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Flexible pavements with hot-mix asphalt (HMA) may underperform whengconventienal,mineral filler provides
insufficient mastic stiffness and moisture resistance. This study evaluates<eeral rock ash (CRA) as a partial
replacement of conventional mineral filler in an asphalt concrete wearing course, (AC-WC) mixture to improve
laboratory performance and predicted service life. CRA was introduced at.0—10% of the)total mixture mass, replacing
an equivalent portion of filler in the gradation. Marshall stability/flow and inditect tensile strength (ITS, tensile strength)
were measured at an optimum asphalt content of 6%. To link mixture-scale changes to structural performance, layer
responses were computed using KENPAVE multilayer elastic analysis, where the’"HMA elastic modulus was derived
from the ITS-based stiffness correlation used in the study (with Péisson's ratio held constant), enabling mechanistic—
empirical estimation of critical strains and allowable load repétitions{’ Regression analysis identified 4.8% CRA as
optimal, yielding peak Marshall stability (1060.7 kg) and the smallést 7-day strength loss after 60 °C conditioning.
Relative to the control, ITS increased by 22.6% (11.62—14.25, unitxconsistent with the original dataset). In the
mechanistic analysis, the improved mixture stiffness led to a reduction in bottom-HMA tensile strain (et) and a
corresponding increase in predicted allowable repetitions, extending the design life of the reference pavement section
from 5 to 7 years. These findings indicate that CRA i§ a feasible, locally available supplementary filler for improving
HMA performance and extending service life in c@astalgregions, provided that sourcing uses non-living, naturally
stranded coral debris and complies with environmentalgegulations.

Keywords: hot-mix asphalt, coral rock ash, multilayer elasti¢ analysis, mechanistic—empirical design, pavement
service life

HIGHLIGHTS

— CRA used as filler replacement improved Marshall stability to ~1061 kg and met Bina Marga 2018 AC-WC
limits.

— Marshall retained stability after 7-day 60°C conditioning remained =75% (Bina Marga criterion).

— ITS increased by 22.6% at 4.8%€RA, indicating stronger tensile resistance of the mix.

— KENPAVE M-E analysis (Indonesian design loading inputs) predicted life from 5 to 7 years for the modeled
section.

1 Introduction

Flexible pavement istthe dominant road type in Indonesia, largely due to its lower initial cost and constrained
preservation budgets [1]*Rapid urban expansion has driven sustained traffic growth, increasing loading frequency
and accelerating the®accumulation of damage [2]. To manage cost and supply constraints, agencies have
encouraged the usejef locally available aggregates (e.g., crushed stone, iron sand) [3]. At the same time, Indonesia’s
domestic asphalt supply, reportedly covers only about half of the 1.2 million tons annual demand, making imports
unavoidablesand reinforcing the need for locally based innovations in asphalt materials and mix design [4].

Withingthis system, the asphalt surface layer is the primary load-carrying component and governs responses that
contral service lifg|[5,6]. Pavement performance is therefore sensitive to base type, asphalt thickness, and interlayer
conditions; weak bonding at the upper layers can rapidly translate traffic loading into cracking and deformation [7,8].
In IndonesiagFfield evidence shows that heavy-vehicle axle loads frequently exceed legal and planned limits,
increasing the load transmitted through the pavement structure and accelerating damage accumulation and
deterioration [9].

Hot-mix asphalt (HMA) comprises asphalt binder and aggregate, with mineral filler strongly influencing durability and
moisture resistance [10,11]. Asphaltfiller physicochemical interactions can stiffen and structure the mastic,
producing measurable changes in mixture response [12]. Yet, flexible pavements still suffer premature cracking,
rutting, and durability loss due to moisture damage, weak subgrades, construction variability, and repeated loading;
deformation is often aggravated at lower traffic speeds [13,14]. While improved quality control remains necessary
[15], conventional HMA can still exhibit high air voids, moisture susceptibility, and limited durability [10,16]. Although
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recycled or aged constituents have been explored, they may introduce curing and uniformity challenges [17]. Mineral
fillers can reduce porosity and enhance homogeneity, stiffness, and rutting resistance, but their effects are highly
mix-specific and dosage-dependent [18-20].

