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A B S T R A C T

The dry-mixed rubberized epoxy asphalt mixture (DREAM) has demonstrated superior mechanical properties. 
The addition of crumb rubber (CR) improves the damping performance and toughness characteristics of DREAM 
while offering significant potential for recycling waste materials. However, cracking remains a critical issue for 
DREAM, necessitating further experimental investigations into its crack resistance performance, especially 
regarding the sensitivity of evaluation indicators. In this study, semi-circular bending tests were conducted on 
DREAM with varying CR content under three loading rates and two test temperatures. P-values were utilized to 
evaluate the sensitivity of nine indicators. Results suggest that not all fracture performance indicators exhibit 
significant differences due to the varying toughness resulting from the CR content in DREAM. Normalized pa
rameters, such as the pre- and total cracking resistance index (CRIpre, CRI), tensile stiffness index (TSI), and 
tensile strength (TS) demonstrate superior performance in distinguishing the effects of CR content and test 
temperature. Meanwhile, TSI, CRI, and CRIpre can only significantly distinguish the effects of loading rate in 
DREAM with high CR content. Moreover, the addition of CR reduces the load-bearing capacity and stiffness of 
DREAM while increasing its flexibility and crack propagation resistance. Among the effective indicators, TSI is 
more sensitive to changes in loading rate and test temperature compared to CRIpre and CRI. This study aims to 
enhance the understanding of the crack resistance performance and indicator adaptability of DREAM via macro- 
mechanical experiments and provides guidance for its future applications.

1. Introduction

Rubberized epoxy asphalt mixtures have gained attention due to 
their enhanced damping performance and toughness characteristics in 
track infrastructure [1–5]. Although these mixtures demonstrate favor
able technical properties, their performance is limited by cracking issues 
stemming from insufficient adhesion between crumb rubber (CR) and 
bitumen [1,6,7]. This interfacial weakness, exacerbated by traffic 
loading and environmental factors, necessitates a thorough investiga
tion on the cracking behavior of the mixture under various service 
conditions.

To assess the cracking resistance performance of materials, two 
primary methods are commonly employed: repeated loading beam 

fatigue tests and surrogate monotonic fracture tests [8,9]. The repeated 
loading approach determines the fatigue life of materials, albeit in a 
labor-intensive manner. This method quantifies fatigue life by 
measuring the number of load cycles required to reach a predefined level 
of damage. In contrast, the monotonic fracture test necessitates less 
complex and expensive testing apparatus, shorter experimental dura
tions, and simpler specimen preparation protocols. Although the 
monotonic fracture test does not directly measure fatigue life, numerous 
studies have established a strong correlation between fracture resistance 
and fatigue performance by calculating parameters such as toughness or 
the critical strain energy release rate [10]. This technique has emerged 
as a promising analytical tool, facilitating a comparative evaluation of 
various asphalt materials in terms of their cracking resistance. Fracture 
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testing can be performed on both beam and cylindrical specimens, uti
lizing methods such as semi-circular bending (SCB), indirect tensile, 
disk-shaped sharp tensile, and notched three-point bending tests 
[11–16]. Among these methodologies, the SCB is one of the most widely 
employed surrogate monotonic fracture tests for evaluating crack 
propagation in asphalt mixtures [11,17–21].

Various parameters can be derived from the load-line displacement 
(LLD) curve recorded during the SCB test to characterize the fracture 
resistance of asphalt mixtures [22–25]. Typically, the curve delineates 
two distinct phases: an initial phase characterized by an increasing force 
required for the onset of fracture (pre-peak), followed by a subsequent 
phase marked by a reduction in force as the crack propagates through 
the specimen (post-peak). By extracting one or several parameters from 
these two phases, such as peak load, area under the curve, and the slopes 
of both post- and pre-peak curves, performance indicators including 
fracture energy, flexibility index (FI), toughness index (TI), cracking 
resistance index (CRI), tensile stiffness index (TSI), and tensile strength 
(TS) can be determined.

