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In this study, the mechanical behavior and resistance to moisture damage of hot mix asphalt (HMA) concrete with the 

addition of Milled Carbon Fiber (MCF) were experimentally investigated. For this purpose, the gradation curve within the 

boundaries of the Turkish highway construction specifications (HTS) has been determined. By keeping the determined 

gradation constant, MCF was added at different rates (1 %, 1.5 %, 2 %, 2.5 %, 3 %) by weight of the mixture. In the study, 

first, optimum bitumen ratios (OBR) of pure control samples (0 %-Control) without MCF and mixtures with MCF additives 

were determined by using the Marshall design method. To determine the OBR, samples were prepared with bitumen 

content of 3.5 %, 4 %, 4.5 %, 5 %, 5.5 %, and 6 % at each carbon additive ratio. The mixture samples prepared using the 

specified OBRs were subjected to Marshall stability (MS) and flow, as well as to retained Marshall stability (RMS), indirect 

tensile strength (ITS), and moisture damage resistance tests. According to the test results, it was observed that the MS 

values of the asphalt concrete with MCF additives increased at certain carbon additive ratios, while the flow values 

decreased compared to the witness sample. It was determined that the RMS and indirect tensile strength ratio (TSR) values 

of hot mixes with MCF-added bitumen increased and the moisture damage resistance of the mixes increased. As a result, 

when the optimum MCF ratio determined for the wearing course is used, it is thought that the engineering properties of 

HMA will improve. 
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1. INTRODUCTION 

Hot mix asphalt (HMA) pavement consists of different 

combinations of aggregate and asphalt. Aggregate serves as 

the structural framework of the pavement and asphalt 

cement acts as the adhesive of the mixture. Mineral 

aggregates consisting of coarse and fine particles occupy 

approximately 90 % of the volume of HMA. One of the 

most important factors in the performance of coatings is the 

properties of the aggregate [1 – 3]. 

As with any building, asphalt pavements deteriorate 

over time due to traffic load and adverse environmental 

effects. The service life of asphalt pavements can be 

significantly shortened if the aggregate and asphalt used by 

HMA are not of good quality. Recent studies, it is aimed to 

improve the performance of asphalt mixture by using 

different additives. Researchers are trying to increase the 

service life of the pavement by adding different additives to 

the asphalt or asphalt mix, improving the properties of 

asphalt mixes such as durability and stability [4]. 

Günay et al. [5] in their study, used waste polymers as 

a modifier in bitumen to improve the performance of binders 

and reduce plastic pollution. In the study [6] synthesis of a 

new boron-containing additive and its incorporation into 

asphalt binder were carried out under chemical laboratory 

conditions. For this purpose, structural analyses of boron 

containing additive cyclic borate ester and modified asphalt 

binders were investigated. In another study [7] low density 
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polyethylene (LDPE) and triethanolamine were used 

together by applying a different process to obtain a good 

chemical interaction between LDPE and bitumen in bitumen 

modification and the effects of this interaction on the 

performance properties of bitumen were investigated. 

As the advantages of carbon fibers (CF), we can list 

their high specific strength, high specific modulus, high-

temperature resistance, and excellent electrical conductivity 

[8]. Due to these properties, CFs are used in many fields 

such as the chemical field, the military, and the automotive 

industry, apart from being used as reinforcement and repair 

material in civil engineering. Road pavements are also one 

of the other application areas where CF is used. Due to the 

genetic compatibility of CFs with asphalt and its superior 

mechanical properties, it is an excellent modification 

material for asphalt or mixture [9]. Today, many types of 

additives are used, including polyester fiber, asbestos fiber, 

glass fiber, polypropylene fiber, carbon fiber, cellulose 

fiber, etc [2]. Modifying HMA with carbon fiber is thought 

to improve mechanical properties and extend pavement life 

[3]. 

It is widely believed that the addition of fibers to asphalt 

enhances material strength as well as fatigue characteristics 

while at the same time adding ductility. Likewise, carbon 

fibers may also offer excellent potential for binder 

modification due to their inherent compatibility with asphalt 

cement and superior mechanical properties. With new 

developments in production, carbon modified binder has 
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become cost competitive with polymer modified binders. 

