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Abstract— This study investigates the effect of carbon fibers when added to HMA mixtures incorporating recycled concrete aggregate on
Marshall properties. It included identifying the optimum asphalt contents according to the Marshall design method for mixtures containing 20,
40, 60, 80, and 100% coarse recycled concrete replaced with coarse virgin aggregate. Two lengths of 10 and 20 mm of carbon fibers had been
added with three percentages of 0.15, 0.25, and 0.35% from the total weight of the mixture. The results showed all mixtures containing recycled
concrete aggregate met SCRB 2003 Iraqi standard requirements for wearing coarse type I11A. Replacement of virgin aggregate by recycled
concrete aggregate led to an increase in optimum asphalt contents, in which the maximum increase reached 10.78% over the control mixture
when 100% of coarse recycled concrete aggregate was utilized. The Marshall characteristics were altered with carbon fiber, which increased
stability. The highest level of stability reached about 38.89% over the control mixture when using 60% recycled concrete aggregate and
reinforced by 0.35% carbon fibers with a length of 20mm.

Keywords: marshall properties, recycled concrete aggregate, carbon fibers, HMA.

nazeer.khaled2101m@-coeng.uobaghdad.edu.iq

https://creativecommons.org/licenses/by/4.0/

10.15649/2346030X.3243



https://doi.org/10.15649/2346030X.3243
mailto:nazeer.khaled2101m@coeng.uobaghdad.edu.iq
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15649/2346030X.3243
https://orcid.org/0009-0001-0607-2959
https://orcid.org/0000-0003-3254-0557

I. INTRODUCTION

Road network development is a key indicator of progress for a nation [1]. Road safety is closely related to the condition of the road where
dangerous incidents are more likely to occur on deteriorated roads [2]. Around the world, hot mix asphalt (HMA) has demonstrated its ability
to successfully provide a suitable paving surface for transportation services [3]. Asphalt pavement layers provide an important function in
preserving the underlying structure by distributing vertical wheel loads to the lower or foundation layers [4]. A large portion of Irag's roadways
were constructed out of asphaltic concrete due to the availability of raw materials, ease of manufacturing, and low cost [5]. The asphalt mixture
consists of the main components which are asphalt cement, coarse and fine aggregate, and filler [6]. In other words, the substance is a
complicated mixture of multiple separate compounds, each of which affects the mixture's qualities differently [7]. The asphalt mixture consists
of three essential phases: asphalt cement, aggregate, and air voids. Aggregate is a stiff substance that behaves as an elastic material, whereas
binder exhibits visco-elastic behavior and will flow under the loads depending on ambient temperature. The primary intent of asphalt cement is
to hold aggregate particles collectively in contact and reduce separation due to rolling tires. It is a vital component in asphalt mixtures because
there is no other material to bind aggregate parts properly. Air voids are a fundamental characteristic of asphalt mixtures as well, which combine
with aggregate and asphalt cement to generate a complex composition [8], [9].

Marshall characteristics can be categorized into two classes: plastic flow resistance (Marshall stability and flow) and volumetric properties,
which can be separated into two groups, the primary one of which corresponds directly to the relative volume of the components in the asphalt
mixture, such as the grain size of aggregates and binder volume, furthermore air voids. While the secondary part deal with to volumetric
characteristics of the asphalt mixture, which are volume in mineral aggregate, and voids filled with asphalt [10].

As a consequence of the world's rapid population growth and industrialization over the last century, in addition, several current pavements
have already reached the end of their useful lives, and others will soon need maintenance due to high traffic volumes and environmental
alterations [11]. New construction and maintenance works lead to an increase in the demand for raw materials that form asphalt mixtures, which
leads to an increase in their cost in addition to the environmental damage resulting from the destruction of natural lands [12], [13]. The excessive
accumulation of construction waste, however, is another important and dangerous issue affecting the environment. This waste requires huge
land areas for disposal and landfilling [14]. For these reasons, scientists and engineers have put a lot of effort into determining how to get rid of
this hazardous waste that contains many materials therefore, a different strategy—namely, sustainability—must be adopted to lessen the negative
effects on the environment [15]. It is imperative to evaluate the sustainability of construction projects to ensure that they do not damage the
environment or contribute to the reduction of construction costs [16]. Because demolition waste incorporates several materials, including
Portland cement concrete, which is formed of high-quality elements, the most significant of which is aggregate, there have been numerous prior
studies on the use of waste cement concrete as aggregate in asphalt mixtures [17]. However, the recycled concrete aggregates generated by
crushing Portland cement concrete differ in some properties from virgin aggregates, such as lower specific gravity, lower abrasion resistance,
and a lower flaky index, high water absorption which make the need for additional amounts of asphalt cement due to the cement mortar adhered
to them [18]. Asphalt concrete manufactured from recycled concrete aggregate exhibits high stability and flow with decreasing Marshall
stiffness, possibly not sufficiently durable to withstand long-term deformation [19]. Consequently, it is crucial to investigate the asphalt
compositions that contain RCA [20].

