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Article Info  Abstract 

Article History:  Short mineral fibers can modify load transfer across several asphalt damage 
modes, but direct comparisons within one controlled mixture matrix remain 
limited. This study compared 6 mm basalt fiber (BF) and glass fiber (GF), 
incorporated by the dry process at 0.2%, 0.3%, and 0.4% of the total mixture mass, 
in dense-graded hot-mix asphalt prepared with a 60/70 penetration-grade binder 
at a fixed asphalt content of 5.0% by total mixture mass. Marshall response along 
with dry and moisture-conditioned indirect tensile strength was first used to 
examine dose dependence and select a common dosage for further testing. The 
0.3% mixtures were then evaluated by wheel tracking at 60 °C, constant-strain 
four-point bending fatigue, and an adapted Cantabro abrasion procedure before 
and after thermal aging. Both fibers produced a non-monotonic load-capacity 
response, and 0.3% was selected for the extended test program based on the 
combined Marshall and tensile response within the evaluated dosage range. At this 
dosage, BF and GF increased Marshall stability by 27.2% and 17.5%, increased dry 
tensile strength by 15.5% and 11.9%, and reduced rut depth after 10,000 wheel 
passes by 30.0% and 22.9%, respectively. Fatigue life increased by 49.1% and 
46.3%. After seven days of aging at 60 °C, Cantabro mass loss decreased from 
27.0% for the control to 15.1% for BF and 18.3% for GF. Across the evaluated 
laboratory response modes, BF showed larger numerical improvements in several 
indicators, particularly rut depth and aged particle loss. 
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1. Introduction 

Hot mix asphalt (HMA) is a heterogeneous, temperature- and loading-rate-dependent composite in 
which a mineral skeleton is embedded in a viscoelastic binder in a rich mastic and interrupted by 
air voids. Its macroscopic response emerges from aggregate contact forces, binder rheology, mastic 
cohesion, aggregate-binder adhesion, and void structure. Temperature, loading duration, water, 
and oxidative aging all affect how stress and strain are partitioned among these phases. Rutting, 
fatigue cracking, moisture-related damage, and raveling are therefore coupled manifestations of 
deformation and damage within the same multiphase material [1,2]. 

No single strength or specification index can describe resistance to all forms of asphalt distress. At 
high temperature, the softened mastic allows greater aggregate movement and permanent 
deformation. Repeated tensile strain can initiate and develop microcracks as mixture stiffness 
decreases. Moisture can weaken mastic cohesion and aggregate-binder adhesion, whereas aging 
can increase stiffness and reduce the ability of the mixture to relax stress. For this reason, the effect 
of a modifier should be examined under different loading and conditioning conditions rather than 
through one test alone. 
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Discrete fibers can change the internal response of an asphalt mixture rather than acting only 
through the binder. When they are well dispersed, fibers may redistribute local stress, restrain 
aggregate movement, and stabilize binder-rich regions. Their effect depends on fiber geometry, 
dosage, dispersion, thermal stability, surface interaction, and mixture volumetrics [3]–[5]. Recent 
studies also show that the fiber–asphalt interface can influence mixture behavior. Pull-out strength 
and adhesion work have been used to study basalt-fiber/asphalt-mastic interaction [6], while 
comparative work on basalt, glass, and polyester fibers has related interfacial characteristics to 
cracking resistance [7]. These studies help explain the behavior of fiber-modified asphalt. However, 
surface energy, pull-out strength, and microstructure were not measured in the present study. The 
mechanisms discussed here are therefore used only to interpret the laboratory results. 

Fiber content is therefore expected to have an optimum range rather than a continuously 
increasing effect. At low content, the number of fibers may be insufficient to influence many 
potential damage zones. At higher content, fiber–fiber contact, binder absorption or 
immobilization, and agglomeration may reduce coating uniformity or create nonuniform regions 
[5,8-11]. The 0.2%, 0.3%, and 0.4% dosages were selected from the low dosage range commonly 
investigated for mineral-fiber asphalt mixtures. Recent work has also examined low fiber contents 
and reported optimum behavior around 0.2–0.3% for its specific material system [7]. The optimum 
fiber content depends on the mixture and should not be considered a fixed property of the fiber. 