Further, it was expected that carbon fiber modified asphalt 

mixtures would increase stiffness and resistance to 

permanent deformation and, similarly, that the fatigue 

characteristics of the mixture would improve with the 

addition of discrete carbon fibers. Because of the high 

tensile strength of carbon fiber, the cold temperature 

behavior of the asphalt mixture was also expected to 

improve [10]. 

The study [11] examines the influence of different 

sources and lengths of carbon fiber on the volumetric 

properties, volume resistivity, and heat-generation 

efficiency of electrically conductive asphalt concrete. In the 

article [12] by adding different percentages of carbon fiber 

with high strength and doing the necessary Marshall tests, it 

was observed that the Marshall resistance and its flow 

increased. In a recent study [9] the effects of carbon fibre on 

improving the performance characteristics of asphalt 

mixtures were investigated. To this end, four percentages of 

carbon fibre were used as an additive in asphalt mixtures. 

The mechanical properties of prepared mixture specimens 

were investigated using tests such as Marshall stability and 

flow, indirect tensile stiffness modulus, creep stiffness, 

indirect tensile strength, and moisture resistance. 

Experimental results indicated that carbon fibre provided a 

positive contribution to the performance properties of 

asphalt pavements. There has been some recent research on 

the use of CF in HMA [13 – 19]. 

The main purpose of this study is to evaluate the effect 

of MCF and asphalt mixtures added in different proportions 

on Marshall properties, taking into account the RMS Index 

and TSR values, to avoid the harmful effect of moisture and 

to show the benefits of the MCF reinforcement effect. 

2. MATERIALS 

In this section, information about aggregate, asphalt, 

and carbon microfiber used in experimental studies is given. 

2.1. Aggregate 

In this study, limestone aggregates (LS), which are 

frequently used in HMA applications, were obtained from a 

quarry in the province of Isparta in southern Turkey and 

used. In terms of gradation of the mixture, 52.6 % coarse 

aggregate passed through a 25 – 4.75 mm sieve, 42.68 % 

fine aggregate passed through a 4.75 – 0.075 mm sieve and 

4.8% filler material were used. The sieve analysis results of 

the mixture were within the limits set by Highway General 

Directorate of Turkey (HTS) [20]. 

Table 1 shows the sieve analysis results and 

specification limits of the mixture used in this study. In this 

study, the recommended maximum aggregate size of 

12.5 mm was chosen in the aggregate gradation prepared for 

the surface layer. Sieve analyses were made and the current 

gradation curve for the aggregate used in the study was close 

to the course of the wear layer. 

2.2. Bitumen 

To prepare the Marshall specimens, the researchers 

utilized an asphalt binder with a 50 – 70 penetration grade, 

which was found to be 58 in this study. To assess the basic 

properties of asphalt cement, conventional asphalt tests 

were conducted on pure asphalt, including tests for 

penetration grade, softening point, combustion point, 

ductility, specific gravity, and flash point. The rheological 

characteristics of this binder are presented in Table 2. 

Table 1. Gradation and specification limits 

Sieve diameter Limit values 

[16] 

passing, % 

Gradation 

of mixture 

passing, % 

Weight, 

g Inch mm 

3/4" 19 100 100 0 

1/2" 12.5 88 – 100 92.5 86.25 

3/8" 9.5 72 – 90 77.7 170.2 

No.4 4.75 42 – 52 47.4 348.45 

No.10 2.00 25 – 35 31.6 181.7 

No.40 0.425 10 – 20 12.3 221.95 

No.80 0.180 7 – 14 7.9 50.6 

No.200 0.075 3 – 8 4.8 35.65 

Filler - - 0 55.2 

Total  100% 100% 1150 

Table 2. Physical properties of the asphalt binder 

Test 
Average 

values 
Standard 

Source Aliağa/Türkiye - 

Penetration grade 50 – 70 - 

Penetration, 25 ºC 59 ASTM D5 

Flash point, ºC 290 ºC ASTM D92 

Softening point, ºC 

Loss on heating, % 

51 °C 

2.0 

ASTM D36 

ASTM D6 

Ductility (5 cm/minute at 

25 ºC) 
> 100 cm 

ASTM 

D113 

Specific gravity at 25 °C 1.033 ASTM D70 

Viscosity at 135 °C 0.408 Pa·s 
ASTM 

D4402-06 

Asphalt mixtures were obtained by using crushed LS 

and aggregate material tests were carried out according to 

American (ASTM) standards to determine the mechanical 

and durability properties of these selected materials for 

these mixtures. The physical and mechanical properties of 

aggregates used for mixtures are given in Table 3. 

