteea review
corresponding to the corrosion resistance of asglalcrete is described in section 2. The mateaiatsthe testing program
used in this study are explained in section 3. i8ect provides the experimental results and disonsshowing the
performance of various asphalt mixtures againseffect of the corrosion solutions. Finally, thading of this research is

summarized in section 5.

2. Literature Review

Existing studies showed that the moisture susciliptiand corrosion resistance ability of an aspmailxture depended
on its mixture design and the material’'s compositi®engoz and Agar [13] investigated five HMA mbgsi with different
asphalt film thicknesses and tensile strength (@8R). The results indicated that TSR increasdk thie increasing thickness
of the asphalt film, and the authors concluded thatoptimal asphalt film’'s thickness ranged betw8é and 10.5m.
Meanwhile, Zhou et al. [14] found thatnBn asphalt film thickness yielded the maximum tensirength for the mixtures.
Almeida et al. [15] investigated the moisture daeagd aging effect of the nanoclay-modified aspimture containing
waste plastics. They discovered that the mixturad slightly higher indirect tensile strength (IT&lues, were less

susceptible to moisture, and had an improved agisigtance.

Chen et al. [16] investigated the corrosion resisteof the styrene-butadiene-styrene (SBS)-modé#ggahalt mixtures in
acid, alkaline, and sulfate solutions. The resaotter the freeze-thaw environment indicated thattireosion factor value of
the mixtures decreased with increasing corrosioe tiThe authors explained the damage to the aggegessphalt cement,
and surface tension of the asphalt mixtures duthd@ocorrosion effects of acid, alkaline, and selfablution reactions,
respectively. Xiong et al. [17] have proposed amtéve model to find the correlation between tirevaid (AV) volume and
tensile strength of the SBS-modified asphalt meguexposed to the sulfate environment and dry-welecerosion. The
results revealed that the internal cracks in tiphalé mixtures caused repeated expansion presader the combined action

of sulfate erosion and dry-wet cycles.

The corrosion resistance of fuel oil toward unmiedifand modified asphalt mixtures was investigatedli et al. [18].
The authors observed that as the time of oil immoeiisicreased, the mechanical performance of theasmixtures degraded
gradually, and the oil corrosion damage acceleratatinuously. Additionally, the asphalt mixturesaérporating anti-fuel oil
corrosion additives can successfully prevent armm@mpounds from corroding in the presence of Birther, it was
discovered that the SBS-modified asphalt mixturies rbt retain high performance for an extended timlbowing oil

corrosion. Zhang et al. [19] investigated the csion mechanism of the asphalt mixtures in saltylandid environments, and
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found that the action of chloride ions reducedatiresion between asphalt and aggregate, resuitihg ideterioration of the
bitumen’s flexibility and deformability. They alsecommended a mixture with a basalt fiber antpgpirig agent, which

improved the performance of the asphalt mixturesoistal areas.

Feng et al. [20] conducted a long-term investigatia the effect of acidic water erosion on theitersérength of asphalt
mixtures. They stated that while the strength rdéioreased by approximately 40% during the firstoiths in acidic water, it
remained nearly constant thereafter. Zou et al] @isessed the microstructure and chemical conosihcluding
constituents of the asphalt mixtures under expasutee corrosion solution. Through interactior ffolute could expedite the

erosion of asphalt, with the degree of interactimmeasing in the order NaO, < NaCl < acid < alkaline.

However, the literature above mainly focused ondbeosive effect of only one type of asphalt migsi A limited
number of researchers evaluated the strength rieduahd moisture damage of various asphalt mixtureder different
corrosion solutionsThe question now is, if these RSW materials hach lbeeycled in the HMA mixtures, what would be the
effect of moisture damage on the durability perfange of the asphalt mixtures, and what kind of evasterials are suitable

for use in the mix to gain maximum advantage. Titmners to these questions are the primary godli®fésearch.

3. Materials and Method

3.1. Materials

The HMA materials used in this study comprise aggres, mineral fillers, and asphalt cement. Thaevasterials are
used as both asphalt-modified and FM materialserHMA materials. The properties of all these niateare tested according

to the Thailand Department of Highway (DOH) spexifion for the wearing course surface, which isgiesl for heavy traffic.