The mixture was therefore examined under several conditions: high temperature, moisture 
conditioning, repeated strain, and thermal aging. Wheel tracking was used to measure permanent 
deformation at high temperature. Dry and conditioned tensile tests were used to compare tensile 
strength before and after moisture conditioning. Four-point bending was used to follow stiffness 
loss during repeated loading, while the Cantabro procedure was used to assess particle loss before 
and after thermal aging. Previous studies have also shown that the response of fiber-modified 
asphalt varies with temperature, moisture exposure, mixture layer, and composition [12-15]. 

Basalt fiber (BF) and glass fiber (GF) can be compared within the same asphalt mixture because 
both are mineral fibers that can tolerate normal HMA production temperatures. However, their 
physical and surface properties are not identical. Previous studies on BF have reported changes in 
Marshall properties, tensile response, moisture resistance, rutting, fracture, and fatigue at 
appropriate dosages [8,9,15-20]. Studies on GF have also reported improvements in cracking, 
rutting, and moisture-related performance [21-24]. In many published studies, however, fibers 
were used together with other mixture changes, such as reclaimed asphalt, diatomite, or warm-mix 
additives. This makes the effect of fiber type alone harder to distinguish. 

Direct BF-GF comparisons made in one conventional mixture are still limited. Comparing results 
from separate studies is difficult because binder grade, aggregate source, gradation, volumetric 
properties, fiber dosage, and compaction may all be different. A fiber may also perform better in 
one test but show little advantage in another. For that reason, this study compares the response of 
the two fibers across several tests instead of judging them from one result. 

This study compares 6 mm BF and GF at 0.2%, 0.3%, and 0.4% of total mixture mass in the same 
dense-graded HMA. The binder, aggregate, gradation, mixing procedure, and conditioning methods 
were kept the same for both fiber types. The mixture followed the relevant Iraqi specification for 
materials and gradation [25]. The study first examines the effect of dosage on Marshall and tensile 
response. It then compares the selected BF and GF mixtures in terms of rutting, tensile response, 
fatigue behavior, and particle loss. 

2. Materials and Methods 

2.1 Asphalt Binder 

The asphalt binder was obtained from the Al-Daurah refinery and had a penetration grade of 60/70. 
Table 1 lists its measured physical properties. 
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Table 1. Physical properties of the 60/70 penetration-grade asphalt binder 

Property (unit) Standard Result SCRB limit 

Penetration, 25 °C (0.1 mm) ASTM D5 65 60–70 

Ductility, 25 °C (cm) ASTM D113 128 >100 

Flash point (°C) ASTM D92 284 >232 

Fire point (°C) ASTM D92 300 – 

Viscosity, 135 °C (Pa·s) ASTM D4402 0.375 – 

Viscosity, 165 °C (Pa·s) ASTM D4402 0.125 – 

Softening point (°C) ASTM D36 49 – 
 

2.2 Aggregate and Mineral Filler 

Crushed coarse aggregate and sand were combined with limestone mineral filler. The aggregate 
properties are presented in Table 2. The selected gradation followed SCRB R/9 Type IIIA for dense-
graded HMA [25] and remained within the specified envelope (Figure 1). Based on the sieve series, 
the maximum aggregate size was 19 mm and the nominal maximum aggregate size was 12.5 mm. 
Los Angeles abrasion was determined in accordance with ASTM C131/C131M [26]. 

Table 2. Physical properties of the coarse and fine aggregates 

Fraction / property Standard Result Limit 

Coarse: Los Angeles abrasion (%) ASTM C131 21.2 30 max. 

Coarse: Na₂SO₄ soundness loss (%) ASTM C88 3.3 12 max. 

Coarse: angularity (%) ASTM D5821 98 95 min. 

Coarse: flakiness index (%) ASTM D4791 0.91 10 max. 

Coarse: elongated index (%) ASTM D4791 2.50 5 max. 

Fine: bulk specific gravity ASTM C128 2.618 – 

Fine: apparent specific gravity ASTM C128 2.625 – 

Fine: water absorption (%) ASTM C128 0.19 – 

Fine: sand equivalent (%) ASTM D2419 89.7 45 min. 

Fine: deleterious material (%) ASTM C142 1.11 3 max. 
 

 

Fig. 1. Selected aggregate gradation within the SCRB R/9 Type IIIA envelope 
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2.3 Fibers 

Basalt and glass fibers with a nominal length of 6 mm were used as received after oven drying; no 
additional surface treatment was applied. Their supplier-reported properties are listed in Table 3, 
and their physical appearance is shown in Figure 2. These values are treated as nominal constituent 
properties rather than measurements made in this study. 