Table 3. Physical and mechanical properties of aggregates 

Samples 

Apparent 

specific 

gravity, 

g/cm3 

Bulk 

specific 

gravity, 

g/cm3 

Water 

absorption, 

% 

Standard 

>Sieve number:4 

(coarse aggregate) 
2.711 2.686 0.40 

ASTM 

C127 

Sieve number: 4-

sieve number: 200 

(fine aggregate) 

2.715 2.662 0.60 
ASTM 

C128 

Filler of limestone 2.729 - - - 

Aggregate tests Value Limit Standard  

Abrasion loss 

value (Los 

Angeles), % 

22 ≤ 27 
ASTM C-

131-89 
 

Percent fractured 

faces, % 
100 ≥ 100 

ASTM 

D5821 
 

Polish value 54 ≥ 50 
ASTM C 

3319 
 

Flatness index, % 19.1 ≤ 25 
ASTM D 

4791 
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2.3. Milled carbon fiber 

In this study, a commercial milled carbon fiber (MCF) 

was employed as an additive. Table 4 presents the physical 

characteristics of the MCF, which have been scarcely 

investigated in previous studies. 

Table 4. Physical properties of MCF 

Typical properties Units Carbon fiber 

Density g/cm³ 1.80 

Mean fiber length milled µm 80 

Filament diameter µm  7 

Tensile strength GPa 3.0 

Tensile modulus GPa 200 

Elongation at break % 1.5 

Single filament resistivity µΩm 22 

Bulk density g/l 380 

Sizing type - unsized 

MCF and its SEM image are given in Fig. 1.  

 

a 

 

b 

Fig. 1. a – MCF; b – SEM image of MCF 

As observed in Fig. 1 b, carbon fiber has a tube shape 

with a uniform distribution. The SEM image depicted in 

Fig. 1 illustrates that the MCF comprises a substantial 

quantity of micro-sized MCF. Considering this micro-MCF, 

one of the motivations of this study was that MCF would be 

a good candidate to be used as a micro filler, potentially 

improving the performance of asphalt concretes. 

3. METHOD 

The asphalt mixtures were produced following the 

construction standards outlined by HTS [20]. A flowchart 

outlining the experimental procedure is presented in Fig. 2. 

In the study, first of all, optimum bitumen ratios (OBR) 

of the control sample and carbon fiber reinforced samples 

were determined by using the Marshall design method. 

Samples were prepared using the OBR determined for each 

series of carbon added samples. The prepared samples were 

subjected to permanent Marshall stability, indirect tensile 

strength and moisture damage resistance tests, respectively. 

At the last stage of the study, the results of the experimental 

studies were evaluated and the optimum MCF additive 

amount was determined. 

3.1. Marshall stability and flow test 

Initially developed for airfield pavements, the Marshall 

mix design method and criteria were subsequently 

incorporated for use in highway pavements. The simplicity 

of the Marshall method of mix design made it the preferred 

choice in the United States before the introduction of the 

Superpave design system, and it continues to be the most 

frequently utilized mix design method worldwide [21]. 

The stability of an HMA pavement is considered to be 

the most crucial property of the asphalt mixture employed 

in the wearing course design. The lack of stability in an 

asphalt mixture causes the unraveling and flow of the road 

surface. 

 

 

Fig. 2. Experimental work flow chart 
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Flow, on the other hand, is the pavement's ability to 

adapt to gradual settlements and movements in the subgrade 

without fracturing. Flow represents an opposite property to 

stability and determines the reversible behavior of the 

wearing course under traffic loads, significantly impacting 

the plastic and elastic properties of the asphalt concrete [22]. 