3.1.1. Aggregates

Based on the DOH specification, four different sipé crushed limestone (Fig. 1(a)) are obtainethftbe local quarry:

one size for fine aggregates (stone dust) and gizes for coarse aggregates (9.5 mm, 12.5 mm1@mdm). The physical

properties of the aggregates used for the mixtaregjiven in Table 1.

Stone dusf -

(a) Aggregates (b) PA (c) EA
Fig. 1 Aggregates and waste mineral fillers
Table 1 Characterization of coarse and fine aggesga
Properties ASTM/BS Bin 1 Bin 2 Bin 3 Bin 4 D_QH _
standard | stone dust 9.50 mm| 12.5 mm| 19.0 mm/| specification
Bulk specific gravity| C127/C128| 2.685 2.707 2.687 2.637 -
Water absorption, % C127/C128| 0.30 0.33 0.29 0.14 -
L.A. abrasion, % C131/C53b - 21.60 24.63 29.33 <40
Sand equivalent, % D2419 67 - - - > 50
Soundness, % C88 1.0 1.14 1.1¢ 0.70 <9
Flakiness index, % BS812 - 20 16 15 <30

Elongation index, % BS812 - 12 18 20 <30
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3.1.2. Mineral fillers

Three types of mineral fillers (Figs. 1(b)-(d)g.i.PA, EA, RA, are obtained from biomass ashesisRAby-product of
the biomass (particleboard industry) combustiomféuated in the Songkhla province. EA is cokecfrom a local oil palm
plant, and RA is taken from a local rice processimiti. The sieve analysis confirms that the paetisize meets the DOH
specification (Table 2), and only filler fractiomdiich pass the 78m sieve are used [3]. The results of the specifiwity test
of PA, EA, and RA are 2.44, 2.13, and 2.01, respelgt The particle’s shape, size, and morpholofyhe fillers are also
examined using the scanning electron microscopySEs shown in Fig. 2. As seen, PA and EA havelarsund to round

shape. On the contrary, an angular grain shapethétipresence of sharp edges is found in RA.

Table 3 shows the chemical composition of the timé@eeral fillers obtained from the X-ray fluorescerspectrometry
analysis. As shown in Table 3, PA is composed o43% calcium oxide (CaO). The remaining three nt@impounds are
silicon dioxide (SiQ), aluminum oxide (AlOs), and ferric oxide (F£3), at 17.4%, 2.84%, and 2.41%, respectively. RAchas
dominant SiQ content of 80.27% and a low CaO content of 0.9866.EA, the total amount of SOAI, O3, and FeO; is
54.69%, and the CaO content is 13.36%. The losigmition (LOI) of PA, RA, and EA is 5.36%, 13.55%nd 12.79%,
respectively. The quantity of PA, EA, and RA is aet3% by the weight of the aggregates [22].

JSMSBOOLY|20 KV 1000 x 136 5 pm 0412 —20 pm—
(b) EA (c) RA
Fig. 2 SEM images of the mineral fillers with 1,60@agnification

Table 2 Gradation test result of mineral fillers

Sieve analysis % Passing DOH
(ASTM D546) | PA | RA | EA | specification
#30 (0.600 mm)| 100 | 100 | 100 100

#50 (0.300 mm)| 97.1| 99.2| 98.2 75-100
#200 (0.075 mm) 55.3| 63.1| 56.7 55-100

Table 3 Mineral composition of waste fillers obtadn
from X-ray fluorescence (XRF) test

Chemical | b | Ra | EA
composing (%)
Sio, 17.40| 80.27| 49.97
Al,O3 284 | 0.15| 1.89
Fe,.0Os; 241 | 0.16 | 2.83
CaO 33.43| 0.90 | 13.36
MgO 2.85| 0.61 | 3.53
NacCl 7.62| 0.08 | 0.06
SO; 6.41 | 0.18 | 1.23
P,O5 190 | 1.14 | 452
KCI 18.63| 2.79 | 9.09
Other 1.15| 0.15 | 0.73
Loss on ignition
(LOI? 5.36 | 13.55| 12.79
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3.1.3. Asphalt materials

In this study, unmodified asphalt cement (AC 60/&0J two types of PM asphalt, namely plastic-medifasphalt (PMA)
and crumb rubber-modified asphalt (CMA), are usedsphalt binder materials following the wet mixprgcess. PMA is
prepared by blending shredded PL bags (Fig. 3(a))AC 60/70 at the temperature of 2Z0Similarly, CMA is obtained by
blending CR and AC 60/70. A commercial passingesi@d-mesh) of CR (Fig. 3(b)) is used in this stutlye quantity of PL
and CR is selected as 5% by the weight of aspkaieat. The details of the asphalt materials usedlzmwn in Table 4. All
asphalt materials are tested following ASTM stadddry specific gravity, penetration, and softerpoit tests.

