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Abstract

The semi-circular bend (SCB) test is widely used to characterize asphalt mixture crack-
ing resistance. However, the practical usefulness of the test depends on the reliability of
the measured fracture parameters. This study investigates SCB testing from a reliabil-
ity perspective, with the aim of identifying the specimen number required for depend-
able interpretation and the testing conditions that provide the most stable response. The
analysis considered nominal maximum aggregate size, notch depth, binder type, aging
condition, test temperature, and loading rate. Fracture energy, peak load, and flexibility
index, together with their cumulative coefficients of variation, were tracked from n = 3 to
n = 6, while six-specimen raw datasets were used for Weibull reliability analysis. The results
show that notch depth had the clearest effect on response stabilization, with the 15 mm
notch providing the most reliable configuration and reaching the adopted variability limits
earlier than the other notch depths. The descriptive Weibull analysis further indicated
that the SBS-modified mixture exhibited the highest fracture-energy consistency within the
tested dataset, whereas long-term aging, testing at 0 °C, and loading at 50 mm/min were
associated with the lowest fracture-energy consistency within the tested dataset. Overall,
SCB interpretation should be guided by response reliability, not mean fracture parame-
ters alone. On this basis, a reliability-based SCB framework is proposed to support more
dependable mixture comparison and more rational specimen planning.

Keywords: SCB test; asphalt mixture; fracture energy; flexibility index; reliability;
cumulative COV; sample size optimization; Weibull analysis

1. Introduction

Cracking remains one of the major distress mechanisms in asphalt pavements because
it accelerates stages of structural deterioration [1]. By the time the cracking develops,
water infiltrates throughout the mixture and causes oxidation, stripping, and progressive
damage under traffic loading [2]. Therefore, the cracking resistance of asphalt mixtures
is essential for pavement durability, life-cycle performance, and rational mix design. The
fracture response of asphalt mixtures is integrally complicated because it is depend on
the viscoelastic binder behavior, aggregate structure, air void distribution, temperature,
loading rate, and aging state [3,4].
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Several laboratory fracture tests were developed to evaluate the cracking resistance
of asphalt mixture under controlled conditions [5,6]. Among these methods, the semi-
circular bend (SCB) test has received sustained attention because it is relatively simple to
prepare, easy to instrument, and capable of providing meaningful fracture parameters. The
SCB configuration reproduces tensile stress concentration at the notch tip and provides a
practical framework for studying crack initiation and propagation in asphalt mixtures [7,8].
These practical advantages explain why the SCB test has become common in research
programs and increasingly relevant in performance-oriented specification frameworks.

A further advantage of the SCB method is that load—displacement curve can be used
to derive several fracture parameters with different physical meanings [9,10]. Peak load
reflects resistance to crack initiation, fracture energy represents the energy required for
crack propagation through the remaining ligament, and the flexibility index captures the
character of the post-peak softening response [11,12]. Together, these measures describe
the capacity of the mixture to resist crack initiation and propagation by dissipating energy
before and after crack growth [13]. This distinction is important because mixtures with
similar peak loads can still behave very differently once fracture begins.

At the same time, recent studies outputs stated that SCB is sensitive to the test and
material parameters during test implementation [3,14]. Results of fracture energy and
related indices can be noticeably affected by specimen size, notch depth, loading rate, and
temperature [15]. Such sensitivity means that the reliability of the test must be understood
alongside the magnitude of the measured fracture parameters. A large average value has
limited practical meaning if it is accompanied by high scatter or poor repeatability [16].

Mixture-related variables are equally influential. Aggregate skeleton structure controls
crack tortuosity and aggregate interlock, and therefore affects how much energy must
be dissipated as a crack propagates [17]. Moreover, studies have revealed that binder
modification can change elastic behavior and stress redistribution capacity, while aging
alters the balance between strength and brittleness by increasing oxidation and reducing
ductility [18]. In addition, specimen conditioning and test temperature directly control the
viscoelastic state of the asphalt matrix, thereby influencing both fracture resistance and
plastic deformation [19]. As a result, SCB reliability should be interpreted as a combined
outcome of material composition, conditioning history, and testing protocol rather than as
a fixed attribute of the test method [20-22].