The Marshall Quotient (MQ) is a metric that assesses the 

stiffness and durability of asphalt concrete by measuring the 

ratio of its stability to flow. This ratio is used to determine 

the material's resistance to various forms of stress, including 

shear stress, permanent deformation, and rutting. By 

analyzing the MQ, engineers can gain valuable insights into 

the quality and performance of asphalt concrete, helping 

them to optimize its composition and ensure its long-term 

viability [23]. In the study, the MQ was determined using 

the formula below: 

𝑀𝑄 =
𝑀𝑆

𝐹
, (1) 

where MQ is Marshall Quotient; F is the flow value; MS is 

Marshall stability. 

To determine the ideal amount of asphalt for various 

aggregate mixtures, Marshall design tests are conducted 

[17]. To conduct these tests, 1150 g of the dry mixture of 

aggregates is first measured and then heated up to 160 °C. 

After heating the aggregate to 160 °C, it is transferred into 

a pan and mixed thoroughly. Then, a depression or "crater" 

is formed in the center of the aggregate and 50/70 

penetration grade asphalt (also heated to 160 °C) is added. 

The mixture of aggregate and asphalt is thoroughly blended 

until the aggregate particles are well coated with the asphalt. 

The next step is to ensure they are thoroughly cleaned and 

to heat the sample mold assembly and compression hammer 

to 160 °C [24]. 

To prepare the specimen for compaction, filter paper is 

placed at the bottom of the mold, and the heated mixture of 

aggregate and asphalt is carefully poured into the mold. A 

heated spatula is then used to smooth the mixture along the 

perimeter of the mold. The collar is removed, and the 

surface of the mixture is further smoothed with a trowel to 

achieve a slightly rounded shape. It is important to maintain 

the temperature of the mixture at 150 °C just before 

compaction to ensure proper and consistent results. After 

replacing the collar, the mold assembly was positioned on 

the compaction pedestal and secured in place by the mold 

holder. The top of the specimen was then subjected to 75 

blows using a compaction hammer. Following this, the 

collar and baseplate were removed, and the sample was 

inverted. The mold was then reassembled, and 75 additional 

blows were applied to the inverted face of the specimen. 

After compaction, the specimen is carefully removed from 

the mold using a sample extractor and a jack and frame 

arrangement. After extraction, the specimen was placed on 

a flat, smooth surface and allowed to cool to room 

temperature according to established guidelines [24]. Once 

properly prepared, the samples, which measured 101.6 mm 

in diameter and 63.5 mm in thickness, underwent a series of 

tests to determine their density, voids, stability, and flow 

properties. These tests were conducted using a specialized 

device known as the MS and flow test device [17]. 

The main goal of the Marshall design procedure is to 

identify the OBR for the asphalt mixture. To do this, the 

designer must examine the following values on the test 

property curves [25]: 

a) maximum stability of the asphalt mixture; 

b) maximum unit weight; 

c) the median value of the acceptable range for percent air 

voids; 

d) the median value of the acceptable range for voids filled 

with asphalt. 

3.2. Retained Marshall stability test 

Mechanical tests that involve measuring changes in the 

properties of a compacted bituminous mixture after 

immersion in water are commonly used to indirectly assess 

the degree of stripping. The ratio of the mechanical property 

after immersion divided by the initial property provides a 

useful measure of the degree of stripping. One of the most 

popular tests for this purpose is the Marshall test. The ratio 

of the MS of bituminous specimens after wet conditioning 

to identical specimens that have not been subjected to the 

conditioning process is referred to as the RMS, and it is 

usually expressed as a percentage [26]. 

To assess the moisture susceptibility of the two mixes, 

the RMS test was conducted according to the  

ASTM D-1075 standard. A total of 36 Marshall specimens 

were prepared, with 6 specimens per MCF. These 

specimens were divided into two sets: unconditioned and 

conditioned. The unconditioned specimens were placed in a 

water bath at 60 °C for approximately 30 – 40 minutes, and 

their MS was measured. The conditioned specimens, on the 

other hand, were immersed in the water bath for 24 hours at 

60 °C, and their MS was also determined. RMS was 

calculated as the MS of the conditioned samples was 

proportional to the MS of the unconditioned samples and 

then multiplied by 100, as indicated in the formula below: 

𝑅𝑀𝑆 =
𝑀𝑆𝑐𝑜𝑛𝑑

𝑀𝑆𝑢𝑛𝑐𝑜𝑛𝑑
𝑥100, (2) 

where RMS is retained Marshall stability, MScond is average 

MS for conditioned specimens, kg; MSuncond is average MS 

for unconditioned specimens, kg. 