(a) Shredded PL (waste plastic bags) (b) CR (waste tires)
Fig. 3 Waste polymer used as PM asphalt

Table 4Mixtures and waste materials used

Mixture group Mixture name Asphalt binder| Waste material content used
G1: tontrol mixture (CM) CM AC 60/70 -
) . PM-PL PMA PL @ 5% by wt. of AC
G2:PM mixture PM-CR CMA CR @ 5% by wt. of AC
FM-PA AC 60/70 PA @ 3% by wt. of aggregate
G3: FM mixture FM-RA AC60/70 | RA @ 3% by wt. of aggregate
FM-EA AC 60/70 EA @ 3% by wt. of aggrega|te

Table 5Rheological properties of asphalt binder materials

Properties ASTM | Asphalt binder materials
standard| AC 60/70| PMA | CMA

Specific gravity D70 1.030 1.0461.053
Penetration (0.1 mm) D5 63 34 57
Softening point{C) D36 47 72 54
Penetration index, PJ - -1.46 2.20| 0.07

The test results for the rheological propertietheke asphalt materials are shown in Table 5. Asnshin Table 5, the
specific gravity of both the PMA and CMA is hightaan that of the unmodified asphalt AC 60/70. Taegiration index (PI)

can be calculated using the following equation 23]

o = 1952 500lo@>- 26P
50logP- SR 120

(1)

whereP andSPare the penetration at 25 and the softening point values, respectively.

In general, asphalt binders containing a higherv&ue are much more permanent in terms of defoonasind
temperature cracking. From the result of the Plieait can be observed that both the PMA and CMAl@ss susceptible to
temperature changes than the conventional AC 6@gPhalt mixtures with higher Pl binder values arere resistant to
permanent deformation and temperature crackindowttemperatures, asphalt with a Pl less than €bees much more
brittle. Asphalt with a Pl greater than +2 has lem®miperature sensitivity, is less brittle at lownperatures, and has a
significant time-dependent elastic property [23EcArding to the Pl values shown in Table 5, PMA &MA are less
susceptible to temperature changes than the cdomahtAC 60/70. This is due to the modified aspimatving higheP and

lower SPvalues than the unmodified asphalt.
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3.1.4. Corrosion solutions

The asphalt pavement in different locations magkmgosed to different types of water solutions. Rdintides, and sea
fog can all bring soluble salt to a coastal enuinent, which may contain up to 10% sodium chlorid&% sodium sulfate
[14]. Acid rain with a pH as low as 3.5 has beerasued, and rainfall in the 4.5-5.0 range is natommmon in heavily
industrialized or urban areas. While some salitkelabreas have alkaline precipitation, alkalinegipitation raises the pH of
rainwater to 8.5-10 [24]. According to previouseasch works, a wide range of pH values for watdutems have been
studied, for instance, by Yang et al. [12], Cherakt[16], and Feng et al. [20]. In their studye timvestigation on the
mechanical deterioration of the asphalt mixtures e@nducted through immersion in four differentevagolutions, namely
distilled water, an alkaline solution, a sulfatéusion, and an acid solution. In this study, a pkten is used to measure the pH
value for all kinds of water solutions. The acidmution (pH = 3.5) is prepared with nitric acidNB3) and dissolved in
distilled water [16]. The alkali solution (pH = 1i3)prepared by dissolving solid sodium hydroxila@H) [16]. The sulfate
solution (pH = 8.5) is obtained by dissolving 5%soflium sulfate (N&O,) in distilled water [14].

3.2. Specimen preparation and mixture design

Based on the DOH specification, this research pespdense gradation asphalt concrete mixturefhéowearing course
surface. A total of six mixtures are prepared adicwy to ASTM D6926 and are summarized in Table5].[Zo evaluate the
durability of the mixtures, the specimens are caiegd into 3 groups, namely G1: control mixture)C G2: PM mixture,
and G3: FM mixture. The particle size distributimfrthe aggregates of the selected gradation is sloWwig. 4. For G1 and G2
(Fig. 4(a)), the mix proportion of aggregate sizBin: 1:2:3:4 is 50:22:16:12. For G3 (Fig. 4(bp)etreplacement of 3% by
weight of aggregates for Bin 1 is conducted (thee,ratio of Bin 1 is filler 47: 3), which has axagroportion of 47:3:22:16:12.