Coastal zones generate substantial coral rock waste as dead coral colonies erode and are transpofted to shore,
particularly following bleaching and subsequent sediment deposition [21]. Most engineering reséarch on coral-
derived materials has focused on sands/powders in cementitious systems and eco-mortar, or onbuiltistructures for
reef restoration, rather than asphalt mixtures [22-25]. Moreover, coral rock’s high porosity and relatively low
compressive strength (9.91 MPa; porosity 48.5 £ 5.4%) mean its particle morphology and pore structure can‘strongly
affect mechanical behavior, raising uncertainty when repurposed as fines in a bituminous_matrix [26—28]. Despite
expanded mapping of global coral habitat (348,361 km?, with significant coverage in Indonésian waters) and growing
interest in circular-economy pathways [29-32], key questions remain unresolved for coral rogk’ashCRA) in HMA:
(i) whether CRA can function effectively as a supplementary filler to improve mixture stability and /moisture-related
durability; (ii) what dosage window yields benefits without inducing bleeding or brittleness; and fiiijgghow mixture-scale
improvements translate into mechanistic-empirical performance metrics (critical strains and predicted service life)
under field-representative loading.

Against this backdrop, the present study investigates coral rock ash (CRA), a finely/gfoufd ash derived from coral
rock waste, as a supplementary mineral filler in HMA to improve mixture performafice and extend pavement design
life, particularly for coastal applications where CRA is locally available. We combihe laboratory testing (Marshall
stability/flow and indirect tensile strength) with mechanistic-empirical (M2E) multilayer‘elastic analysis in KENPAVE
to quantify critical strains and predict service-life impacts under field-representative loading. Unlike prior studies that
typically report laboratory performance of alternative fillers without translating*the measured mixture properties into
structural responses and life predictions, this work provides an integrated lab-to-design pathway for coral rock ash
(CRA) in AC-WC. Specifically, the study offers three original contributighs: (i) a dose-response quantification of CRA
as a partial filler replacement (0—10% by total mix mass) benehmarked against a control mixture to identify an
optimum range rather than a single trial dosage; (ii) a mechanistic linkage that propagates measured mixture
properties into an M-E framework to estimate bottom-HMA tensile sttain and allowable load repetitions, thereby
converting laboratory improvements into predicted service-life gains; and (iii) a deployment-focused sustainability
perspective, defining responsible sourcing of naturallyfstranded, non-living coral debris and framing compliance with
environmental regulations to support coastal implementation while reducing reliance on imported asphalt and virgin
mineral resources.

2 Materials and methods
2.1 Object and hypothesis of the study

The objective of this research is to devélopramgopiimized Hot Mix Asphalt (HMA) mixture. More precisely, Asphalt
Concrete - Wearing Course (AC-WC) is the,predominant type of pavement utilized in Indonesia, by incorporating
coral rock ash. The underlying hypothesis is‘that AC-WC mixtures often contain numerous voids, and attempts to
address these voids by increasing@sphalt content may result in bleeding. Therefore, the inclusion of supplementary
ingredients becomes imperative to mitigate void formation within the mixture. The varying proportions of coral rock
ash added to the mixture are expected tajinfluence its mechanical performance. Consequently, this study seeks to
elucidate the impact of coral rock ash as a filler on the mechanical properties and characteristics of the AC-WC
mixture.

2.2 Materials

The mix-forming materials used in'this study consisted of locally sourced coarse and fine aggregates that comply
with the Indonesian AC2WC requirements [34]. The asphalt binder was 60/70 penetration grade asphalt (Pertamina)
obtained from a,local distributor and is widely used in road pavement mixtures [35]. To ensure reproducibility and
enable comparison with other studies, the key physical properties of the asphalt binder (including penetration,
softening point, andWiscosity) are summarized in Table 1.

The supplementary material investigated in this study was coral rock ash (CRA), produced from naturally stranded,
non-living coralyrock debris that has been transported to the coast by ocean currents. The collected material was
oven-dried and then pulverized by grinding to obtain a fine ash, as shown in Fig. 2. In this manuscript, the term “stone
ash” refers to mineral filler/fines (passing the 0.075 mm sieve) commonly used in Indonesian asphalt mixtures as a
filler component; rather than combustion ash. The physical properties of the aggregates and filler are also reported
in Table 1.