3.3. Indirect tensile strength test 

The indirect tensile strength (ITS) test is a method used 

to determine the strength of cylindrical specimens by 

subjecting them to compressive loads along the vertical 

diametral plane using Marshall loading equipment. This 

results in uniform tensile stresses perpendicular to the 

direction of the applied load and along the vertical diametral 

plane, leading to the splitting of the specimen along the 

vertical diameter upon failure. The ITS value is calculated 

by determining the maximum load that the specimen can 

withstand before failure, using Eq. 3 [26]. The ITS test is 

conducted at a temperature of 25 °C and a loading rate of 

50.8 mm/min, utilizing the Marshall apparatus, as per the 

ASTM D6931-17:2017 standard test method for indirect 

tensile (IDT) strength of asphalt mixtures. To compare mean 

ITS values, 24 samples (three per MCF) were prepared. 

𝐼𝑇𝑆 =
2𝑃𝑚𝑎𝑥

𝜋𝑡𝑑
, (3) 

where ITS is the indirect tensile strength, kPa; Pmax is the 

ultimate applied load required to fail specimen, kN; t is the 
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thickness of the specimen, mm; and d is the diameter of 

specimen, mm. 

3.4. Moisture damage resistance test 

Moisture sensitivity refers to the resistance of plastic 

coatings to internal moisture movement enclosure damage 

after contact with water. The presence of water or moisture 

in the coating weakens the bond between the asphalt and 

aggregate and causes deterioration in the coating. Moisture 

sensitivity in hot mix coatings is determined by the 

AASHTO T283 standard. According to the standard, hot 

mix samples are evaluated by dividing them into two groups 

as “unconditioned” and “conditioned”. Unconditioned 

samples are kept in a water bath at 25 °C for 2 hours. 

Conditioned samples, on the other hand, are subjected to 

vacuum treatment so that the air spaces of the samples are 

filled with 60 – 80 % water. After that, the samples are 

wrapped with cling film and kept in the freezer at -18 °C for 

16 hours, and at the end of the time, these samples are kept 

in a water bath at 60 °C for 24 hours. At the end of the time, 

the samples taken from the bath are kept in the bath at 25 °C 

for 2 hours. After these procedures, unconditioned (ITSdry) 

and conditioned (ITSwet) samples are subjected to the ITS 

test using the Marshall device. As a result of the test, the 

indirect TSR values of the mixture samples are calculated 

with the help of Eq. 4. TSR values of HMA samples are 

required to be more than 80 % in terms of their resistance to 

moisture damage caused by water [27]. 

𝑇𝑆𝑅 =
𝐼𝑇𝑆𝑤𝑒𝑡

𝐼𝑇𝑆𝑑𝑟𝑦
∗ 100, (4) 

where ITSwet is the ITS for soaked specimens kPa; ITSdry is 

the ITS for dry specimens, kPa. 

4. TEST RESULTS AND DISCUSSION 

4.1. Marshall test results 

In the study, apart from the control sample (0 % control) 

produced with LS, 1 %, 1.5 %, 2 %, 2.5 %, 3 % of MCF 

reinforced hot mix asphalt samples were prepared. To 

identify the optimum asphalt content for various mixture 

groups, the Marshall test was conducted. For this purpose, 

asphalt mixture samples were prepared at the asphalt ratios 

of 3.5 %, 4.0 %, 4.5 %, 5.0 %, 5.5 % and 6.0 % for each 

MCF additive ratio. The hot mix asphalt specimens were 

prepared in accordance with the specified limit gradation 

curves for the HTS [20] wearing course. The tests were 

conducted for each 0.5 % increase in asphalt ratio. 