Although many published studies have examined how individual factors affect SCB
fracture parameters, fewer studies have framed the method as a reliability and laboratory-
design problem in which material composition, conditioning state, test protocol, and the
required number of replicates are interpreted together [23-25]. That distinction is important
because a mixture may perform superior on the basis of outcome results while still demand-
ing additional replication under certain test conditions. The essential gap addressed in this
study is therefore not the effect of a single variable on cracking resistance, but the lack of
an integrated framework that connects factor sensitivity with practical replicate-number
planning for dependable SCB implementation. Accordingly, the working hypothesis of this
study is that SCB repeatability can be improved substantially when the required number of
replicates is determined in relation to mixture condition and test configuration. To examine
this hypothesis, the study combines COV analysis, Weibull analysis, and specimen-number
optimization so that fracture response, factor effects, reliability, and replication demand
can be interpreted together rather than separately. This study quantifies how NMAS, notch
depth, aging, SBS modification, temperature, and loading rate affect the response of SCB
fracture, identifies the testing conditions that provide the most stable and decision-relevant
characterization of cracking resistance, and proposes condition-dependent guidance for
the minimum number of replicates required for reliable SCB interpretation.
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2. Materials and Methods
2.1. Materials

The materials used in this work were chosen to represent the asphalt mixtures typi-
cally adopted in Iraqi road construction. The aggregate gradation, binder selection, and
mixture design were based on the Iraqi General Specifications for Roads and Bridges,
Section R9: Hot-Mix Asphalt Concrete Pavement, issued by the State Commission for
Roads and Bridges, Iraq [26]. This specification provided the local framework for defining
the aggregate quality, gradation envelope, and Marshall mix design procedure. The binder
and aggregate properties, as well as Marshall stability and flow, were determined using the
relevant ASTM and AASHTO standards. After mixture preparation, the fracture behavior
was assessed through the SCB test under the prescribed laboratory conditions [27].

2.1.1. Binder Materials

Two binders were used in the present study: a conventional 40-50 penetration-grade
asphalt binder and a styrene-butadiene-styrene (SBS)-modified binder, as listed in Table 1.
The base binder was selected because it is representative of binders commonly used in
Iraqi asphalt paving applications, thereby improving the practical relevance of the study.
Using a locally binder also ensures that the reliability analysis remains directly related to
field-applicable mixtures rather than laboratory-specific materials.

Table 1. Measured properties of conventional and SBS-modified binders.

Property Test Method Conventional SBS-Modified

Binder Binder
Specific gravity @25 °C D-70 1.03 1.04
Penetration @25 °C,
01mm100g,5s D-5 42.6 36.0
Ductility @27 °C (cm) D-70 158 150
Softening Point,
Ring & ball, °C D-36 >4 65
Retained Penetration
@25°C,0.1mm 100 g,5s D-5 65.2 61.5
Residue Ductility
@25 °C, 50 mm/min D-113 87 105
Rotational Viscosity
@135 °C & 165 °C, cp D4402 575 & 146 920 & 240

The SBS-modified binder was prepared by incorporating 4% SBS by weight of binder
using high-shear mixing at 175 £ 5 °C for 90 min at approximately 4000 rpm. This
preparation procedure was adopted to ensure adequate dispersion of the polymer phase
within the asphalt binder and to minimize the possibility that the measured fracture trends
would be influenced by incomplete blending or modifier segregation. The same base binder
was used for both the conventional and SBS-modified mixtures so that the effect of polymer
modification could be isolated more clearly in the subsequent fracture analysis [28].

2.1.2. Aggregates

Crushed limestone aggregates obtained from a local Iraqi quarry were used as the
coarse and fine aggregate fractions. Limestone was selected because it is widely used in
Iraqi asphalt paving practice and provides a practical combination of strength, dura-
bility, and compatibility with bituminous binders. The use of a commonly adopted
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aggregate type also improves the applicability of the findings to regional pavement
engineering conditions.

The measured aggregate properties are listed in Table 2. The relative density and
water absorption of coarse and fine aggregates were determined in accordance with
ASTM C127-25 and ASTM C128-25, respectively [29,30]. The Los Angeles abrasion loss
and aggregate crushing value show that the selected aggregate has sufficient resistance
to wear and crushing during mixing, compaction, and loading. The measured specific
gravity and absorption values also confirm that the aggregate is suitable for asphalt mixture
preparation. These properties are not only related to conventional material quality, but also
have a direct role in the fracture response of the mixture. Strong and durable aggregate
particles can maintain aggregate interlock during loading, while the particle shape and
surface texture may control the crack path and the degree of interaction between the binder
and aggregate. Therefore, variations in these aggregate characteristics can influence both
the measured SCB fracture parameters and their repeatability.

Table 2. Physical properties of aggregates.

Test Obtained Value Specification
Coarse Aggregate
Bulk-specific gravity 2.666 ASTM C127
Apparent-specific gravity 2.739 ASTM C128
Loss Angeles abrasion 23.6% 45% max
Water absorption 0.72% 1.13%
Soundness 3.1% 18% max
Deleterious materials 0.92 3% max
Crushed percentage 95% 90% min
Fine Aggregate
Bulk-specific gravity 2658 e
Apparent-specific gravity 2722 e

2.1.3. Mineral Filler

Limestone dust passing the 0.075 mm sieve was used as mineral filler. The measured
specific gravity of the filler was 2.70. In addition to satisfying gradation and volumetric
requirements, the filler contributed to mastic cohesion and improved particle packing
within the mixture. Its content was kept consistent across all mixtures so that changes in
fracture behavior could be attributed more reliably to nominal maximum aggregate size
(NMAS), binder type, aging condition, and testing parameters rather than to differences in
filler composition or dosage.