Table 3. Nominal physical and mechanical properties of the fibers 

Property Basalt fiber Glass fiber 

Length (mm) 6 6 

Diameter (µm) 16 12 

Density (g/cm³) 2.77 2.60 

Moisture content (%) 0.32 0.50 

Elongation (%) 1.4 3.0 

Tensile strength (MPa) 2,200–2,500 3,100 

Elastic modulus (GPa) 87 81 
 

 

Fig. 2. Basalt fiber (left) and glass fiber (right) used in the study 

2.4 Mixture Design and Specimen Preparation 

The control and fiber-modified mixtures were prepared at the same asphalt content of 5.0% by 
total mixture mass so that fiber type and dosage could be compared under a common mixture 
condition. Marshall specimens were compacted with 75 blows per face in accordance with ASTM 
D6926 [27]. Both fibers were evaluated at 0.2%, 0.3%, and 0.4% by total mixture mass. 

Before mixing, the fibers were dried at 105 °C for 24 h. A dry mixing procedure was used for both 
fiber types, consistent with the general approach reported for fiber-reinforced asphalt mixtures 
[15], [28]. For the fiber mixtures, the fibers were added first to the heated aggregate and spread 
through the aggregate to reduce clumping. The asphalt binder was then introduced and mixing 
continued. The entire mixing process took approximately 5 minutes. Mixing and compaction were 
carried out at approximately 153 °C and 146 °C, respectively, according to the binder viscosity–
temperature relationship. Fiber distribution was checked during mixing by visual inspection, and 
no visible fiber balls or clumps were found. The control mixture was prepared using the same 
temperature and compaction sequence but without fiber. 

Table 4 gives the measured volumetric properties for the control and fiber mixtures. As fiber 
content increased, Gmb showed a small decrease, while Va and VMA increased and VFA decreased. 
At the same dosage, these changes were slightly greater for BF than for GF. 
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Table 4. Volumetric properties of the control and fiber-modified mixtures 

Mixture Gmb (g/cm³) Va (%) VMA (%) VFA (%) 

Control 2.350 4.2 15.0 72.0 

0.2% BF 2.345 4.4 15.3 71.2 

0.3% BF 2.340 4.6 15.6 70.5 

0.4% BF 2.333 4.9 16.0 69.4 

0.2% GF 2.347 4.3 15.2 71.7 

0.3% GF 2.343 4.5 15.4 70.8 

0.4% GF 2.338 4.7 15.7 70.1 
 

2.5 Marshall Stability and Flow 

Marshall stability and flow were measured according to ASTM D6927 [29] at a loading rate of 50.8 
mm/min. Marshall quotient (MQ) was calculated using Eq. (1) and used as an empirical load-to-
deformation index. 

𝑀𝑄 =  𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝑘𝑁) / 𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 𝑓𝑙𝑜𝑤 (𝑚𝑚) (1) 

Where: MQ is the Marshall quotient (kN/mm), Marshall stability is the maximum measured load 
(kN), and Marshall flow is the corresponding deformation (mm). 

2.6 Indirect Tensile Strength and Moisture Conditioning 

Indirect tensile strength (ITS) was determined at 25 °C using ASTM D6931 [30] at a diametral 
loading rate of 50.8 mm/min. Moisture susceptibility was evaluated using AASHTO T283 [31]. Six 
specimens were prepared per mixture at 7 ± 1% air voids: three were tested unconditioned and 
three were vacuum-saturated, frozen at −18 ± 3 °C for 16 h, conditioned in water at 60 °C for 24 h, 
and equilibrated at 25 °C for 1 h. ITS was calculated using Eq. (2). Tensile strength ratio (TSR) was 
calculated using Eq. (3). 

𝐼𝑇𝑆 =  2000𝑃 / (𝜋𝐷𝑡) (2) 

Where: P is peak load (N), D is specimen diameter (mm), and t is specimen thickness (mm). 

𝑇𝑆𝑅 (%)  =  (𝐼𝑇𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 / 𝐼𝑇𝑆𝑢𝑛𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑)  ×  100 (3) 

Where: ITSconditioned is the indirect tensile strength of the conditioned specimens (kPa), and 
ITSunconditioned is the indirect tensile strength of the unconditioned specimens (kPa). 