The aggregate blend for the AC—WC mixture was prepared using three size fractions (1-2, 0.5-1, and filler/stone
ash) to satisfy the target gradation envelope specified in [34]. The selected blend proportions were 15% coarse
aggregate, 30% fine aggregate, and 55% filler/stone ash, following the gradation design adopted for this study [34].
The resulting combined gradation curve and its compliance with the AC-WC specification limits are presented in Fig.
1. This full gradation disclosure clarifies the aggregate composition and provides a transparent basis for replication
and mechanistic interpretation.
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Table 1. Asphalt binder and aggregate properties

No Properties ACourset A e t Stone Ash
ggregate ggregate Asphalt cification
15% 30% 55%
Specific Gravity of
Aggregates
] a) Bulk 2.56 2.46 2.59 24-29
b) SSD 2.62 2.52 2.71 24-29
c) Apparent 2.73 2.62 2.51 24-29
d) Absorption 2.45 2.35 2.87 <3%
Fill Weight
2 a) Loose (gr/cm3) 1,42 1.44 1.52 1,4-1,9
b) Dense (gr/cm3) 1.50 1.52 .80 1,4-19
Sand Equivalent
3 Before loading (% - 260 %
it EEEE B 4T |
g7 i i 0.82
4 | Los Ange('f,jf) Abrasion 24.20 26.80 ; ; <40 %
Aggregate Adhesion to ) ) ) o
5 Asphalt (%) 9% 295 %
6 Pgnetratlon 2.5°C;100 ) y ) 62.60 60 — 79
gr; 5 seconds; 0,1 mm
7 Specific Gravity of ) ) ) 104 10-116
Asphalt
8 Soft Pomz of Asphalt ) ) 53 > 48
(°C)
9 Ductility, 25°C; cm - - - 152.50 =100
10 Viscosity, 120 °C; cts - - 633.59 -
100
90— -» Mix. Gradation N
8 —m—  Spec. Max
=S A
e Spec. Min
s == Ideal Spec.
50
S 40 x
£ 30
B 20 o
10 3
T

I | I 1 1
D 5.5 A ab B b 5 &
N 9 bu:\ '\::? \} ° Q‘? N QN ?,e

Sive (mm)
Fig.1. Aggregate Gradation
2.3 Experimental procedures
The asphalt content utilized in the design ranges from 4.5% to 6.5%. The Marshall characteristics test analyzes the
correlation between stability, flow, Void In Mix, Void Mineral Aggregate, and Void Field Bitumen as shown in Table
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2. Based on the test results, the optimal asphalt content (OAC) is 6%. The OAC value is an independent variable to
assess the mixture's ability to withstand stability, durability, modulus of elasticity, and permanent deformation. Rock
ash additives are incorporated in five variations, ranging from 2% to 10% based on the weight of rock ash in the mix.
Analysis results are derived from the average repetition values of three test specimens for the Marshall, stability test.
Subsequently, the optimum coral ash value is determined based on the Marshall stability val serving as a
reference for creating test specimens and analyzing each test. The obtained results are subseq ompared to
the Asphalt Concrete-Wearing Course (AC-WC) mixture, excluding the incorporation of coral ro

Table 2. Marshall test result

Properties of Mixtures Test Results
sification
Asphalt content; % 4.5 5 5.5 6 6.
Density 2,255 2,263 2,272 =2.2 kg/mm3
VIM; % 6,765 5,775 4,772 3-5%
VMA; % 15,088 15,225 15,357 215 %
VFA; % 55,173 65,092 68,961 263 %
Stability; kg 951,054 | 1015,282 | 1035,132 | 994, 955,340 800 — 1800 kg
Flow; mm 3,33 3,13 3,0 3,03 3,40 2-4 mm
MQ; kg/mm 287,640 324,368 345, 328,020 | 275,793 Min. 250 kg/mm
The analysis results are obtained from the average value of the repe of three test objects, as follows:

a) Marshall retained stability testing is conducted through immersion for 24 hours, two days, four days, and
seven days in a soaking bath at a tempera of approximately 60°C. Subsequently, the specimens are

b) Indirect tensile strength testing entails app r repeated load in a direction parallel to the diameter
path of the specimen, following the guideline D 4123-82.