2.2. Aggregate Gradation and Mixture Design

The aggregate gradations and Marshall mix design properties of the conventional and
SBS-modified asphalt mixtures are presented in Figure 1 and Table 3, respectively. Three
gradations were selected with nominal maximum aggregate sizes (NMAS) of 9.5, 12.5, and
19 mm in order to examine the influence of aggregate structure on fracture behavior and
test reliability. The selected gradations were established within the framework of the Iraqi
SCRB specifications for hot-mix asphalt concrete and were intended to represent practical
asphalt mixtures used in pavement surface and binder applications.
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Figure 1. Aggregate gradation.
Table 3. Marshall mix design properties of the studied mixtures.
Optimum Marshall
Mixture ID Binder Type  \AS Asphalt  AirVoids (%) VMA (%) VFA (%) Stability  L.°%
(mm) o (mm)
Content (%) (kN)

AC9.5-C Conventional 9.5 5.4 4.0 15.2 73.7 9.8 3.2
AC-9.5-SBS SBS-modified 9.5 5.6 41 15.6 74.4 11.2 3.0
AC-12.5-C Conventional 12.5 51 4.0 14.8 72.9 10.2 3.4

AC-12.5-SBS SBS-modified 12.5 5.3 4.5 15.1 73.5 11.8 3.2

AC-19-C Conventional 19 4.8 4.0 14.3 721 10.5 3.6

AC-19-SBS SBS-modified 19 5.0 4.6 14.7 72.8 12.1 3.3

Mixtures were designed using the Marshall method to determine the optimum as-
phalt content. However, specimen compaction for SCB testing was performed using the
Superpave gyratory compactor (CONTROLS S.p.A., Liscate, Italy) to well simulate field
compaction conditions and to ensure improved internal structure representation [18,31].
The conventional mixtures exhibited optimum asphalt contents ranging from 4.8% to 5.4%,
whereas the SBS-modified mixtures required slightly higher asphalt contents, which is
consistent with the increased viscosity and improved coating characteristics of polymer-
modified binders. The Marshall design results further show that the SBS-modified mixtures
exhibited higher stability values than the corresponding conventional mixtures, indicating
improved mixture cohesion and resistance to deformation. At the same time, the flow
values remained within acceptable limits for the selected asphalt concrete mixtures, indi-
cating that the improved stability was not accompanied by undesirable brittleness at the
design stage.

The VMA and VFA values of both conventional and SBS-modified mixtures remained
within acceptable design ranges, which indicates that the differences observed later in SCB
fracture performance are primarily associated with binder modification, aggregate skeleton
structure, and test conditions rather than major volumetric imbalance. Accordingly, the
Marshall mix design results confirm that all mixtures were suitable for subsequent SCB
testing and reliability evaluation.
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2.3. Specimen Preparation and Aging Conditioning

Cylindrical specimens were compacted using a gyratory compactor. The follow-
ing compaction parameters were used: vertical pressure of 600 kPa, gyration angle of
1.25°, and gyration speed of 30 revolutions per minute. A total of 100 gyrations were
applied to achieve target air void content of 7.0 &= 0.5% [32]. Specimen height after com-
paction was approximately 115 £ 2 mm, from which semi-circular specimens of thickness
B =50 mm were cut. The resulting semi-circular specimens had a radius R = 75 mm (half
of the 150 mm diameter) and a thickness B = 50 mm (Figure 2). A centered notch was
introduced along the flat face using a masonry saw. Three notch depths were considered:
10, 15, and 20 mm. These depths span a practical range of notch-to-radius ratios and were
selected to examine how notch geometry changes the stability of crack initiation and the
repeatability of fracture measurements. Care was taken during cutting and notching to
minimize geometric irregularities that could increase result scatter.

Figure 2. Preparation of SCB specimens: (a) compacted cylindrical specimens before cutting and
notching; (b) semi-circular specimens after cutting and notch formation.

Two laboratory aging conditions were adopted to reflect different stages of asphalt
mixture hardening. The loose mixtures were first subjected to short-term aging at 135 °C
for 4 h in a forced-draft oven, representing the hardening associated with plant mixing,
transportation, and construction. Long-term aging was then applied to the compacted
specimens at 85 °C for 5 days to account for the oxidative changes that occur during
pavement service. Considering both aging levels was necessary because the objective of
this study was not only to assess changes in mean fracture resistance, but also to determine
whether aging alters the consistency and reliability of the SCB response. [33].

2.4. SCB Testing Procedure

SCB samples were tested using a universal testing machine under displacement control
as shown in Figure 3. The test configuration comprising two lower roller supports with
a span of 120 mm and a centered loading roller at the top. This setup was selected to
remain consistent with common SCB practice while allowing systematic comparison across
temperatures, loading rates, notch depths, and conditioning states [3].
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Figure 3. SCB configuration mounted in the universal testing machine.