For each HMA mixture, the materials prepared argechiand compacted in cylindrical Marshall specimasing a
Marshall hammer at 75 blows per face (for heavffitha with a standard time and temperature as gibked. During the
mixing process, the percentage of asphalt contebeq4, 5.0%, 5.5%, 6.0%, and 6.5%) is varied to rietee the optimum
binder content (OBC) of each mix. After that, tlempacted specimens are taken out from a mold areti dar 24 hours at
room temperature. Finally, ninety specimens argyhed and calculated for their respective volumeir@perties, including
AV, voids in the mineral aggregate (VMA), voidddill with bitumen (VFB), and their density.

(a) Gradation for G1 and G2 (b) Gradation for G3
Fig. 4 Selected gradation for mixture design

3.3. Experimental program
3.3.1. Marshall stability and flow testing

The Marshall and flow test is carried out accordm@STM D6927 [26]. Fifteen compacted specimensaxfth mixture

are soaked in a water bath af@@dor 30 minutes, and then the outer surface msddaind placed on the Marshall machine (Fig.
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5(a)). The conditioned samples are loaded withrestamt rate of 50 mm/min until the maximum loaddached and then
stability and flow values are recorded. After firizg the test, OBC is determined for the asphaitext corresponding to 4%
AV and verified so that OBC meets the other critenamely the Marshall stability, Marshall flow, \AMVFB, and density, as
summarized in Table 6. It is important to note thia¢ OBC of each mixture obtained will be usegrtescribe the asphalt
content for the specimen fabrication in the 1TS,tasd its moisture susceptibility and corrosiosiseance will be further
calculated.

(a) Marshall testing machine (b) ITS test apparatus (c) Samples immersed in a water bath &(60
Fig. 5 Experimental program

Table 6 Volumetric and mechanical properties ofg@difrom Marshall testing

Mixtures OBC | AV | Density| VMA | VFB | Stability Flow Marshall quotient
(%) | (%) | (glenT) | (%) (%) (kN) (0.25 mm)| (N/0.25 mm)
CM 5.0 4 2.405| 14.7] 73 8.1 10.1

PM-PL 5.4 4 2.386| 15.6 73 13.4 9.5 ,

PM-CR 55 4 2.375| 16.5 74 10.6 10.2 ,

FM-PA 5.2 4 2.400| 14.6 73 11.5 10.3 ,

FM-EA 5.5 4 2.378| 15.2| 74 12.8 10.0 ,

FM-RA 5.5 4 2.330| 17.0] 72 10.0 10.0 1,000
DOH specification| 3-7 | 3-5 - >4 | 65-75| >B.00 8-16 >l

3.3.2. ITS test and moisture susceptibility

The ITS test of asphalt mixtures is conducted based®STM D6931 [27]. Six specimens from each migtare
fabricated with the OBC obtained from the Marslaaltl flow testing sequence (Table 6), and then divithto dry and wet
sample conditions. For the wet condition, the specis are immersed in a water bath &tG@r 24 hours and then are
immersed in another water bath af@5or 2 hours before the test. For the dry conditithe samples are kept at a controlled
room temperature of 2&. Following the ITS test, the specimens are plawethe steel loading strips of the testing machine
(Fig. 5(b)). The load is applied to the specimers eonstant rate of 50 mm/min, and the maximurd isaecorded. Finally,
the ITS value is calculated using the following aton:

2000R,
pDH

ITS= ()
wherelTSis the indirect tensile strength (kPB),.«is the maximum load (N]) is the specimen diameter (mm), dtds the

specimen thickness (mm).

One of the environmental factors influencing theatbility of the asphalt concrete is moisture. Moistdamage occurs
primarily when the mixture’s adhesion bond strenggitween the binder and the aggregate deteriofh2¢sThe moisture
susceptibility test according to ASTM D4867 is penfied for a total of 36 specimef8]. A TSR value is usually used to
evaluate the moisture sensitivity of the mixtuddggher TSR values indicate superior moisture danragestance. A TSR

value with a minimum of 80% is required for HMA rhixes which are expressed according to the follgveiquation:
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TSR:ﬂ 200 (3)
ITS,

wherelTSy andITS; are the average ITS of the samples under wet andashditions, respectively.