Engineers and scientists have been studying hard to enhance the characteristics of asphalt mixtures. Many researchers have focused a great
deal on enhancing the asphalt bond's rheological characteristics through the addition of powders, fibers, or certain chemical compounds [21].
On the other hand, some focused on improving aggregate interlock. The majority of the ingredients forming the asphalt mixture are aggregates.
About 80% of the shear strength came from the internal friction angle [22]. Additionally, reinforcing pavement structures using fibers in HMA
mixtures can extend the pavement's lifespan and increase its adaptability to a variety of environmental factors, including traffic volume over
time, effects, and changes in the climate.

Fibers are successful when they increase tensile strength while also providing adequate lateral tightness for the reinforcement mechanism
[23]. It ensures stability and mechanical strength when adding fibers to the binder or bituminous mixes [24].

The properties of asphalt mixtures that use fibers as reinforcement had been the subject of numerous investigations. Moghadas et al. [25]
assessed 1, 2, and 3 cm lengths of carbon fibers with three different percentages of 0.02, 0.025, and 0.035% by total weight; they concluded the
percentage of 0.035% and 3 cm, which led to a significant increase in Marshall properties and rutting resistance. Alfalah et al. [26] showed, a
0.16% of carbon fibers by total weight led to an enhancement in the mechanical properties of asphalt mixtures.

Eisa et al. [27] showed 0.25% of glass fiber by total weight led to an increase in stability of about 10% and a decreased flow of 13.5%;
furthermore, a decrease in rutting depth of 19.7% compared to the conventional mixture.

Enieb and Yang [28] investigated glass fibers that had two lengths of 6 and 12 mm, with two percentages of 0.3 and 0.6% by the total weight
of the mixture. The study showed an increase in asphalt mixture properties, Marshall, fatigue, and resilient modulus. Glass fibers were utilized
as strengthening materials for asphalt mixtures containing 50% reclaimed asphalt pavement [29], [30]. Ceramic fibers could be added to the
asphalt cement or mixtures as modifiers, because of the high specific surface area of ceramic fibers which increased the contact area, the
percentage of 0.4% by the total weight of the mixture led to an increase in stability about 17.5%, with a slight increase in flow and improved
rotting performance [31]. It also enhanced rutting, fatigue, and stiffness when the asphalt binder was modified by 3% of ceramic fibers [32].

Basalt fibers had prominences between polyester and lignin as they had a superior effect, which was preferable when strengthening asphalt
mixtures compared to their counterparts [33], [34].

The research aimed to study the Marshall and volumetric properties of asphalt mixtures as a result of the addition of recycled concrete
aggregate to improve the aggregate interlock, and reinforced these mixtures with carbon fiber to improve stiffness which is considered the
novelty in this paper.



The research hypothesis was that recycled concrete aggregates are classified as weak elements under heavy loads and have high
absorbability. Therefore, the quantities of cement asphalt absorbed by the pores of the aggregate play an important role in the performance of

asphalt mixtures.
I1. MATERIALS AND METHODS

Various sources supplied the raw materials, which involved asphalt cement, virgin (coarse, and fine) aggregate, recycled concrete aggregate,
carbon fibers, and filler.

a. Asphalt Cement

In Irag, the common type of asphalt cement used in asphalt pavement is 40-50 penetration grade. It was obtained from the Dourah refinery
inside Baghdad Province. Table 1 demonstrates the physical properties of the asphalt cement used.

Table 1: Physical properties of asphalt cement.