Six SCB specimens were tested for each unique combination of mixture type, aging
condition, temperature, loading rate, and notch depth. The effect of specimen number
was examined through a cumulative analysis from n = 3 to n = 6, while the full dataset at
n = 6 was used to perform the Weibull reliability analysis. Testing was carried out at 0, 15,
and 25 °C under loading rates of 0.5, 5, and 50 mm/min. Prior to loading, all specimens
were conditioned until the target temperature was reached through the specimen thickness.
This step was necessary because SCB fracture response is highly temperature-dependent;
therefore, any temperature gradient within the specimen may locally alter mixture stiff-
ness, affect crack initiation and propagation, and increase the apparent variability of the
fracture parameters.

2.5. Fracture Parameters

The SCB load-displacement curve was used to determine peak load, fracture energy,
and flexibility index. These quantities were selected because, taken together, they provide
a broader description of fracture response than any single parameter alone. In practical
terms, they describe the onset of cracking, the energy required for crack advance, and the
character of post-peak softening, which makes them particularly suitable for reliability-
oriented interpretation [1,34,35].
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Peak load (Pmax) is the maximum load carried by the specimen before unstable crack
growth. It is primarily associated with resistance to crack initiation and is influenced
by mixture stiffness, notch geometry, temperature, and aggregate structure. Although
peak load is a useful and intuitive measure, it does not on its own describe how the
specimen behaves after cracking begins, which is why it must be interpreted together with
energy-based and ductility-related measures.

Fracture energy (Gf) expresses the total mechanical work required to propagate
the crack through the remaining ligament area. It is obtained by integrating the load-
displacement response up to complete fracture and normalizing the resulting work by
the ligament area. In asphalt mixtures, this parameter is especially informative because
it captures the combined contribution of crack deflection, aggregate interlock, binder de-
formation, and the development of the fracture process zone [9]. Fracture energy was

calculated using Equation (1)
Wi

Gf =
Alig

(1)

where W is the work of fracture calculated using Equation (2) and Alig is the ligament area
calculated using Equation (3).

Wy = / P ds )
Ajg=(R—a) x B ®3)

where P is the applied load,  is the load-point displacement, R is the specimen radius, a is
the notch depth, and B is the specimen thickness. In this study, R =75 mm and B = 50 mm
were kept constant across all specimens. Higher fracture energy values indicate greater
energy dissipation during crack propagation and therefore better cracking resistance.

Flexibility index (FI) was calculated to characterize the post-peak cracking response
of SCB samples. It was obtained from the fracture energy and the absolute value of the
post-peak slope at the inflection point, as defined in Equation (4). From a practical fracture
perspective, FI reflects the post-peak behavior of the mixture by distinguishing brittle
mixtures, which lose their load-carrying capacity rapidly, from more flexible mixtures that
dissipate fracture energy through gradual softening. Because brittle and ductile mixtures
can sometimes have comparable peak loads, FI provides an additional level of interpretation
that is highly useful when discussing cracking tolerance and testing reliability [35].

Gf

Fl= —_
im|[B

(4)
where m is the post-peak slope at the inflection point. Mixtures with steep post-peak
softening exhibit lower FI and more brittle behavior, whereas mixtures with gradual load
reduction exhibit higher FI and better cracking tolerance.

2.6. Statistical Analysis

To complement the cumulative convergence data, a descriptive distributional assess-
ment was conducted. Given the practical laboratory sample size (n = 6), a two-parameter
maximum-likelihood Weibull fit was applied to the raw fracture energy replicates. In
this context, the Weibull shape parameter ($3) is not intended to define a population-level
predictive distribution, but rather to serve as a rigorous descriptive index of replicate-level
scatter to supplement the empirical COV trajectories. A total of six replicate specimens
were tested per condition. The descriptive distributional assessment and Weibull analysis
were conducted using the complete n = 6 dataset. It should be noted that the experimental
programme was designed as a reliability-oriented single-factor framework rather than
a complete factorial design. Therefore, the dataset is suitable for assessing factor-wise
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repeatability, cuamulative variability, and practical replicate-number demand, but it does
not permit a full statistical quantification of higher-order interaction effects. Possible inter-
actions among mixture composition, ageing, temperature, loading rate, and notch geometry
are therefore discussed qualitatively.

2.7. Replicate-Number Optimization

The adopted thresholds (COV Gf < 15%, COV peak load < 15%, COV FI < 20%) are
based on three lines of evidence. Nsengiyumva et al. reported that SCB fracture energy
COV values below 15% are achievable under recommended testing conditions using well-
prepared specimens [36]. Moreover, Majidifard et al. observed that FI typically exhibits
5-10% higher variability than Gf because it incorporates post-peak slope measurements;
therefore, a 20% threshold for Fl is statistically equivalent to a 15% threshold for Gf when
accounting for additional measurement uncertainty [34]. According to ASTM C670, a Coef-
ficient of Variation (COV) of 15% is widely accepted as representing “good” repeatability
for fracture-based asphalt tests [37]. These thresholds are used in this study as practical
screening criteria, not as universal specification limits for SCB testing.