3.3.3. Immersion test

Distilled water (pH = 7) and three types of coromssolutions, namely acid (pH = 3.5), sulfate (pi8.5), and alkaline
(pH = 10) solutions, are prepared for the immersest. In the consideration of temperature effabeswater solutions under
60°C temperature are prepared. It is known that, istrnases, the pavement temperature can red€hi6Gummer [21]. The
main goal of this study is to compare the mechadrdeterioration among the asphalt mixtures contgjrdifferent waste
materials exposed to corrosion solutions basedershort-term investigation. A period of 24 hourslay) and 72 hours (3
days) is chosen for investigating the short-tertederation including reducing the time of testikdpwever, the corrosion
resistance investigation of the asphalt mixturestfe short term has been studied and support&thby et al. [14], Chen et al.
[16], Zou et al. [21], and Setiadiji et al. [29].

Hence, a total of 168 specimens are separately iseden a water bath which contains both distilleder and corrosion
solutions at 68C for 24 and 72 hours (Fig. 5(c)), and then thespens are soaked in another water bath 2€26r 2 hours
before ITS testing. In this study, the effect af torrosion solutions can be assessed by the camnassistance factof . The
f. value is defined as the ratio of the ITS of thecsmens soaked in the corrosion solutions to theiel TS of the specimens
soaked in the distilled water. The greafgstpresents the strongest ability in terms of o resistance of the mixtures. The

f. value can be calculated using the following eqmafl6, 19]:

_ITS,

f =
TS,

(4)

wherelTS, andITS are the indirect tensile strengths of samples sbakehe distilled water and the corrosion solusion

respectively.

4. Results and Discussion

4.1. Marshall test

The ITS, TSR, and immersion tests are conductedamh mixture at its OBC characteristic, which asssithat these
mixtures have similar volumetric properties. Consagly, the OBC and volumetric properties shoulétitbe requirements
used. As shown in Table 6, the results of OBC &g 5.4%, 5.5%, 5.2%, 5.5%, and 5.5% for the mixdweCM, PM-PL,
PM-CR, FM-PA, FM-EA, and FM-RA, respectively. Thelumetric and the stiffness properties are consiidp help
characterize the Marshall mixtures. The volumeprigperties consist of the bulk density, AV, VMA,&aWFB, as shown in
Table 6, which satisfy the DOH specification. Tharghall stability to flow ratio (Marshall quotiefQ)), as explained in the
stiffness of mixtures, is presented in Table 6sésn, the MQ value of both the PM and FM mixtusdsgher than that of CM.
For example, an increase in MQ is about 77%, 6(@%,30%, and 25% for the mixtures of PM-PL, FM-EM-PA, PM-CR,
and FM-RA, respectively. In summary, the volume#id stiffness properties meet the standard remeing allowing them

to be used to assess the durability of the mixtures

4.2. Tensile strength

In this study, the moisture damage analysis ofitbeures can be conducted in two stages. Thesfiegfe is conducted based

on ASTM D4867 [28]. The results obtained in thesget are used to verify the moisture sensitivitygrarance of each mixture.
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The ITS and TSR results are given in Table 7.1tlm&observed that the modified mixtures provitiggaer ITS value compared
to CM. The TSR values are greater than 80%, whietitee minimum values required by the DOH spedifacafor all mixtures.

For the second stage, the ITS and TSR values stimples soaked in different corrosion solutioescatculated. The ITS of the
HMA mixtures for this stage (after the immersior2df hours) is depicted in Fig. 6. It is observeat the tensile strength of all

mixtures tends to reduce under the corrosion swigfias compared to the case under the distilléerwa