2.7 Wheel Tracking 

The control, 0.3% BF, and 0.3% GF mixtures were tested according to BS EN 12697-22 [32]. Three 
roller-compacted slabs (400 × 300 × 50 mm) were prepared per mixture (n = 3), conditioned at 60 
°C for 2 h, and tested in air at 60 °C under an approximately 700-N wheel load for 10,000 passes or 
until 20-mm rut depth. Rut depth was recorded with loading, and the wheel-tracking response was 
reported as a function of the number of passes. 

2.8 Four-Point Bending Fatigue 

Repeated four-point bending followed AASHTO T321 [33]. Three roller-compacted beams were 
tested per mixture (n = 3). The beams had nominal dimensions of 380 × 63 × 50 mm (reported 
actual dimensions approximately 378 × 62 × 50 mm). Testing was performed in constant-strain 
mode at 20 °C, 5 Hz, and 400 µε. Initial flexural stiffness was defined at cycle 100; fatigue life was 
the number of cycles required for stiffness to decline to 50% of its initial value. 
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2.9 Adapted Cantabro Abrasion 

An adapted procedure based on ASTM D7064/D7064M [34] was used for the control and the two 
0.3% mixtures. Although ASTM D7064/D7064M was developed for open-graded friction-course 
mix design, Doyle and Howard [35] evaluated the Cantabro durability test across eight dense-
graded asphalt mixtures and identified mass loss as a repeatable and potentially useful 
comparative durability measure. Accordingly, the present application was deliberately limited to a 
controlled within-study comparison of cohesion and particle-loss resistance; it was not used as an 
OGFC acceptance criterion or as a direct predictor of field raveling. Cylindrical Marshall specimens 
(101.6-mm nominal diameter and 63.5-mm nominal height; reported actual height approximately 
62.8 mm) were tested at 25 °C in the Los Angeles abrasion machine without steel balls for 300 
revolutions at 30 rpm. Aged specimens were conditioned at 60 °C for seven days (168 h). Mass loss 
was calculated from the initial and final specimen masses using Eq. (4). 

𝐶𝑎𝑛𝑡𝑎𝑏𝑟𝑜 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (%)  =  [(𝐴ᵢ −  𝐴ₑ) / 𝐴ᵢ]  ×  100 (4) 

Where: Aᵢ is the initial specimen mass before testing (g), and Aₑ is the final specimen mass after 
testing (g). 

2.10 Data and Statistical Analysis 

Changes relative to the control mixture were calculated using Eqs. (5) and (6). Equation (5) was 
used when an increase represented improvement, whereas Eq. (6) was used when a decrease 
represented improvement. TSR differences were expressed in percentage points. 

𝐺𝑎𝑖𝑛 (%)  =  100(𝑋𝑓𝑖𝑏𝑒𝑟 −  𝑋𝑐𝑜𝑛𝑡𝑟𝑜𝑙) / 𝑋𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (5) 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%)  =  100(𝑋𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝑋𝑓𝑖𝑏𝑒𝑟) / 𝑋𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (6) 

Where: Xfiber is the measured response of the fiber-modified mixture, and Xcontrol is the 
corresponding response of the control mixture. Both variables are expressed in the same units as 
the response being evaluated. 

Results from three replicate measurements per mixture are presented as mean ± standard 
deviation (SD). One-way analysis of variance (ANOVA) was used to evaluate overall differences 
among mixture groups, followed by Tukey’s honestly significant difference (HSD) test when ANOVA 
was significant. Statistical significance was assessed at α = 0.05. TSR was interpreted descriptively 
because it was calculated from conditioned and unconditioned ITS results. 

3. Results and Discussion 

3.1 Dosage-Dependent Load-Flow Response 

Marshall stability displayed a non-monotonic dependence on fiber content (Figure 3). Stability 
increased from 10.3 kN for the control to 13.1 kN for 0.3% BF and 12.1 kN for 0.3% GF, gains of 
27.2% and 17.5%. At 0.4%, the corresponding mean values declined to 12.7 and 11.9 kN. Within 
the tested dosage range, 0.3% therefore gave the highest mean Marshall stability for both fiber 
types. 