The proposed formulation was used because it connects the optimization of specimen
number with the actual reduction in variability observed in the three SCB fracture parame-
ters. Conditions that reach the adopted COV limits at a smaller n indicate a more stable
fracture response and, therefore, provide a more reliable basis for comparison. However,
when the COV remains above the selected limits even at nn = 6, the response should be
considered more sensitive to specimen-to-specimen variation, and additional replication
or more conservative interpretation may be needed. These COV limits are used here
only as practical decision criteria for this specific experimental program. They are not
proposed as general specification limits for SCB testing and should not be interpreted as
mandatory requirements for other laboratory studies. Different research aims, materials, or
quality-assurance applications may require stricter variability limits.

3. Results and Discussion
3.1. Effect of NMAS on Fracture Parameters

The influence of Nominal Maximum Aggregate Size (NMAS) on fracture response
and cumulative stability is presented in Figure 4. In general, increasing NMAS increased
the mean Gf, peak load, and FI values. The 19.0 mm mixture provided the highest fracture
energy at n = 6, with a value of 601.0 ]/m?. This result is reasonable because larger
aggregate particles can improve aggregate interlock and force the crack to follow a more
tortuous path, thereby increasing the energy needed for crack propagation [38]. However,
the improvement in fracture resistance did not necessarily mean better repeatability. The
9.5 mm mixture showed the lowest variability in Gf, with a COV of 10.3% at nn = 6, while
the larger NMAS mixture was more sensitive to specimen-to-specimen variation. This
can be attributed to the higher local heterogeneity produced by large particles near the
notch tip and along the fracture path. Thus, within the present dataset, the 19.0 mm NMAS
improved the magnitude of fracture resistance, whereas the 9.5 mm NMAS provided a m.
From a reliability standpoint, the 9.5 mm and 12.5 mm mixtures satisfied the adopted
variability targets by n = 4 and n = 5, respectively. This suggests that mixtures with larger
NMAS values (>12.5) may require more cautious interpretation or additional replication
when evaluated using the SCB configuration.
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Figure 4. Effect of NMAS on cumulative fracture parameters and variability trajectories for n = 3
ton==6.

3.2. Effect of Notch Depth on Test Variability

The effect of notch depth on the variability of the SCB fracture response is shown
in Figure 5. Notch depth had the clearest influence on response stabilization among the
examined testing variables. The cumulative variability trajectories showed that the 15 mm
notch achieved the adopted reliability targets earlier than the 10 mm and 20 mm notches,
indicating that it provided the most stable and efficient SCB configuration. Although the
10 mm notch produced relatively high fracture values, it required more specimens before
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the response became sufficiently stable, while the 20 mm notch remained highly variable
throughout the cumulative sequence. This behavior suggests that notch depth controls not
only crack initiation severity, but also the repeatability with which fracture response can
be measured. This study indicates that the 15 mm notch should be regarded as the most
reliable notch configuration in the present study, because it provided the lowest cumulative
variability. The results therefore support its use as the preferred notch depth for dependable
SCB evaluation.
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Figure 5. Effect of notch depth on cumulative fracture parameters and variability trajectories for
n=3ton=6.
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Within the tested conditions, the 15 mm notch can be regarded as the most reli-
able notch configuration. This outcome is likely related to the role of ligament area in
balancing notch-induced stress concentration and material representativeness. At this in-
termediate notch depth, the ligament remains sufficiently large to capture representative
aggregate-binder interactions, while being adequately limited to localize the fracture process
zone and minimize the influence of random microstructural heterogeneities. In contrast, the
deeper notch depth of 20 mm significantly reduces the ligament area, making crack propa-
gation more sensitive to local aggregate configuration in the vicinity of the notch tip. This
enhances stochastic variability and results in less stable fracture behavior. Conversely, the
10 mm notch depth increased the ligament area and reduced the effective stress concentration
at the notch tip. Under this condition, crack initiation may become less localized, allowing a
wider deformation zone to develop before the main crack propagates. This can increase the
contribution of local plastic deformation, particularly near the loading points, and may result
in less uniform crack paths between specimens. Accordingly, a larger number of specimens
may be required to obtain a stable statistical response. Overall, the 15 mm notch depth
offered the most suitable compromise within the tested range, as it provided adequate crack
localization while maintaining a representative ligament area. This led to better repeatability
of the SCB parameters without losing the physical meaning of the fracture process.