Fracture energy, from the view of fracture mechanics, represents the 
energy required to create a unit surface area of fracture within the 
asphalt mixture, making it a widely used metric for evaluating the 
fracture resistance of asphalt mixtures. Typically, it is divided into pre- 
peak and post-peak components to evaluate crack initiation and prop
agation separately. However, relying solely on fracture energy is insuf
ficient for ranking cracking resistance due to the viscoelasticity 
dependency of asphalt mixtures. Specifically, two different types of 
asphalt mixtures may exhibit identical total energy to failure; one may 
demonstrate a high peak-load value coupled with a low end- 
displacement value, while the other may present a low peak-load 
value alongside a high end-displacement value. Consequently, a novel 
performance-based index based on fracture mechanics, FI, has been 
proposed by combining the effects of fracture energy and the post-peak 
slope of the load–displacement curve [26]. The slope characterizes the 
brittleness of the mixture due to rapid unloading after crack initiation; 
therefore the FI tends to evaluate the ductility of the mixture rather than 
its stiffness [19]. Nonetheless, there is a weak correlation coefficient 
between the fracture energy and FI, which can be attributed to the sig
nificant variability in the slope. Additionally, TI is defined as the product 
of post-peak fracture energy and the displacement between the 
maximum load and 50 % of the maximum post-peak load, serving to 
assess the brittle behavior of asphalt mixtures [27]. In comparison to FI, 
TI exhibits a lower coefficient of variation. Nevertheless, TI is similar to 
FI, which is heavily influenced by post-peak fracture evolution. This 
makes TI potentially unsuitable for brittle mixtures such as the epoxy 
asphalt mixture studied in this study. The reason is that the brittle 
mixtures tend to fracture completely upon reaching the peak load, 
making it challenging to extract relevant parameters associated with the 
post-peak phase. In this regard, Kaseer proposed CRI by normalizing the 
total fracture energy [28]. The CRI serves as a measure that quantifies 
the mechanical behavior of an asphalt mixture by comparing the energy 
required to fracture a sample with the strength of the mixture.

Based on this concept, a new crack resistance parameter, CRIpre, is 
proposed in this study, which normalizes the pre-peak fracture energy to 
evaluate the crack resistance during the initiation process. A larger 
CRIpre and CRI value suggest a more flexible asphalt mixture in both 
crack initiation and the overall process. Whereas a lower CRI value 
points to a brittle mixture. Additionally, crack propagation is influenced 

by the strength and stiffness of the asphalt mixture. An ideal asphalt 
mixture should exhibit both stiffness and flexibility [29,30]. Two 
indices, TSI and TS, have been proposed to investigate the cracking 
resistance performance of asphalt mixtures [27,31].

Although these proposed parameters each possess distinct merits, 
their applicability varies across different types of rubberized epoxy 
asphalt mixtures under diverse test conditions. Rubberized epoxy 
asphalt mixtures, characterized as viscoelastoplastic materials, exhibit 
different cracking evolution and resistance performance influenced by 
temperature, loading rate, and CR content [6,21,30,32,33]. Within the 
current framework of experimental procedures, the determination of 
testing temperature and loading rate is typically guided by practical 
experience and considerations of operational simplicity. Al-Qadi et al. 
analyzed the fracture resistance performance of asphalt mixtures using 
SCB tests across a spectrum of temperatures ranging from − 30 ◦C to 
30 ◦C, concurrently varying the loading rates from 5 to 100 mm/min 
[26]. Based on the obtained fracture energy values, they suggested that 
the SCB fracture test should be conducted at a moderate temperature of 
25 ◦C and a rapid loading rate of 50 mm/min, as these conditions yielded 
the most favorable fracture energy results in their research. However, 
this recommendation lacks sufficient evidence and theoretical support. 
Zhou et al. deem that the selected loading rate may be excessively rapid 
to obtain enough data points for calculating the aforementioned in
dicators in the case of brittle materials, such as the epoxy asphalt 
mixture [34]. Simultaneously, excessively low loading rates are also 
problematic due to the introduction of creep damage [33].

This study aims to first evaluate the fracture resistance and tough
ening effect of the epoxy asphalt mixture containing varying CR content. 
The characterization parameters include total, pre- and post-peak frac
ture energy, TI, CRI, CRIpre, TSI, and TS. Subsequently, SCB tests were 
conducted on rubberized epoxy asphalt mixtures with varying CR con
tents to elucidate the sensitivity of the fracture indicators. Test condi
tions were standardized, maintaining a fixed temperature of 25 ◦C across 
multiple loading rates, with a loading rate of 1 mm/min under two 
temperature conditions. The P-value analysis was performed on the re
sults to identify statistically significant differences among the various 
types of asphalt mixtures and test conditions. Moreover, the effects of 
loading rate and temperature were evaluated to guide the selection of 
appropriate testing conditions that more accurately characterize the 
contribution of CR.

2. Experimental and parametric analysis methods

2.1. Mix design and specimen preparation

In this study, the dry-mixed rubberized epoxy asphalt mixtures 
(DREAM) with a nominal maximum aggregate size of 26.5 mm were 
prepared. The composition of DREAM was designed according to the V-S 
method, which is a volumetric mix design based on a multi–supported 
skeleton for asphalt mixtures [35,36]. In this design, aggregates of 4.75 
mm occupy the largest proportion. Therefore, this type of coarse 
aggregate was replaced by CR of the same particle size in varying pro
portions to enhance resilience and energy dissipation within the asphalt 
mixture. Four types of DREAMs were formed: EA-0CR, EA-2CR, EA-4CR, 
and EA-6CR (the numbers represent the mass ratio of CR to the total 
aggregates). The gradation design of these four types of DREAMs with 
varying CR contents is shown in Table 1. The comprehensive 

Table 1 
Design gradations (%) of four DREAMs by V-S method.