Flow decreased as fiber content increased. At 0.3%, mean flow decreased from 3.4 mm for the 
control to 2.9 mm for BF and 3.0 mm for GF, while MQ increased from 3.03 kN/mm to 4.52 and 4.03 
kN/mm. MQ increased further at 0.4% because flow continued to decrease even though mean 
stability had started to decline. Similar non-monotonic responses have been discussed in relation 
to fiber restraint, binder availability, fiber–fiber interaction, and mixture homogeneity [5], [8]–[10], 
[16]. These mechanisms were not measured directly in this study. Based on the measured Marshall 
response, 0.3% provided the best balance between stability and flow within the tested range. The 
overall mixture-group effects were statistically significant for Marshall stability, flow, and Marshall 
quotient (one-way ANOVA, p < 0.001 for each response). 
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Fig. 3. Effects of basalt- and glass-fiber content on (a) Marshall stability, (b) flow, and (c) 

Marshall quotient. Values are means ± SD (n = 3) 

3.2 Tensile Response and Moisture Conditioning 

Dry and conditioned ITS followed the same non-monotonic numerical trend (Figure 4). At 0.3%, 
dry ITS increased from 850 kPa to 982 kPa for BF and 951 kPa for GF, whereas conditioned ITS 
increased from 678 kPa to 811 and 784 kPa. The corresponding gains were 15.5% and 11.9% in 
the dry state and 19.6% and 15.6% after conditioning. Within the tested dosage range, the highest 
mean dry and conditioned ITS values for both fiber types occurred at 0.3%; increasing the fiber 
content to 0.4% did not produce a further increase in these mean values. 

TSR changed only slightly, from 80.0% for the control to 82.5% for BF and 82.5% for GF at 0.3%. 
The BF–GF difference was 0.0 percentage points. Thus, the two fiber mixtures had nearly the same 
proportional strength retention after moisture conditioning, although both had higher absolute dry 
and conditioned ITS values than the control. The overall mixture-group effects were statistically 
significant for both dry ITS and conditioned ITS (one-way ANOVA, p < 0.001 for each response). 
TSR was retained as a descriptive ratio, as specified in Section 2.10. 

 

Fig. 4. Effects of fiber type and content on (a) dry ITS, (b) conditioned ITS, and (c) tensile 
strength ratio. Values are means ± SD (n = 3) 

3.3 High-Temperature Permanent Deformation 

All mixtures accumulated rut depth at 60 °C, but both fiber-modified curves remained below the 
control throughout the recorded loading range (Figure 5). After 10,000 passes, rut depth was 7.0 
mm for the control, 4.9 mm for 0.3% BF, and 5.4 mm for 0.3% GF, corresponding to reductions of 
30.0% and 22.9%, respectively (Table 5). These results show lower accumulated rut depth for the 
fiber-modified mixtures under the stated laboratory wheel-tracking conditions. 

To characterize late-stage rut accumulation, the wheel-tracking slope (WTS) was calculated from 
the rut depths at 5,000 and 10,000 wheel passes shown in Figure 5 using Eq. (7). The resulting WTS 
values were 0.60, 0.42, and 0.46 mm/1,000 passes for the control, 0.3% BF, and 0.3% GF mixtures, 
respectively. These values are laboratory comparative indicators and are not field rutting-rate 
predictions. 

𝑊𝑇𝑆 =  (𝑅𝐷10,000 −  𝑅𝐷5,000) / 5 (7) 
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Where:  WTS is the wheel-tracking slope (mm/1,000 passes), and RD5,000 and RD10,000 are the 
rut depths (mm) at 5,000 and 10,000 wheel passes, respectively. The BF mixture also had a higher 
mean MQ and initial flexural stiffness than the GF mixture. According to the supplier-reported fiber 
properties listed in Table 3, BF had a higher nominal modulus and a larger filament diameter than 
GF. These observations may help explain the lower mean rut depth of the BF mixture, but the 
present tests cannot separate the effects of fiber geometry, dispersion, binder absorption, and 
interfacial interaction. The BF–GF difference is therefore reported as a laboratory response rather 
than evidence of a specific microstructural mechanism [8], [15], [6], [7]. 