3.3. Effect of Polymer Modification

As shown in Figure 6, SBS polymer modification noticeably influenced both the
magnitude of the SCB fracture parameters and their statistical dispersion. At n = 6, the
SBS-modified mixture recorded a mean Gf of 708.0 J/m?, while the cumulative COV for Gf
decreased from 15.2% (conventional binder) to 10.9%. From a testing reliability standpoint,
this reduction in COV suggests that the viscoelastic state of the binder contributes to the
repeatability of the SCB response. Conventional asphalt mixtures often exhibit a more
brittle fracture response, making the crack initiation highly sensitive to the localized,
heterogeneous structure at the notch tip such as the random orientation of aggregate edges
or micro-voids. This high sensitivity to microscopic flaws naturally drives up replicate
variability. In contrast, the elastomeric nature of SBS may improve mastic ductility and
reduce the sensitivity of the fracture response to local structural variations. Consequently,
the SBS-modified mixture showed a lower cumulative COV and a faster stabilization trend,
indicating improved repeatability within the tested conditions. Consequently, the fracture
response may become more consistent across replicate specimen, which mathematically
manifests as a decreased COV and a faster stabilization rate for the test data.

_900.0 25
<;l

E 7500 20
= 600.0 2
bo 15 5
¥ 450.0 @)
2 10 O
o 300.0 0
£ 1500 5

E

23 0.0 0

3 4 5 6 3 4 5 6
Conventional SBS

Cumulative Sample Number per Mixture Modification
m Gf (J/m?) COV Gf (%)

Figure 6. Cont.
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Figure 6. Effect of polymer modification on cumulative fracture parameters and variability trajectories

forn=3ton==6.

3.4. Effect of Aging

The effect of aging is presented in Figure 7. Increasing aging severity reduced both Gf
and FI, whereas long-term aging increased peak load relative to the unaged and short-term
aged conditions. At 1 = 6, the unaged mixture exhibited the highest mean Gf (625.0 ] /m?)
and FI (6.45), while the long-term aged mixture showed the lowest Gf (435.0 J/m?) and
FI (3.25), together with the highest cumulative COV values (20.4% for Gf and 25.2% for
FI). This trend is consistent with previous studies showing that oxidative aging increases
stiffness and brittleness, thereby reducing cracking tolerance and fracture-related indices
in asphalt mixtures [8,39]. The cumulative variability trajectories further indicate that
none of the aging conditions satisfied all adopted stability targets by n = 6. Even the
unaged and short-term aged states remained above the Gf or FI thresholds, whereas
long-term aging was clearly the least stable condition. This suggests that aging affects
not only the magnitude of the fracture response, but also the reliability with which that
response converges toward a stable estimate. Similar reductions in cracking tolerance
and flexibility-related performance after long-term aging have also been reported using
Fl-based and fracture-based approaches [8,40]. These studies indicate that oxidative aging
stiffens the asphalt matrix, suppresses post-peak deformation capacity, and promotes a
more brittle fracture response, thereby lowering flexibility-related indices and fracture
resistance. Accordingly, caution is required when SCB is applied after aging conditioning,
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because the increased variability of the aged response may require a larger number of
specimens to achieve stable and reliable fracture evaluation.
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Figure 7. Effect of aging on cumulative fracture parameters and variability trajectories for n = 3
ton==6.
3.5. Effect of Temperature

Temperature exerted a pronounced effect on the reliability of SCB interpretation, as
presented in Figure 8. Among the examined temperatures, the 15 °C condition exhibited
the lowest cumulative variability and the most stable convergence behavior, although it
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still remained above at least one adopted threshold at n = 6. In contrast, the 0 °C and
25 °C conditions remained more variable throughout the cumulative sequence, indicating
that both low- and high-temperature testing reduced the efficiency with which the SCB
response stabilized as specimen number increased.
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Figure 8. Effect of temperature on cumulative fracture parameters and variability trajectories for
n=3ton=6.

https:/ /doi.org/10.3390/jcs10050262


https://doi.org/10.3390/jcs10050262

J. Compos. Sci. 2026, 10, 262

16 of 22

Mechanically, this behavior is consistent with the temperature-dependent viscoelastic
nature of asphalt mixtures. At 0 °C, the mixture behaved in a stiffer and more brittle
manner, which increased peak load but limited post-peak deformation and reduced both
Gf and FI. At 25 °C, the mixture was able to dissipate more energy and sustain greater
deformation after crack initiation, which increased Gf and FI, but the softer viscoelastic
response also increased variability [41]. The 15 °C condition provided a more balanced
fracture process in which crack initiation, energy dissipation, and post-peak softening
developed in a more controlled manner, leading to lower cumulative variability than those
observed at 0 °C and 25 °C.

Accordingly, the temperature results show that SCB evaluation should be based on
response stability and replicate demand. Under the present testing range, 15 °C was the
most balanced temperature condition, whereas 0 °C and 25 °C would require more cautious
interpretation or additional specimens to achieve dependable SCB evaluation.