The reduction in ITS of the specimens is due toefffiect of corrosion solutions as shown in FigTfe ITS reduction is
defined as the ratio of the difference betweerTieafter being immersed in distilled water androsion solutions to the ITS
after being immersed in distilled water [19]. A®slm in Figs. 7(a) and (b), the decreased rang& ®$fdepends on the type of
corrosion solutions, immersion time, and type & thixtures. As observed, the reduction in ITS ef $pecimens after the
immersion of 72 hours is higher than that afteritheersion of 24 hours. In the alkaline solutiom fllee immersion of 24
hours, the ITS reduction (Fig. 7(a)) of the CM, BU; PM-CR, FM-PA, FM-EA, and FM-RA mixtures is 1%39.7%, 4.4%,
10.7%, 5.7%, and 18.7% respectively. These ITSatiolu increases by 26.8%, 22.4%, 19.7%, 20.6%,%3#&nd 31.8%
respectively, for the immersion of 72 hours (Fi(h)J. In the sulfate solution for the immersion/@ hours, the ITS reduction
is 32.9%, 18.3%, 45.5%, 27.6%, 23.8%, and 34.2%eaws/ely. After the specimens are immersed inattid solution for 72
hours, the ITS reduction is 33.3%, 23.2%, 26.2%6%8 22.1%, and 36.1% respectively.

Table 7 ITS and TSR

Mixtures Indirect tensile strength, ITS (kPa) | Tensile strength ratio,
Dry condition,ITS, | Wet condition TSy TSR (%)
CM 601.8 503.3 83.64
PM-PL 1,737 1,443 83.06
PM-CR 943.5 792.5 84.00
FM-PA 651.3 545.8 83.80
FM-EA 996.0 811.1 81.44
FM-RA 760.7 655.1 86.12

Fig. 6 Effect of water solutions on ITS after 24ir®
(a) 24-hour immersion (b) 72-hour immersion

Fig. 7 Reduction in the ITS of various mixtures



International Journal of Engineering and Technoldggovation, vol. 12, no. 2, 2022, pp. 130-144 139

The results of statistical studies on the tensikengith of the asphalt mixes immersed in variousensolutions reveal an
interesting finding. A hypothesis is made: afterli&urs of immersion in distilled water and corrasgplutions, there is no
difference in the ITS values for each mixture. Btagistical t-test on pair-wise differences is usedvaluate this hypothesis at
a 95% confidence level. The result of the hypothesit is summarized in Table 8. As observed frailld 8, the p-values for
CM (G1) are lower than the threshold value of QuB8er all corrosion solutions. It indicates that #ikaline, sulfate, and acid
solutions have a significant impact on the ITS dun of CM. For the PM group (G2), the p-values anly significant for
PM-PL and PM-CR under acid and sulfate solutioespectively. The FM group (G3) reveals that thetanes of FM-PA and
FM-EA can withstand all corrosion solutions prowdde this study. For the FM-RA sample, a significaffect is found under

both the acid and sulfate solutions.

Table 8 Result of the hypothesis test

p-value

Different water source pairing | G1 G2 G3

CM | PM-PL | PM-CR | FM-PA | FM-EA | FM-RA

Distilled water and alkaline solution0.00| 0.24 0.76 0.35 0.85 0.40

Distilled water and sulfate solution 0.01| 0.34 0.04 0.23 0.63 0.01
Distilled water and acid solution 0.90 0.04 0.19 0.18 0.87 0.03

4.3. Moisture susceptibility

The results of the moisture susceptibility resistatest under corrosion conditions for various migs show that the
tensile strength and TSR values reduce after imorers the alkaline, sulfate, and acid solutionig. B displays the moisture
susceptibility as an effect of different water smlnos on the six asphalt mixtures after the imnwersif 24 hours. There is an
obvious decrease in TSR under different water gnigt As observed in Fig. 8, the TSR values ofnaittures under the
distilled water are more than 80%. The TSR of tih& €M-PL, PM-CR, and FM-RA mixtures are also stilbre than 80%
after being soaked in the alkaline solution. Ondtieer hand, the TSR value is observed to be b8l@4 for the FM-PA and
FM-EA mixtures, which may indicate poor resistat@alkaline environments. As seen in Fig. 8, thearsion in the sulfate
solution for the TSR of the CM, PM-PL, PM-CR, FM-PAM-EA, and FM-RA mixtures are 76.2%, 83.8%, 67,%/4.6%,
65.0%, and 73.8% respectively. For the immersiotheacid solution, the TSR values are 77.6%, 7334®0%, 54.7%,
63.5%, and 80.7% respectively. Obviously, for thene mixture, the acid solution has the highest d@mgaeffect on the

tensile strength and TSR, followed by the sulfaleition, alkaline solution, and distilled water.