Test Unit Test Method | Result SCRB Requirements

Penetration (25°C,100gm, 5 sec). 1/10 mm ASTM D-5 43 40-50
Ductility (25 °C, 5 cm/min). cm ASTM D-113 167 > 100
Flash point (Cleveland open cup). °C ASTM D-92 >232 232 Min
Specific gravity at 25°C - ASTM D-70 1.02 -
Kinematics viscosity, at 135 °C. cSt ASTM D-2170 | 405 -
Softening point (Ring and Ball). °C ASTM D-36 51 -
Residue from thin film oven test. % ASTM D-1754

-Retained penetration, % of original. om ASTM D-5 77 >55

-Ductility (25°C, 5 cm/min). ASTMD-113 | 92 >25

Source: Own elaboration.
b. Aggregates

Virgin crushed fine and coarse aggregate was obtained from the (al Nabaie) quarry, which lies north of Baghdad. Tables 2 to 3 demonstrate
the physical properties of the fine and coarse aggregate used, respectively.

With the objective of accomplishing the task, the mid-range of gradation limits according to the SCRB 2003 standard for wearing course
Type I1A was selected. Figure 1 demonstrates the gradation of the aggregate selected.

Table 2: Physical properties of fine aggregate.

Test Test Method | Result | SCRB Requirements for Type I11A
Bulk Specific Gravity, gm/cm® | ASTM C-128 | 2.58 -
Water Absorption, %. ASTM C-128 | 0.83 -

Source: Own elaboration.

Table 3: Physical properties of coarse aggregate.

Test Test Method Result| SCRB Requirements for Type I11A
Bulk Specific gravity, gm/cm?® ASTM C-127 2.55 -
Water Absorption, %. ASTM C-127 0.45 -
Abrasion by Los Angeles Machine, % loss. ASTM C-131 13 30% Max
Degree of Crushing, %. ASTM D-5821 92 | 90% Min has one or more fractured faces.
Flat and Elongated pieces more than (5:1) between Max
and Min Dimgnsionr? %. oD ASTM D-4791 0 10% Max.

Source: Own elaboration.
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Figure 1: Grain size distribution of aggregate.
Source: Own elaboration.



c. Filler

The SCRB 2003 Iraqi standard, requires that the filler be either limestone dust or Portland cement. In this study, ordinary Portland cement
was used; it was obtained from a cement concrete plant inside Baghdad Province. Table 4 demonstrates the physical properties of the filler used.

Table 4: Physical properties of the filler.

Test Result SCRB Requirement
Sieve Analysis.
% passing sieve (No 30). 100 100
% passing sieve (No 50). 100 95-100
% passing sieve (No 200). 98 70-100
Specific gravity, gm/cm® 3.14 -

Source: Own elaboration.
d. Recycled concrete aggregate
It was obtained by assembling and crushing the small pieces of a crumbling New Jersey barrier. It was crushed manually by a Hummer
weighing 3 kg. After that, the grains were sieved according to SCRB 2003 Iraqi requirements for wearing course type I11A gradation and dried,

then stored in separate containers. Table 5 demonstrates the physical properties of the recycled concrete aggregate used.

Table 5: Physical properties of recycled concrete aggregate (RCA).

Test Test Method Result | SCRB Requirements for Type I11A
Bulk Specific Gravity, gm/cm?® ASTM C127 2.32 -
Water absorption, %. ASTM C127 2.94 -
Abrasion by Los Angeles Machine, % loss. ASTM C-131 22 30% Max

Source: Own elaboration.
e. Carbon fibers

It was obtained from a local supplier. The type used was Wrap C-300 unidirectional bundles of woven carbon fiber fabric. The physical
properties of this material were 4000 N/mmz2 dry tensile strength, and dry density 1.82 gm/cm3.

1. METHODOLOGY OF TESTING

The basic test adopted was the Marshall test for asphalt mix design according to ASTM D6926. The standard (4x2.5-inch) cylindrical
specimens were prepared by mixing and compacting (75 blows for each face). 1200 gm of asphalt mixture containing different amounts of
recycled concrete aggregate (0, 20, 40, 60, 80, 100%) of coarse aggregate to identify the optimum asphalt contents and Marshall properties. The
ASTM D2726 standard was adopted to identify the bulk-specific gravity for each specimen. The ASTM D2041 standard was adopted to
determine the theoretical maximum specific gravity (Gmm) for each mix. The ASTM D6927 standard was adopted to identify resistance to
plastic flow.