3.6. Effect of Loading Rate

Loading rate influenced both the SCB response and the stability of the measured
results, as shown in Figure 9. Among the tested rates, 5 mm/min gave the most consistent
behavior and the lowest cumulative variability, although at n = 6 it still remained slightly
above one of the adopted stability limits. The rates of 0.5 and 50 mm/min showed greater
variability throughout the cumulative sequence, which indicates that very slow and very
fast loading make the SCB response less stable as the number of specimens increases.

This trend can be explained by the viscoelastic nature of asphalt mixtures. Under slow
loading, the mixture has more time to deform, which tends to increase energy dissipation
but also introduces more scatter in the response [42]. Under a higher loading rate, the
mixture tends to behave in a more elastic and brittle manner, which may increase peak
load while reducing the time available for viscous deformation and energy dissipation.
At 5 mm/min, the fracture process developed in a more controlled way, giving a better
balance between crack initiation, energy dissipation, and repeatability. These results
indicate that loading rate should be selected primarily according to response stability rather
than fracture magnitude alone. In the present study, 5 mm/min showed the most stable
loading rate among the tested levels, whereas 0.5 and 50 mm/min would require more
cautious interpretation or a larger number of specimens to achieve reliable SCB evaluation.
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Figure 9. Effect of loading rate on cumulative fracture parameters and variability trajectories for

n=3ton==6.

3.7. Direct Weibull Reliability Analysis

The Weibull parameters summarized in Table 4 provide a descriptive comparison
of fracture-energy variability across the investigated conditions rather than a definitive
population-level reliability prediction. The shape parameter (3) shows clear sensitivity to
mixture design and testing conditions, with higher values observed for NMAS 9.5 mm
(B =12.1), NMAS 12.5 mm (3 = 9.8), and notch depth 15 mm ( = 12.6), indicating relatively
lower scatter and more consistent crack propagation. Similarly, SBS-modified mixtures
(B = 11.4) exhibit improved uniformity compared to conventional binders, supporting
the stabilizing effect of polymer modification on fracture behavior. In contrast, lower 3
values associated with coarser NMAS (19 mm, 3 = 6.4), deep notch depth (20 mm, 3 =5.7),
and long-term aging (3 = 5.6) reflect increased variability and a higher tendency toward
brittle fracture. Environmental and loading conditions further influence variability, as
evidenced by reduced 3 values under extreme temperatures (0 °C, 3 =5.7) and non-optimal
loading rates (0.5 and 50 mm/min, 3 ~ 5.8), indicating unstable crack propagation under

these conditions.
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Table 4. Weibull parameters and reliability ranking for SCB fracture energy under different mixture
and testing conditions.

Factor/Condition Mean Gf (J/m?) COV Gf (%) Scalen (JJ/m?)  Shape B ngelli;lllziirlligty
NMAS/9.5 mm 445.6 10.3 467.2 12.1 High
NMAS/12.5 mm 529.7 12.7 558.9 9.8 High
NMAS/19.0 mm 609.5 18.5 662.4 6.4 Moderate
Notch depth/10 mm 594.2 14.1 632.8 8.5 Moderate
Notch depth/15 mm 530.8 9.8 556.9 12.6 High
Notch depth/20 mm 465.5 20.2 511.9 5.7 Low
Binder/Conventional 519.5 15.2 556.4 7.6 Moderate
Binder/SBS 711.8 10.9 747.6 11.4 High
Aging/Unaged 620.0 18.1 674.2 6.5 Moderate
Aging/Short-term 581.7 18.1 632.2 6.5 Moderate
Aging/Long-term 450.0 204 495.6 5.6 Low
Temperature/0 °C 355.2 20.2 390.7 5.7 Low
Temperature/15 °C 529.0 17.3 571.9 6.9 Moderate
Temperature/25 °C 709.5 19.2 777.9 6.0 Moderate
Loading rate/0.5 mm/min 609.3 20.3 671.6 5.8 Low
Loading rate/5.0 mm/min 559.8 19.8 614.5 6.0 Moderate
Loading rate/50.0 mm/min 519.0 20.1 571 5.8 Low

However, it is important to emphasize that, due to the limited number of SCB replicates
per condition, the Weibull parameters should be interpreted as indicative descriptors of
relative variability rather than robust population-level reliability metrics. Accordingly,
the assigned reliability rankings (high, moderate, low) reflect comparative consistency
within the experimental dataset, and should not be directly extrapolated to field-scale
failure probabilities. When considered alongside COV and ANOVA results, the Weibull
analysis reinforces those intermediate conditions particularly NMAS 12.5 mm, notch depth
15 mm, SBS modification, and moderate loading/temperature conditions provide the most
stable fracture response, while extreme conditions increase dispersion and uncertainty in
measured performance.

Moreover, It should be noted that the Weibull analysis was applied only to Gf because
fracture energy is the primary energy-based fracture parameter in the present study and is
directly linked to crack-propagation resistance. Peak load and FI were evaluated through
cumulative COV trajectories, which were used for replicate-number optimization. There-
fore, the Weibull results should be interpreted as supplementary descriptors of Gf scatter
rather than a complete distributional assessment of all SCB outputs.