Sieve size/mm 26.5 19.0 16.0 13.2 9.5 4.75 CR 1.18 0.6 0.3 0.15 0.075 filler

EA-6CR 13.4 9.6 8.9 9.7 12.9 3.5 6.0 7.2 5.2 3.9 2.9 2.1 5.7
EA-4CR 8.5 4.0
EA-2CR 13.5 2.0
EA-0CR 18.5 0.0
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understanding of the detailed design process of DREAM and the material 
property parameters used in the asphalt mixture are referred to previous 
research [6]. Mineral aggregates and filler consisted exclusively of 
limestone. To enhance the fracture resistance of the epoxy asphalt 
binder, the modified asphalt binder containing 4 % Styrene-Butadiene- 
Styrene (SBS) polymers was utilized. The technical specifications of 
the materials are presented in Table 2. The epoxy system, comprising 
resin and curing agent at a mass ratio of 56:44, was blended with the 
modified asphalt binder at a 1:1 mass ratio. Their technical specifica
tions are presented in Table 3. Density measurements of the epoxy 
asphalt binder conducted by JTG E20-2011 (China 2011) yielded a value 
of 1.05 g⋅cm− 3. The CR incorporated into the DREAMs via a dry process 
was processed from waste tires, with a density of 1.02 g⋅cm− 3 and a 
nominal size of 4.75 mm.

The cylindrical specimens for the SCB test were prepared using gy
ratory compaction, resulting in a diameter of 150 mm and a height of 
170 mm. Each specimen was subsequently cut into six semicircles with a 
height of 45 mm. A standardized notch of 15 mm in length and 2 mm in 
width was precisely machined at the midpoint of the straight edge along 
the thickness direction (as shown in Fig. 1) [37–39]. To ensure experi
mental consistency, three semicircles extracted from a single cylindrical 
specimen were tested under each condition.

2.2. Experimental program

The SCB tests were conducted using a universal testing machine 
(UTM), as illustrated in Fig. 2. The system is equipped with a load cell 

that has a maximum load capacity of 100 kN and a measurement ac
curacy of 0.01 N. Prior to testing, the specimens were placed in an 
environmental chamber at the testing temperature for 3 h to ensure a 
consistent internal temperature. The supports beneath the specimen 
were symmetrically positioned with a span of 120 mm. To clarify the 
effects of CR content, temperature, and loading rate on the fracture 
resistance of DREAM, four types of mixtures were tested under three 
loading rates and two test temperatures. Considering the creep behavior 
and brittleness of DREAM, the minimum and maximum loading rates 
were set at 1 and 10 mm/min. And the test temperatures were set at 15 
and 25 ◦C. In each test condition, three replicate SCB samples were 
tested. Table 4 presents the specifications of the test specimens and 
detailed testing conditions. Due to the brittle rupture of EA-0CR at 25 ◦C 
with a loading rate of 10 mm/min, there were insufficient data points to 
calculate the indicators; therefore, this loading rate was excluded from 
the analysis.

2.3. Fracture indicators

The crack behavior of DREAM is evaluated using various fracture 
indicators obtained from the load–displacement curve in the SCB test, 
including fracture energy, FI, TI, CRI, TSI, and TS.

After the specimens were fractured, the fracture energy (Gf ) is 
determined by calculating the ratio of fracture work to the ligament area 
as shown in Eqs. (1) and (2). As discussed in the Introduction, Gf is 
divided into Gpre

f and Gpost
f based on the peak load in the 

Table 2 
Technical indicators of SBS modified asphalt.

Technical Indicators Requirement Result

Penetration (25 ◦C, 100 g, 5s) /0.1 mm 40 ~ 60 56
Ductility (5 ◦C, 5cm/min) /mm ≥20 31
Softening point /◦C ≥60 88
Flash point /◦C ≥230 ＞300
Recovery of elasticity /% ≥75 94
Viscosity (135 ◦C) /Pa.s ≤3 2.245

Table 3 
Technical indicators of resin and curing agent.

Material type Technical Indicators Requirement Result

Resin Viscosity (135 ◦C) /mPa.s 1000 ~ 5000 3110
Flash point /◦C ≥220 234
Specific gravity (23 ◦C) 1.0 ~ 1.2 1.132

Curing agent Viscosity (135 ◦C) /mPa.s 100 ~ 800 186
Flash point /◦C ≥145 163
Specific gravity (23 ◦C) 0.8 ~ 1.0 0.906

Fig. 1. Schematic illustration of specimen preparation and loading configuration.