After identifying the optimum asphalt contents and other volumetric properties for each mix, carbon fibers were embedded with three
different contents (0.15, 0.25, and 0.35%) by the total weight of the mixture at two lengths of 10, and 20 mm separately by dry method i.e.,
addition carbon fibers to the total aggregate before mixing with the asphalt binder to provide significant dispersion.

The same context of work mentioned above was followed to identify resistance to plastic flow and volumetric analysis for reinforced
mixtures. Figure 2 demonstrates the Marshall specimens prepared.

Figure 2: Marshall Test.
Source: Own elaboration.



Results of the Marshall test for mixtures that contained RCA, and carbon fibers, which were handled in various amounts are shown in Table

6 and Figures 3to 8.

When comparing the test results summarized in Table 6 with the SCRB 2003 requirements demonstrated in Table 7, it is obvious that all

V.

mixtures satisfy the requirements of the aforementioned specification.

Table 6: Marshall test results.

RESULTS AND DISCUSSION

RCA. % | OAC, % | %CF. | C.E.L, mm | Stability, KN | Flow, mm | MO, kN/mm | VMA, % | VTM, %
0 293 - - 11.03 33 3.35 14.97 3.92
0 0 118 3.85 35 15.09 3.94

0.5 10 129 3.5 3.97
0.15 20 1311 3.16 415 15.32 4.13

20 5 0.25 10 133 3.2 216
0.25 20 13.58 312 236 15.43 4.26

0.35 10 136 3.3 122
0.35 20 13.9 3.14 243 15.54 4.38
0 0 12.43 3.92 3.61 152 3.92

0.5 10 13.88 3.35 415
0.15 20 14.03 3.26 431 15.36 4.21

40 5.08 0.25 10 14.12 3.28 231
0.25 20 14.66 3.2 4.56 1544 4.21

0.35 10 14.52 3.33 437
0.35 20 14.76 313 4.74 1551 4.29
0 0 12.66 3.93 3.55 1511 3.93

0.5 10 13.83 3.38 41
0.15 20 145 331 2.39 15.21 4.15

60 5.17 0.25 10 14.73 3.32 4.44
0.25 20 151 327 4.62 15.34 4.23

0.35 10 14.9 3.35 4.45
0.35 20 15.32 33 465 15.42 4.32
0 0 12.27 3.95 3.38 15.07 3.93

0.5 10 13.25 341 3.8
0.15 20 13.7 3.35 4.09 15.21 4.05

80 5.27 0.25 10 13.72 3.36 2.09
0.25 20 14.65 331 4.43 15.25 4.09

0.35 10 14.42 3.38 427
0.35 20 14.82 3.33 2.46 15.32 4.18
0 0 11.95 3.98 315 15.06 393

0.5 10 12.03 3.45 3.75
0.15 20 133 3.39 3.93 15.22 3.99

100 5.45 0.25 10 135 34 3.98
0.25 20 14.45 3.36 431 15.34 4.12

0.35 10 142 3.43 414
0.35 20 148 3.36 441 1545 4.25

Source: Own elaboration.

Table 7: SCRB limits requirements.

Property SCRB Limits for wearing course Type I11A
Resistance to plastic flow:
Marshall Stability, kN 8 Min
Marshall Flow, mm 2-4
Voids in Marshall specimen (VTM), % 3-5
Voids in mineral aggregate (VMA), % 14 Min
Asphalt Cement (by total weight of Mix), % 4-6

Source: Own elaboration.