For each level of asphalt ratio, three HMA specimens 

were prepared and subjected to Marshall tests. The weight, 

weight in water, and surface dry-saturated to water 

measurements were taken for all the samples. Based on the 

data obtained, curves were plotted to examine the 

relationships between the percentage of asphalt content and 

MS, Dp, Vf, and Vh. OBR levels were then determined from 

these curves for each of the design groups, resulting in OBR 

of 4.87 %, 5.78 %, 5.03 %, 4.78 %, 5.24 %, and 6.84 % for 

design groups 0 %, 1 %, 1.5 %, 2 %, 2.5 %, and 3 %, 

respectively. The correlation between the MS and asphalt 

content can be seen in Fig. 3. The maximum MS values of 

the samples with 0%, 1%, 1.5%, 2%, 2.5% and 3% MCF 

added were primarily determined as 1171, 1192, 1270, 

1168, 1146 and 971 kg. 

 

Fig. 3. Relationship between MS and percentage of asphalt 

The results show that the highest durability wears are 

obtained from the figures with an MCF addition of 1.5 %. It 

was determined that the 1 % and 1.5 % MCF added samples 

had higher stability values than the control sample, while the 

2 % and 2.5 % and 3 % carbon added samples were found 

to have lower values than the control sample. It is seen that 

the stability results are above the minimum stability value 

determined in the HTS wear layer in all samples. While the 

stability values increased up to 1.5 % carbon additive ratio, 

they showed a linear decrease after this value. It was 

observed that the 1 % and 1.5 % MCF added samples had 

higher stability values than the control sample, while the 

2 % and 2.5 % and 3 % carbon added samples were found 

to have higher stability values. It was determined that it took 

lower values than the control sample. It is seen that the 

stability results are above the minimum stability value 

determined in the HTS wear layer in all samples. While the 

stability values increased up to 1.5 % carbon additive ratio, 

they decreased linearly after this value. 

Density is one of the most important properties of 

HMA. As the density of HMA increases, physical properties 

such as durability and stability also improve [28]. 

The highest practical specific gravity (Dp) values were 

obtained as 2.404, 2.388, 2.396, 2.391, 2.367 and 

2.333 g/cm3 for 0 %, 1 %, 1.5 %, 2 %, 2.5 % and 3 % series, 

respectively. The highest Dp value was obtained in the 

samples of the control series (0 % control). Considering the 

samples with MCF addition, it was observed that the highest 

Dp value was obtained from the 1.5 % series and as 

expected, the MS value was the highest in the 1.5 % series. 

The relationships between the percentage of bitumen versus 

the change in Dp values are quite stable (Fig. 4). 

 

Fig. 4. Relationship between Dp and percentage of asphalt 
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The amount of ‘Void filled with asphalt’ (Vfa) plays a 

crucial role in determining the plasticity, durability, and 

friction coefficient of asphalt mixtures. It also helps in 

providing a protective asphalt coating around the aggregate 

particles. In case the Vfa is insufficient, the overall 

durability and stability of asphalt concrete tend to get 

compromised [29]. 

According to the HTS [20], the amount of asphalt filled 

voids should be between 65 % and 75 %. While determining 

the optimum amount of asphalt for hot mixes with MCF 

additives, the asphalt ratio with a void ratio of 70 % was 

chosen (Fig. 5). In the mixtures with 0 %, 1 %, 1.5 %, 2 %, 

2.5 % and 3 % MCF addition, the percentage of asphalt 

filled voids corresponding to the OBR were obtained as 

72.8 %, 78.84 %, 70.71 %, 65.14 %, 71.36 % and 88.11 %, 

respectively. 0 %, 1.5 %, 2 % and 2.5 series are within the 

limit values specified in the HTS. It is seen that 1 % and 3 % 

series exceed the limit value (75 %) of the void ratio filled 

with asphalt. 

 

Fig. 5. Relationship between Vfa and percentage of asphalt 

The void percentage (Vh) is an important property for 

hot bituminous mixes. In the HTS, the lower and upper limit 

for the vacancy rate is determined as 3 – 5 %. The purpose 

of determining these limit values is to prevent possible 

vomiting deterioration. The reason for determining the 

upper limit for the void percentage is to ensure the layer's 

water impermeability and sufficient stability [28]. 

While determining the OBR of MCF-added bituminous 

hot mixes, the asphalt ratio corresponding to 4 % void ratio 

was chosen. The changes in the percentage of voids versus 

the percentage of asphalt by weight in the samples 

belonging to all series are shown in Fig. 6. 