In designing the pavement based on the anistic-Empirical approach, the KENLAYER software is employed.
This software treats the pavement system as elastic multi-layer system, with each layer possessing specified
properties and extending horizontally. iti e KENPAVE software facilitates the analysis of elastic multi-
etermining pavement responses at predetermined points. The
durability of pavement structures is evaluat tilizing the KENLAYER software [36].

The pavement section under consid@eration comprises three layers, aligning with typical pavements in Indonesia. The
top layer is a Hot Mix Asphalt (H ncrete asphalt surface layer, 200 millimeters thick, overlaid on a granular

to the full-depth flexible pavement type. The traffic load is represented by dual
having a radius of 92.1 mm and a tire pressure of 750 Kilo Pascal (kPa), in
accordance with the standard axle tire configuration outlined in the Indonesian pavement design manual [37]. The
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Fig. 2. Coral Rock Ash

Load = 20 KN
Tire Pressure =750 KPa

200 mm
14,2 mj

JHF mm
(0.3 )

To assess the critical response of the asphalt concrete layer and its susceptibility to fatigue cracking, the analysis
explicitly examines the tensile strain at the bottom of layer, emphasizing the strain occurring at the center of the
load wheel. The critical strain for stress can be calc follows:

Nf =0.796 (e,)732%" (E)~°%5* 1

where Nf — the number of load repetitions allowed to fatigue cracking; et — horizontal tensile strain at the
bottom of the asphalt concrete layer; E — m s of elasticity of the HMA.

3 Result and Discussion

The Marshall stability results for mixtures nd without coral rock ash (CRA) are compared in Fig. 3. All mixtures
containing CRA in the range of 0—10% satisfy specification limits [34]. Stability increases with CRA content and
reaches the highest measured valug,of 1066.556 kg at 6% CRA. Beyond this level, stability decreases, which is
consistent with over-filling effects tha promote an overly rich mastic (fatness/bleeding) and reduce aggregate
interlock by effectively increasing binder stic dominance in the load-carrying skeleton. Similar dose-dependent
behavior has been reported for mixtures with increasing filler contents [38]. Overall, the stability response confirms
that CRA can enhance l@ad-bearing capacity within an appropriate dosage window while maintaining compliance
with [34].
To determine an optimum C
regression analysis
single highest experime
optimum (4.8%
across dosage le
consistent with mixt
pattern
signs Q@

ontent for subsequent testing and mechanistic-empirical (M-E) evaluation,
used to identify the peak of the fitted stability—dosage curve rather than relying solely on the
oint. Although the maximum observed stability occurs at 6% CRA, the regression-based
e estimated peak of the overall trend while accounting for experimental variability
and avoiding selection driven by a potentially local, point-specific maximum. This approach is
esign practice, where the selected optimum is commonly based on the overall response
alanced performance, particularly when the stability curve begins to show diminishing returns and early
ng at higher dosages.
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Fig. 4. Effect of coral rock ash on stability

To determine the optimum value of the Marshall test, regression statistical analysis employing a polynomial line was
utilized. This approach enabled the derivation of an equation representing, the relationship between stability value
and coral rock ash content:

y = —2.8383x2 + 27.23x + 995.38 (2)

where y — the stability value of the mixture and x — the variationfof coral ash content. To determine the peak value of
the polynomial line using equation (2), a stability value of 1060.694kg was obtained with an optimum coral rock ash
content of 4.8%. This optimum variation will be used as a reference fossubsequent tests.

This optimal variation will serve as the reference for subsequent tests. As depicted in Fig. 4, the relationship between
the residual strength index and soaking duration (days) is illustrated. The residual strength index values exhibit a
decline with increasing soaking duration, regardles§ of the presence or absence of coral rock ash. Specifically,
variations in soaking duration of 1, 2, 4, and 7 days demganstrate decreasing residual strength index values.

Several factors may contribute to this reduction in“gésidualfstrength, including prolonged soaking duration and
dynamic water sourcing [39]. As the asphalt mixture fém@ins submerged in water for an extended period, the
properties of the asphalt binder change, resulting in diminished strength and, consequently, reduced performance of
the mixture.