3.8. Practical Implications and Optimisation of Replicate Number

From an implementation standpoint, the present results show that SCB testing should
be interpreted as a cumulative-stability problem rather than as a single-point strength
comparison. Figures 4-9 demonstrate that some conditions stabilize rapidly, while others
remain highly variable even after six specimens. This means that a fixed replicate number
may not be equally efficient across all material and testing conditions.
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The threshold-based optimization in Table 5 shows that the 15 mm notch met the
adopted targets by n = 3, the 9.5 mm NMAS mixture and SBS-modified binder by
n =4, the 12.5 mm NMAS mixture by n = 5, and the 10 mm notch by n = 6. In contrast, the
19.0 mm NMAS mixture, 20 mm notch, conventional binder, all aging states, all temperature
states, and all loading-rate states remained above at least one adopted variability limit at
n = 6. These results indicate that replicate planning should depend strongly on the expected
variability regime of the test condition.

Table 5. Threshold-based recommended specimen number using COV Gf < 15%, COV peak
load < 15%, and COV FI < 20%.

Factor Condition Recommended n Interpretation
NMAS 9.5 mm 4 First n meeting adopted variability targets
NMAS 12.5 mm 5 First n meeting adopted variability targets
NMAS 19.0 mm >6 Threshold not reached by nn = 6
Notch depth 10 mm 6 First n meeting adopted variability targets
Notch depth 15 mm 3 First n meeting adopted variability targets
Notch depth 20 mm >6 Threshold not reached by n =6
Binder type Conventional >6 Threshold not reached by n = 6
Binder type SBS 4 First n meeting adopted variability targets
Aging Unaged >6 Threshold not reached by n = 6
Aging Short-term >6 Threshold not reached by n = 6
Aging Long-term >6 Threshold not reached by n = 6
Temperature 0°C >6 Threshold not reached by n =6
Temperature 15°C >6 Threshold not reached by n = 6
Temperature 25°C >6 Threshold not reached by n = 6
Loading rate 0.5 mm/min >6 Threshold not reached by n = 6
Loading rate 5.0 mm/min >6 Threshold not reached by n = 6
Loading rate 50.0 mm/min >6 Threshold not reached by n =6

Accordingly, the practical novelty of this study lies in converting SCB reliability from
a descriptive afterthought into an operational planning tool. The method does not merely
compare means; it indicates how many specimens are needed before a given condition can
be interpreted with reasonable confidence.

3.9. Study Limitations and Research Significance

The present study should be interpreted in light of the structure of the experimental
dataset. The cumulative analysis provides a practical basis for replicate-number planning
because it tracks how the mean response and COV evolve as the number of specimens
increases from n = 3 to n = 6. However, the experimental program was not designed as a
complete factorial matrix covering all possible combinations of mixture type, ageing condi-
tion, temperature, loading rate, NMAS, and notch depth. Therefore, the results are most
suitable for factor-wise interpretation of SCB repeatability and practical specimen-number
demand. Interaction effects among the investigated factors are discussed qualitatively, but
they should be examined more rigorously in future studies using a full factorial design and
a larger replicate population.
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4. Conclusions

e  Using the cumulative trajectories from n = 3 to n = 6, increasing NMAS increased mean
Gf, peak load, and FI, but the lowest final cumulative variability within the NMAS set
was obtained for the 9.5 mm mixture. The 19.0 mm mixture delivered the highest mean
fracture response but did not satisfy the adopted variability limits by n = 6.

e  Notch depth controlled both fracture level and stabilization rate. The 15 mm notch
was the most stable and efficient configuration within the tested range meeting the
adopted variability thresholds by n = 3, whereas the 20 mm notch remained highly
variable at nn = 6.

e  SBS modification improved both fracture performance and measurement stability.
Relative to the conventional binder, the SBS mixture increased final mean Gf from
517.0 to 708.0 J/m? and reduced final cumulative COV Gf from 15.2% to 10.9%.

e  Aging degraded both mean fracture tolerance and reliability. Long-term aging pro-
duced the lowest final Gf (435.0 J/m?) and FI (3.25), together with the highest cumula-
tive variability among the aging conditions.

e  Temperature strongly affected the measured fracture response. At 0 °C the mixtures
showed the highest peak load but the lowest Gf and FI, while at 25 °C they showed
the highest Gf and FI but still substantial cumulative variability. The 15 °C condition
gave the most balanced response within the temperature set.

o  Loading rate affected the balance between energy dissipation and brittle response,
but none of the tested rates reached the adopted variability thresholds by n = 6. Thus,
loading rate should be treated as a reliability-sensitive operating variable rather than
a fixed default setting. Overall, the recommended specimen numbers are valid for
the materials, specimen geometry, testing conditions, and COV limits adopted in this
study, and should not be treated as universal SCB requirements.
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