 

Fig. 6. Relationship between Vh and asphalt content 

It is seen that the relations between the percent of 

asphalt by weight and the void are stable. The void 

percentage corresponding to the OBR was obtained as 

3.78 %, 3.22 %, 4.29 %, 5.28 %, 4.28 % and 1.78 %, 

respectively, in the mixtures with 0 %, 1 %, 1.5 %, 2 %, 

2.5 % and 3 % MCF. 

According to the test results, it is seen that the void 

amounts of all samples are within the specification limits, 

except for the sample series with 2 % and 3 % milled carbon 

addition. It was determined that the void amount in the 0 %, 

1 %, 1.5 % and 2.5 % carbon added series was very close to 

the ideal void amount of 4 %. 

According to the HTS [20], it is foreseen that the flow 

value for the HMA to be used in the wear layer is between 

2 and 4 mm. OBR of MCF-added HMA the asphalt ratio 

corresponding to 3 % void ratio was chosen. The changes in 

the percentage of voids versus the percent of asphalt by 

weight in the samples belonging to all series are shown in 

Fig. 7. The flow values corresponding to the OBR in the 

mixtures with 0 %, 1 %, 1.5 %, 2 %, 2.5 % and 3 % MCF 

were obtained as 3.44 %, 2.30 %, 2.23 %, 3.40 %, 1.95 % 

and 2.41 %, respectively. When the test results are 

examined, it is seen that all samples comply with the HTS, 

except for the series with 2.5 % milled carbon addition. 

However, it was determined that the flow value of the 

control sample was higher than the series using MCF. 

 

Fig. 7. Relationship between flow and asphalt content 

Durability is enhanced by obtaining a sufficient film 

thickness for any asphalt and aggregate mixture. Larger film 

thickness in the sense of effective asphalt content will result 

from coarser aggregate gradation. Reducing or minimizing 

the percentage of fines is the most effective strategy to 

accomplish this. To achieve a sufficient film thickness 

without excessive asphalt bleeding or flushing, adequate 

Voids in Mineral Aggregate (VMA) must be established 

both during the mix design process and in the field [30]. 

For the reasons stated above, the minimum void 

percentage value between mineral aggregates for aggregates 

to be used in the wear layer is defined as a minimum of 14% 

in the HTS. The relationship between the voids between 

mineral aggregates and the percent by weight of asphalt is 

given in Fig. 8. 

In the mixtures with 0 %, 1 %, 1.5 %, 2 %, 2.5 % and 

3 % MCF addition, the void values between mineral 

aggregates corresponding to the OBR were obtained as 

14.04 %, 15.28 %, 14.76 %, 15.15 %, 15.11 % and 

15.93 %, respectively. When the test results are examined, 

it is seen that all series comply with the HTS. However, it 

was determined that the void values between the mineral 

aggregates of the control sample were lower than the series 

using MCF. 
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Fig. 8. Relationship between VMA and asphalt content 

The relationship between the MQ and the percentage of 

asphalt is given in Fig. 9. MQ values of the produced 

bituminous hot mix samples were determined as 3.32, 3.07, 

4.88, 4.67, 5.69 and 3.44 kN/mm, respectively, in the 

mixtures with 0 %, 1 %, 1.5 %, 2 %, 2.5 % and 3 % MCF 

(Fig. 10). 

 

Fig. 9. Relationship between MQ and asphalt content 

When the MQ values are examined at the OBR, it is 

seen that there are changes in the MQ values with the 

contribution of MCF. These changes are 7.5 % decrease and 

46.9 %, 40.7 %, 71.4 % and 3.61 % increase compared to 

the control sample. According to these results, it will be 

possible to say that the highest increase is seen in the 

mixture samples with 2.5 % milled carbon and therefore the 

mixtures with 2.5 % milled carbon additives are the most 

resistant to shear stresses. 

 

Fig. 10. Relationship between MQ and MCF content 

4.2. Retained Marshall stability test results 

When Fig. 11 is examined, as the MCF additive ratio 

increased, significant increases occurred in the RMS values 

of the modified mixtures compared to the control mixture. 