 
Fig. 5. Wheel-tracking response at 60 °C (n = 3 slabs per mixture) 

Table 5. Wheel-tracking results and late-stage wheel-tracking slope at 60 °C 

Mixture 
Rut depth at 10,000 passes 

(mm) 
Reduction vs. control 

(%) 
WTS (mm/1,000 

passes) 

Control 7.0 0.0 0.60 

0.3% BF 4.9 30.0 0.42 

0.3% GF 5.4 22.9 0.46 
 

3.4 Stiffness Evolution and Fatigue Damage 

Initial flexural stiffness increased from 4,850 MPa for the control to 5,661 MPa for 0.3% BF and 
5,431 MPa for 0.3% GF; fatigue life increased from 3,194 cycles to 4,762 and 4,674 cycles, 
respectively (Figure 6). These changes equal +16.7% and +12.0% in stiffness and +49.1% and 
+46.3% in fatigue life. 

Under constant-strain loading, higher stiffness can increase the stress developed in a beam. In this 
study, however, both fiber mixtures showed higher mean initial stiffness and longer mean fatigue 
life than the control. This describes the measured response but does not identify the mechanism 
responsible for it. Crack bridging and interfacial effects were not measured directly and would 
require separate microstructural or interface testing. The mean fatigue lives of BF and GF differed 
by only 88 cycles, or 1.9% of the GF value. The fatigue test was conducted at one controlled strain 
level, 400 µε, to compare the three mixtures under the same loading condition. The results 
therefore describe relative fatigue performance at this strain level only. They do not define a 
complete fatigue relationship or allow calibration of strain-dependent coefficients such as k1 and 
k2. Testing at several strain levels is needed for that purpose. The overall mixture-group effects 
were significant for initial flexural stiffness (ANOVA p = 0.000362) and fatigue life (p < 0.001). 
Tukey HSD showed that both fiber mixtures differed significantly from the control for both 
responses, whereas BF and GF did not differ significantly from each other in initial stiffness (p = 
0.1113) or fatigue life (p = 0.3964). 
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Fig. 6. Four-point bending results: (a) initial flexural stiffness and (b) fatigue life at 20 °C, 5 Hz, 

and 400 µε. Values are means ± SD (n = 3) 

3.5 Particle-Loss Resistance Before and After Aging 

In the adapted Cantabro test, mean unaged mass loss decreased from 22.0% for the control to 
11.3% for BF and 12.3% for GF, numerical reductions of 48.6% and 44.1% (Figure 7). After seven-
day aging at 60 °C, the respective mean losses were 27.0%, 15.1%, and 18.3%; relative to the 
control mean, BF and GF showed reductions of 44.1% and 32.2%. Thus, under the stated adapted 
procedure, both fiber mixtures showed lower mean particle loss than the control, with BF giving 
the lowest mean loss in both conditions. Thermal aging increased mean mass loss by 5.0 percentage 
points for the control, 3.8 points for BF, and 6.0 points for GF. Doyle and Howard [35] also reported 
that the Cantabro test can differentiate among dense-graded mixtures. The relatively high absolute 
losses of the control (22.0% unaged and 27.0% aged) should be viewed within the conditions of 
this adapted test, including the fixed 5.0% binder content and the dense-graded mixture structure. 
Void structure and effective binder availability may affect particle retention, but their individual 
effects were not isolated here. For this reason, the Cantabro results are used only to compare the 
mixtures tested in this study and are not interpreted using OGFC acceptance limits or as direct 
predictions of field raveling. The overall mixture-group effects were statistically significant for 
Cantabro mass loss in both the unaged and aged conditions (one-way ANOVA, p < 0.001 for each 
condition). 

 
Fig. 7. Cantabro mass loss before and after seven-day aging at 60 °C under the adapted 

procedure. Values are means ± SD (n = 3) 

3.6 Cross-Test Material-Response Synthesis 

Across the measured responses, 0.3% gave the most balanced result within the tested dosage 
range. At 0.4%, MQ and TSR increased slightly, but mean stability and dry ITS decreased from their 
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0.3% values. For this reason, the selected dosage was based on the combined Marshall and tensile 
response rather than on the highest value of a single index. 