Fig. 8 Effect of water solutions on TSR after 241t

4.4, Corrosion resistance evaluation

The basic concept of the corrosion resistance rfgtdofor the asphalt mixtures is that the mixtures el withstand

corrosion solutions under different environmentshwime. In this study, thé& value is used as an evaluation index for
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indicating the corrosion resistance of the thrempga groups (i.e., CM, PM, and FM groups). From tast result, the
corrosion mechanism under the effect of the alkadiolution, the sulfate solution, and the acid tdmiucan be explained in the
following manner. To compare the corrosive effdadifferent water solutions, only the SEM images thoe PM-PL mixture

are selected in this study. The microstructurénefRM-PL mixture obtained from the SEM test is dega in Fig. 9.

(a) Distilled water (b) Alkaline solution

(c) Sulfate solution (d) Acid solution
Fig. 9 SEM of the PM-PL mixture after soaked irfeliént water solutions

4.4.1. Effect of the alkaline solution

Fig. 10 shows the changes in th@alue of the six asphalt mixtures after being imsed in the alkaline solution for 24
and 72 hoursf, ranges from around 0.81 to 0.96 after 24 hourd,than that value dwindles to about 0.68 to 0.8éraf2
hours. As seen in Fig. 9, thefactor of the CM, PM-PL, PM-CR, FM-PA, FM-EA, afd/-RA mixtures after the immersion
of 72 hours is 0.73, 0.78, 0.80, 0.79, 0.68, aB6 Gespectively. Because the alkaline solutiontseaith the asphalt film, the
water penetrates the asphalt-aggregate interféemding to a reduced bonding capacity [16]. As seelig. 9(a), for the
sample soaked in the distilled water, a relativeatyooth surface is observed, and hardly any voidsdeplayed. Fig. 9(b)
shows the SEM image of the PM-PL mixture after @2+himmersion in the alkaline solution. Little deteation to the
surface is observed, with much smaller voids coegbarith that of the sulfate and acid solutions.dé8bsn thd, obtained, the
corrosion resistance of the asphalt mixtures ag#tiesalkaline solution can be ranked from lowighhin the following order:

PM-CR, FM-EA, PM-PL, CM, FM-PA, CM, and FM-RA.

Fig. 10 Corrosion resistance factor of various omigs under alkaline solutions
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4.4.2. Effect of the sulfate solution

When the asphalt mixture is immersed in the sulfaikition, the interface between the asphalt argtegmtes is
potentially invaded due to different surface tensibetween the sulfate solution and the distilletew[17]. Fig. 10 represents
the varying degree of sulfate corrosion for all mes. Among all the mixture§, ranges from around 0.66 to 0.98 after 24
hours, and dwindles to about 0.54 to 0.82 aftehdi@s. As seen in Fig. 11, thefactor of the CM, PM-PL, PM-CR, FM-PA,
FM-EA, and FM-RA mixtures for the immersion aft& fours is 0.67, 0.82, 0.54, 0.72, 0.66, and O=gpectively. Based on
thef; obtained, the corrosion resistance of the asphialiures against the sulfate solution can be rarfk@d low to high as
follows: FM-EA, PM-PL, FM-PA, FM-RA, CM, and PM-CHig. 9(c) shows the SEM image of the PM-PL mixtafter the
immersion of 72 hours in the sulfate solution, with sample’s rough surface and voids visibles tttiserved that the adhesion

of the asphalt-aggregate interfaces is destroyed.

Fig. 11 Corrosion resistance factor of various onigs under sulfate solutions

4.4.3. Effect of the acid solution

Fig. 12 shows thé& of different asphalt mixtures affected by immensio the acid solution. It can be seen from Fig. 12
after immersion in the acid solution, thef all mixtures ranges from around 0.62 to 0.96ra24 hours, and then decreases to
about 0.61 to 0.78 after 72 hours. As seen in B2gthef; factor of the CM, PM-PL, PM-CR, FM-PA, FM-EA, afkiM-RA
mixtures after the immersion of 72 hours is 0.67700.74, 0.61, 0.64, and 0.78 respectively. Tdié solution can penetrate
the void of specimens, and corrodes the asphadiebiand aggregates [16]. In other words, the adhdsétween the asphalt
and aggregates is reduced with the presence okatitlon. Fig. 9(d) shows the SEM result for theeirnal microstructure of
the PM-PL mixture under the effect of the acid solu erosion. It can be seen that small fractioms @oids are visible as a
result of acid solution attacks. These resultssapported by the work of Feng et al. [20], of whictvas understood that the
acid reacted with the suboxide in the limestoneeggtes to form an emulsifying agent, causing therien coating to peel
off from the limestone particles. The order of osion resistance performance of the asphalt migtuegsus the degree of
corrosion in the acid solution from best to the stas as follows: FM-EA, PM-CR, PM-PL, FM-RA, CMna FM-PA.