These increases are 3.97 %, 15.28 %, 13.91 %, 15.17 %, 

and 13.45 %, respectively. When the RMS results are 

examined, it is seen that all series with milled carbon added 

have higher values compared to the control sample. The 

highest RMS value was obtained from 95.19 % and 1.5 % 

milled carbon added samples. Therefore, it is understood 

that the bituminous hot mixtures with the least sensitivity to 

moisture are the mixtures with 1.5 % milled carbon. It can 

be concluded that the MCF strengthens the relationship 

between aggregate and asphalt, resulting in an increase in 

the resistance of bituminous hot mixes to water-induced 

deterioration. 

 
Fig. 11. RMS test result 

4.3. Indirect tensile strength and moisture damage 

resistance test results 

In the study, the ITS test was applied to conditioned and 

unconditioned MCF added and control samples, and their 

resistance to coating deterioration caused by water was 

determined. ITS and TSR values are given in Fig. 12 and 

Fig. 13, respectively. 

 

Fig. 12. ITS values of the control and MCF asphalt mixtures 

When Fig. 12 is examined, there were changes in ITS 

values of asphalt mixture samples conditioned with MCF 

additive increase (ITSwet) compared to the control sample. 

These changes are 21.7 %, 33.9 %, 36.1 %, 46.5 % and 

16.8 % increases, respectively, compared to the carbon 

fiber-free control mix prepared with limestone. The changes 

in the ITS values of the unconditioned (ITSdry) mixture 

samples are 9.3 %, 20 %, 21.7 %, 30.8 % and 5.7 % 

increase, respectively, compared to the control sample. It is 

seen that the ITSwet and ITSdry values of the mixture samples 

increased in general with the MCF additive. 
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Fig. 13. Tensile strength ratio results 

Therefore, it is understood that hot mixes with MCF 

added asphalt increases the resistance of the coating against 

tensile stresses caused by traffic loads. 

When Fig. 13 is examined, changes occurred in TSR 

values with the increase in MCF contribution. These 

changes are 11.3 %, 11.6 %, 11.8 %, 12.0 % and 10.5 % 

increases, respectively, compared to the control mixture. 

According to these results, the highest TSR value was 

observed in mixtures with 2.5 % MCF additives. Therefore, 

it can be said that the most resistant mixtures against 

deterioration caused by water are the mixtures with 2.5 % 

MCF additives. In addition, the fact that the TSR values of 

the mixtures with the MCF additive are above 80 % 

indicates that the MCF additive has an improving effect on 

the resistance of the HMA coatings to water-induced 

deterioration. 

5. CONCLUSIONS 

In the study, the effects of MCF on the mechanical 

behavior and moisture damage resistance of HMA were 

investigated and the results obtained are summarized below. 

1. According to MS test results, MS of HMA with MCF 

additive increased by 8.5 % and the highest stability 

value was obtained from mixtures with 1.5 % MCF 

additive. 

2. OBR were calculated for each series and it was 

observed that the values obtained were within the limits 

of economic use and remained within the limit values 

determined for the wear layer of the HTS. 

3. According to the MQ results, the highest MQ value was 

obtained from the mixture with 2.5 % MCF additive, 

and therefore, the resistance of the MCF additive 

coating against shear stresses was improved. 

4. According to the RMS results, it was observed that the 

resistance of the hot mixtures against the effects of 

humidity increased significantly with the addition of 

MCF, and the highest resistance was obtained from the 

mixtures with 1.5 % MCF addition. 

5. According to the TSR results, it was observed that the 

highest TSR value was obtained from the mixture with 

2.5 % MCF addition, and the addition of MCF 

significantly improved the moisture resistance of the 

road pavements by increasing the adhesion and 

cohesion ability of the HMA. 

6. According to the test results, the highest density value 

was obtained in the 1.5 % MCF added bituminous hot 

mix samples. Therefore, it is expected that the 

impermeability property of the 1.5 % series samples 

will be better than the other MCF added samples. 

7. When the flow results are examined, it is seen that in 

addition to there being a decrease in all series with MCF 

addition compared to the control sample, it is also 

within the limit values specified in the HTS. For this 

reason, it is thought that all MCF-doped series will 

exhibit a resistant behavior against plastic deformation 

formation. 

As a result, it is possible to state that the use of MCF as 

an additive in HMA has an improving effect on increasing 

the moisture resistance and mechanical properties (stability) 

of flexible coatings.  
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