Figure 3 illustrates the effect of recycled concrete aggregate on optimum asphalt contents. It is obvious that the increased content of recycled
concrete aggregate led to an increase in the content of asphalt. Due to the cement mortar adhering to the aggregate, it had sucked some asphalt
cement through its pores.
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Figure 3: Effect of RCA on O.A.C.
Source: Own elaboration.
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Effect of carbon fibers (length, dosage) on the Marshall and volumetric properties of hma mixtures

Figure 4 (a to e) illustrates the effect of recycled concrete aggregate and carbon fibers on Marshall's stability. It is clear that all mixtures
containing recycled concrete aggregate had higher Marshall stability than the reference mixture. This is due to the fact that recycled concrete
aggregate had more crushed faces than virgin aggregate, which increased the contact area. In addition, the roughness of the surface of the
recycled aggregate as a result of the adhesion of cement mortar led to increased adhesion between asphalt and recycled aggregate. It can be
noted that the addition of carbon fibers led to an additional increase in Marshall stability. Maybe it happened due to the increased contact area,
or the mixture gained more stiffness as a result of the addition of carbon fiber. It is clear to note that all 20 mm carbon fiber-reinforced mixtures
have higher Marshall stability than their counterparts with lengths of 10 mm. It is likely due to an increase in the number of fibers with a length
of 10 mm, which led to the overlap or agglomeration of some of them as they reduced the contact areas. The maximum increase was recorded
in the mixture containing 60% recycled concrete aggregate and 0.35% carbon fibers with a length of 20mm.
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Figure 4: Effect of RCA and Carbon Fibers on Stability.
Source: Own elaboration.

Figure 5 (a to e) illustrates the effect of recycled concrete aggregate and carbon fibers on Marshall's flow. It is possible to note that the
addition of recycled concrete aggregate led to an increase in Marshall flow. This might be due to the content of asphalt. The highest flow
increase was 20.61% over the control mixture for the mixture containing 100% recycled concrete aggregate. While the addition of carbon fiber
reduced the flow in all proportions and two lengths, the mixture containing 20% recycled concrete aggregate and reinforced by 0.25% carbon
fiber with a length of 20 mm recorded a lower flow of 5.45% than the control mixture.
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Figure 5: Effect of RCA and Carbon Fibers on Flow.
Source: Own elaboration.

The plastic stiffness index is known as the Marshall quotient or Marshall stiffness. It is determined by dividing stability by flow. It provides
information about a mixture's resistance to long-term deformation [35], [36]. Figure 6 (a to e) illustrates the effect of recycled concrete aggregate
and carbon fibers on the Marshall quotient. It is very clear that mixtures containing recycled concrete aggregate had a lower Marshall quotient
than reference mixtures for all contents. However, adding carbon fibers significantly improved Marshall's quotient for both lengths and all the
contents. The mixture containing 40% recycled concrete aggregate and reinforced by 0.35% carbon fibers, recorded the highest increase of

41.5% over the reference mixture.
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Figure 6: Effect of RCA and Carbon Fibers on Marshall Quotient.
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V. CONCLUSION

On the basis of the results of the tests conducted and the characteristics of the materials used that have been emphasized, the following
significant elements can be added to the summary of this research:

1.

o

When virgin material was swapped out with recycled concrete aggregate, the asphalt cement content increased. The maximum
increase occurred at the content of 100% recycled concrete aggregate, where the increase in asphalt content was 10.55% over the
control mixture.

The addition of recycled concrete aggregate increased Marshall's stability and flow. The highest increase was 14.78% over the
control mixture for the mixture containing 60% recycled concrete aggregate. While the maximum increase in flow was 20.61%
over the control mixture for the mixture containing 100% recycled concrete aggregate.

The addition of carbon fibers led to an increase in Marshall's stability and decreased flow. The maximum increase in stability was
at the mixture consisting of 60% recycled concrete aggregate and reinforced by 0.35% carbon fibers with a length of 20mm, where
the increase was 38.89% over the control mixture. While the maximum decrease in flow was 5.45% lower than the control mixture,
it was recorded in the mixture containing 20% recycled concrete aggregate and 0.25% carbon fibers with a length of 20mm.

The Marshall quotient or stiffness is significantly improved when carbon fibers are added to asphalt mixtures as a result of
increasing Marshall stability and reducing flow, which leads to increased resistance to permanent deformation. The highest
increase in Marshall quotient was found in mixtures containing 40% recycled concrete aggregate reinforced with 0.35% carbon
fiber with lengths of 20 mm.

The length of the carbon fibers did not lead to a significant difference in Marshall properties when added to asphalt mixtures.
The addition of recycled concrete aggregate led to prolonged mixing time and the need to maintain a high temperature during
mixing, which was not less than 163 °C as well as an increase in asphalt content. Therefore, the addition of carbon fiber did not
lead to the need to increase the asphalt content for mixing.
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