Similar research was conducted using lifig@andieement containing carbon as filler; the same trend value was obtained
[38, 40]. This is explained by the content ofiealcium carbonate (CaCO3) reacting with water and then settling on the
surface of the aggregate, causing the surface,roughness to increase [40]. This increase in roughness further
enhances the adhesion between aggregate and asphalt [41].

Coral rock ash, as an additive material, €ffectively occupies voids within the mixture, resulting in improved compaction
and enhanced durability of asphalt concreteyMoisture damage, typically observed in mixtures lacking coral ash, often
stems from large air voids and poor adhesion between asphalt and aggregate [42].

Notably, the utilization of €@ral rock ash mitigates this decline, albeit to a lesser extent compared to mixtures without
coral rock ash. This can be attiibutedto the calcium carbonate content in coral rock ash, which enhances adhesion
between mixtures and maintains'rgsults meeting the predetermined requirement of = 75% [34].

100
, Coral Rock Ash 2%
= Y, ‘% Coral Rock Ash4.8%
= 95— Coral Rock Ash 6%
o Coral Rock Ash 8%
= Coral Rock Ash 10%
E‘ 90 Without Coral Rock Ash
=
e
£ 85+ %
1=} -~
rd .
[75]
= 80+
= 'Y
Z 715
S
M ——— Min Spec
70 | I 1 1 1 I 1

0 1 2 3 4 5 6 ! 8
Aging time (day)
Fig. 5. Effect of coral rock ash on residual strength index
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In Fig. 5, it is evident that incorporating coral rock ash as an additive material increases the tensile strength value.
This enhancement can be attributed to the presence of the chemical compound CaCO3 in coral rock ash. Through
this test, the optimal coral ash content was determined to be 4.8%, resulting in a tensile strength value of 14.25 MPa.
A higher tensile strength in the mixture enables it to withstand greater tensile strain, thereby reinforcingits resistance
to crack formation, particularly wide cracks that could compromise the road structure. However, this geéinforcement is

pavement performance has revealed that excessive levels of additives can diminish the tensile strength of th
[42]. This behavior is also observed when an excessive use of additives leads to reduced performance in terms of
tensile strength [43].

The relationship between elastic modulus and strain is inversely proportional; high
correspond to lower strain values. This indicates that mixtures with higher elastic modulu more resistant
to deformation. The behavior of the elastic modulus can be influenced by various factors, in the addition of
additives and heat treatment. However, as the percentage of coral rock ash eds 4.8%, there is a notable
decrease in the mixture's ability to regain its shape after experiencing elastic d

odulus values
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Fig. 6. Effect of

Fig. 6 and 7 illustrate the reaction of th

rock ash on indirect tensile strength

ucture to the weight of vehicles, with a specific emphasis on
the maximum stretching of the material u the asphalt layer, the maximum compression of the material above the
subgrade, the number of times the load ma applied without causing damage, and the expected lifespan of the
pavement. These findings were detived from KENPAVE software simulations. Notably, incorporating coral rock ash
(CRA) into the asphalt concrete su course reduces the critical tensile strain at the bottom of the HMA layer (t)
and reduces the compressive strain (ez ve the subgrade, compared with the control mixture without CRA. This
trend is mechanistically consistent with fatigue theory: a lower ¢t increases the allowable load repetitions and
therefore extends predicted fatigue life. Accordingly, any earlier statement indicating that CRA ‘raises tensile strain’
should be interpreted as ording@inconsistency and should be aligned with the strain outputs used in the
mechanistic—empirical life predieti
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=
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=
&
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Fig. 7. Effect of coral rock ash on flexible pavement critical strain
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Fig. 8. Effect of coral rock ash on flexible pavement serviceg,life

The observed reduction in compressive strain above the subgrade indicates, that coral rock ash (CRA) can improve
resistance to permanent deformation and rutting, which is consistent withdfindings that modified mixtures may
enhance durability-related responses [45]. In parallel, CRA increasés mixture tensile strength and improves binder—
aggregate adhesion, which can reduce crack susceptibility undef repeated loading; this interpretation is in line with
prior studies reporting that additives may enhance tensile-relatéd performance in asphaltic systems [44].

Regarding fatigue, it should be noted that the mechanistic—empirical prediction links service life primarily to the critical
tensile strain at the bottom of the HMA layer and the associated allowable load repetitions. Therefore, the reported
improvement in predicted fatigue life is attributed to the strain response output by KENPAVE under the adopted
inputs, rather than to a generic “increase” in tensile strain.