Table 6. Descriptive effect magnitudes for the selected 0.3% mixtures relative to the control 

Performance indicator 0.3% BF 0.3% GF BF–GF contrast 

Marshall stability increase (%) +27.2 +17.5 +9.7 

Marshall flow reduction (%) +14.7 +11.8 +2.9 

Dry ITS increase (%) +15.5 +11.9 +3.6 

Conditioned ITS increase (%) +19.6 +15.6 +4.0 

TSR gain (percentage points) +2.5 +2.5 0.0 

Final rut-depth reduction (%) +30.0 +22.9 +7.1 

Initial stiffness increase (%) +16.7 +12.0 +4.7 

Fatigue-life increase (%) +49.1 +46.3 +2.8 

Aged Cantabro-loss reduction (%) +44.1 +32.2 +11.9 

Unaged Cantabro-loss reduction (%) +48.6 +44.1 +4.5 

Note: Values are percentage changes unless identified as percentage points. A positive BF–GF contrast denotes 
the larger favorable numerical response for BF. 

In this study, “performance fingerprint” means the pattern of results obtained from the different 
laboratory tests. It is not a weighted index or a combined score. Table 6 lists the response of each 
test separately. From the group means, BF had larger numerical changes than GF for several 
indicators, although the size of the difference depended on the test. The largest BF-GF differences 
were found for aged particle loss, Marshall stability, and rut depth. In contrast, TSR was the same 
for both fibers and the fatigue-life results were close. The term is therefore used only to describe 
the pattern across the tests and not to rank the two fibers statistically. 

3.7 Indicative Economic Consideration 

At the selected fiber content of 0.3% by total mixture mass, one ton of asphalt mixture requires 
approximately 3 kg of fiber. The direct additional fiber-material cost can therefore be expressed 
using Eq. (8): 

𝛥𝐶 =  (3 𝑘𝑔/𝑡𝑜𝑛𝑛𝑒) 𝐶𝑓 (8) 

Where:  ΔC is the additional fiber-material cost per ton of asphalt mixture and Cf is the local fiber 
price per kilogram. An indicative economic framework is presented because the economic value of 
fiber modification depends on local material, construction, maintenance, and long-term 
performance conditions [36]. At the present laboratory stage, the measured performance changes 
provide the technical basis for a future field-calibrated life-cycle evaluation. Field sections can 
subsequently be used to relate the additional fiber cost to maintenance demand and rehabilitation 
intervals under local conditions. 

4. Conclusions 

The tests in this study were carried out on one dense-graded HMA with 5.0% asphalt binder. Both 
6 mm BF and 6 mm GF were tested at 0.2%, 0.3%, and 0.4% of total mixture mass. The Marshall 
and tensile results showed that 0.3% provided the most balanced response within the tested range, 
so this dosage was used for the additional tests. At 0.3%, mean Marshall stability increased by 
27.2% for BF and 17.5% for GF. Mean dry ITS increased by 15.5% and 11.9%, respectively, and 
conditioned ITS also increased. The TSR value was 82.5% for both mixtures, so there was 
practically no numerical difference between BF and GF in moisture-strength retention. 
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The wheel-tracking results also showed lower rut depths for the fiber mixtures. After 10,000 wheel 
passes at 60 °C, the mean rut depth was 7.0 mm for the control, 4.9 mm for BF, and 5.4 mm for GF. 
In the four-point bending test at 20 °C, 5 Hz, and 400 µε, both fiber mixtures had higher mean initial 
stiffness and longer mean fatigue life than the control. The results at 400 µε provide a direct 
comparison of the three mixtures under the selected fatigue condition, while testing at additional 
strain levels would extend the fatigue characterization. Both fibers also reduced mean Cantabro 
particle loss before and after seven days of thermal aging, with BF giving the lowest mean aged loss. 
The adapted Cantabro procedure therefore provides a consistent comparative measure of particle-
loss resistance for the dense-graded mixtures evaluated here. 

Taken together, the results show that the effect of the fibers was not the same in every test. BF 
produced larger numerical changes in rut depth and aged particle loss, whereas BF and GF were 
very close in TSR and fatigue life. The two fibers should therefore be compared according to the 
response of interest rather than by one overall ranking. The observed laboratory improvements 
provide a useful basis for material selection and for subsequent field evaluation of long-term 
pavement performance. The present investigation focused on one 60/70 penetration-grade binder, 
one dense gradation, 5.0% asphalt content, laboratory conditioning, and one fatigue strain level. 
Future work can broaden this experimental scope through field sections, fatigue testing at several 
strain levels, low-temperature cracking tests, microstructural and interface characterization, and 
life-cycle cost analysis using documented local costs and field performance data. 
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