Fig. 12 Corrosion resistance factor of various omigs under acid solutions
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4.5. Overall ranking of the mixtures

The performance among the six mixtures based orethéts obtained from this study is ranked frota f. For each test,
the highest performance is ranked as 1, and thedbis ranked as 6 [30]. For instance, the ordeh®fiITS value for the
alkaline immersion condition from best to the wassPM-PL, PM-CR, FM-RA, FM-EA, CM, and FM-PA, trefore, they are
ranked as 1 to 6 respectively. After the overatikiag for each mixture is conducted, the mixturéhvthe least summation
value is ranked as 1, as shown in Table 9. As suirathfrom Table 9, using the waste PM asphalt uned (i.e., PM-PL and
PM-CR) can help improve environmental damage mattebthan FM mixtures (i.e., FM-PA, FM-EA, and FRA) and CM.
When only the corrosion resistance is consideredglver, the FM-EA mixture has better performaneattine other samples.
The order of the asphalt mixture performance frbenliest to the worst is PM-PL, PM-CR, FM-EA, FM-R2M, and FM-PA,

respectively.

Table 9Ranking for the mixtures based on their performanuder different water solutions

Ranking
Experiment test Test conditioned G1 G2 G3
CM | PM-PL | PM-CR | FM-PA | FM-EA | FM-RA
Marshall test MQ 6 1 4 3 2 5
Distilled water 4 1 2 6 5 3
Alkaline 5 1 2 6 4 3
ITS test Sulfate 5 1 3 6 2 4
Acid 5 1 2 6 3 4
Distilled water 4 5 2 3 6 1
Alkaline 2 3 1 5 6 4
TSR Sulfate 2 1 4 6 5 3
Acid 3 4 1 6 5 2
) Alkaline 5 3 1 4 2 6
;0;';?;?0”6 Sulfate 5 2 6 3 1 4
Acid 5 3 2 6 1 4
Summation of ranking 51 26 30 60 42 43
Overall ranking 5 1 2 6 3 4

5. Conclusions

This study evaluated the corrosive effect of foiffiedent water solutions on the performance of @asi asphalt mixtures

containing industrial waste materials. Based orréisellts and analysis of this study, the followiimglings can be drawn:

(1) Corrosion solutions play an important role in reédgahe tensile strength and durability of asphalttures. For CM, the
sulfate and acid solutions had a greater effect tha alkaline solution. The ITS reduction was appnately 27%, 33%,
and 34%, when the sample was exposed to the adkalifate, and acid solutions, respectively. Ilditash, the PM and FM

mixtures exhibited the highest strength reductipalbout 25% and 32%, respectively, when immerseldracid solution.

(2) Regarding moisture susceptibility, the asphalt mies immersed in the corrosion solutions resulted variation in the
TSR values. The mixtures PM-PL, PM-CR, and FM-RAwé&d good resistance under the alkaline environng@mly the
PM-PL sample met the DOH specification when soakehe sulfate solution. The PM-CR and FM-RA mixdsidepicted

a TSR value above the minimum requirement.

(3) The corrosion resistance factdy) {alue of the asphalt mixtures obtained in thiglgtindicated the ability of the mixtures
to withstand different corrosion solutions. Amohg mixtures, and by only considering thealues, it was revealed that
the mixture FM-EA achieved the best effect in terofigesisting both alkaline and acid solutions &60and 0.88,
respectively. The PM-PL mixture seemed to imprdveHiMA mixture under the sulfate environment, whesthibited the

highestf, value of 0.82.
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(4) Based on the overall ranking of the mechanicaktastler different corrosion solutions, the PM miggishowed much
better performance than the FM mixtures. Amongwéous mixtures, the PM-PL mixture is highly reaoended for
enhancing the properties of the other mixtures. &l@w, there is a lack of the corrosion resistaveduation for dry-wet

cycle corrosion environments, and a long-term itigaion is required.
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