As shown in Fig. 7, integrating 4.8% CRA into thed"MA Surface course increases the predicted design life of the
reference pavement section from approximately 5yearsito 7 years under the specific traffic loading, tire pressure,
layer thicknesses, and climatic/temperature assumptions adopted in this study (as defined in the mechanistic—
empirical input set). This result should be interpreted aspa scenario-based prediction for the modeled pavement
configuration rather than a universal service-life,gain. Because the analysis is based on a single pavement structure
and loading case, the magnitude of life extensiofpymay vary with traffic spectra, climate/temperature regime, layer
thickness, and base/subgrade stiffness.

Nevertheless, the trend observed here supperts the potential of CRA as a supplementary filler to enhance mixture
performance and improve fatigue-related outcemes when appropriately dosed. This is consistent with related work
showing that calcium-carbonate-bearing fillers and fine mineral additives can improve mixture quality and fatigue
performance [46]. The beneficial effeehis plausibly associated with microfiller densification and improved mastic
structure and adhesion, although broader validation across multiple structures, climates, and traffic levels is
recommended.

4 Conclusions

This study shows that coral rock ash (CRA) can improve selected performance indicators of AC-WC hot-mix asphalt
when used as a partialyreplacement of conventional mineral filler, assessed at an optimum asphalt content of 6%.
CRA varied from 0—10% byytotal mixture mass, and the following improvements were observed relative to the control
mix.

First, CRA increased,Marshall stability within an effective dosage window. The highest measured stability was
1066.556 kg at 6% CRA, while a polynomial regression across the full dosage range identified 4.8% CRA as the
regression-based optimum (peak of the fitted stability—dosage curve) with a predicted stability of =1060.7 kg. The
4.8% @dosage was selected for subsequent testing because it represents the estimated optimum of the overall
response while reducing the risk of over-filling effects (fatness/bleeding) that become evident as stability begins to
declinetbeyond the peak.

Second, CRA improved moisture-conditioning durability. After prolonged hot-water conditioning at 60 °C, retained
stability at the selected dosage remained above the specification threshold, and the 7-day retained stability was about
7% higher than the control under the same conditioning.

Third, CRA increased indirect tensile strength (ITS) by 22.6. Mechanistically, the higher ITS indicates a stronger and

more coherent mastic—aggregate system and improved resistance to tensile failure initiation, which supports
enhanced cracking tolerance under repeated loading, provided the mixture does not become overly stiff or brittle at

higher CRA contents.
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When these measured properties were propagated into the mechanistic—empirical multilayer elastic analysis
(KENPAVE) for a single reference pavement structure and loading condition (as defined in the Methods, including
layer thicknesses, tire pressure, and temperature/modulus assumptions), the critical bottom-HMA tensile strain (gt)
decreased for the CRA optimum case, leading to a higher allowable number of repetitions and a sgenario-based
increase in predicted service life from 5 to 7 years. This conclusion is valid only if the strain trend repérted in Results
is consistent with the KENPAVE outputs used for life prediction; therefore, any statement infthe,Results and
Discussion indicating that CRA “increases €t” should be corrected to reflect the strain values actually“tised in the
fatigue calculation.

From a deployment perspective, CRA has the potential to support circular use of locally available coastal debris and
reduce reliance on hauled mineral filler, especially in archipelagic regions. However, this should be treated as a
prospective benefit rather than a quantified environmental outcome in the absence of a life-g§€le ‘@ssessment and
leaching verification.

Future work should directly address the present limitations by: (i) confirming stiffness and ruttiigiperformance using
ITSM/|E*| and Hamburg wheel tracking, (ii) adding statistical inference (ANOVA/Gljiand uncertainty propagation for
M-E inputs, (iii) validating mechanistic predictions via accelerated loading or figld trials under tropical temperatures
and moisture cycles, (iv) characterizing CRA particle size/mineralogy variability and¢CRASbinder interactions using
FTIR/SEM and rheology, and (v) conducting leaching tests (TCLP/EN/SNI)“and a screening LCA to evaluate
environmental compliance and net CO,/energy impacts for coastal applications.
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