Fig. 2. SCB test setup and specimen.
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load–displacement curve, as shown in Eq. (3). The Gpre
f represents the 

initiation of cracking, while Gpost
f is selected based on the mechanism of 

fracture process zone formation in quasi-brittle mixtures [40].
The indicators FI, TI, as well as CRI, which are utilized to better 

understand the crack propagation in DREAM, are calculated based on 
Eqs. (4) to (6). According to the definition and calculation of CRI, the 
CRIpre parameter, which normalizes the pre-peak fracture energy, is 
proposed in this study to evaluate crack resistance during the initiation 
process. It can be calculated based on Eq. (7).

Additionally, TSI and TS, shown in Eqs. (8) and (9), are two in
dicators to evaluate the stiffness and strength of DREAM, which also 
influence the crack propagation rate. 

Gf =
Wf

Alig
(1) 

Alig = (R − a) × t (2) 

Gf = Gpre
f +Gpost

f (3) 

where, Gf is the fracture energy in J/m2; Wf is the work of fracture in J; 
Alig is the ligament area in m2; R is the radius of specimen; t is the 
specimen thickness; a is the notch length. 

FI = 0.01 ×
Gf

|m|
(4) 

TI = Gpost
f ×

(
Dtough − Dstrength

)
× 0.001 (5) 

CRI =
Gf

Pmax
(6) 

CRIpre =
Gpre

f

Pmax
(7) 

TSI =
0.5Pmax

Dstiffness
(8) 

TS =
Pmax

Alig
(9) 

where, m is the slope at the post-peak inflection point; Dstiffness, Dstrength, 
and Dtough are the displacement at 50 % pre Pmax, Pmax and 50 % post 
Pmax, respectively; Pmax is the peak load.

2.4. Indicator adaptability analysis

To evaluate the adaptability of different fracture indicators, 16 
groups of DREAM specimens were subjected to SCB tests. Three factors 

including CR content, loading rate, and test temperature were consid
ered. Statistical significance corresponding to the nine types of fracture 
indicators across the 16 groups of DREAM specimens was determined 
through P-value analysis. And their sensitivity under varying test con
ditions was identified by P-values below 0.05, which indicate significant 
effects at a 95 % confidence interval. For assessing fracture indicators 
sensitivity to CR content, four groups were tested at 25 ◦C with loading 
rates of 1, 5, and 10 mm/min, and at 15 ◦C with a loading rate of 1 mm/ 
min. To evaluate sensitivity to loading rate, four groups were analyzed 
at 25 ◦C with CR contents of 0 %, 2 %, 4 %, and 6 %. For sensitivity to 
test temperature, four groups were examined at a loading rate of 1 mm/ 
min with CR contents of 0 %, 2 %, 4 %, and 6 %.

Tukey’s Honestly Significant Difference (HSD) test was performed on 
fracture indicators that showed significant sensitivity (P < 0.05) to CR 
content, loading rate, and temperature. The analysis was conducted to 
identify statistically significant pairwise differences. A 95 % confidence 
level (α = 0.05) was used, and groupings were reported using letter 
labels (e.g., A, B, C).

3. Results and discussion

3.1. Sensitivity analysis of fracture indicators

3.1.1. Sensitivity to CR content
The corresponding P-values of fracture indicators related to the CR 

content are presented in Table 5. It can be observed that the P-values for 
all fracture indicators exceed 0.05 when the loading rate reaches 10 
mm/min, with the exception of Gpost

f and CRIpre. This indicates that the 
fracture indicators no longer demonstrate significant differences at this 
loading rate. It may be attributed to two aspects: First, the excessive 
loading rate results in an insufficient number of load–displacement data 
points, leading to inaccurate calculations of the fracture indicators. For 
instance, it was not possible to collect sufficient data points for EA-0CR 
at a test temperature of 25 ◦C and a loading rate of 10 mm/min. Second, 
the higher loading rate induces more pronounced brittle fracture in 
DREAM, increasing the variability among replicates. This variability 
may diminish the effect of CR content. Therefore, it can be concluded 
that a loading rate of 10 mm/min is not suitable for evaluating the in
fluence of CR content on fracture performance, as the fracture indicators 
fail to effectively differentiate the crack resistance performance.

The statistical significance of fracture energy indicators (Gf ,Gpre
f ,

Gpost
f ) regarding different DREAMs also varies with loading rates and 

temperature conditions. For example, Gf and Gpost
f can significantly 

distinguish various DREAMs only at a test temperature of 15 ◦C and a 
loading rate of 1 mm/min, whereas Gpre

f achieves this distinction solely 
at 25 ◦C and a loading rate of 1 mm/min. The fracture energy parameters 
of DREAMs with varying CR content at 25 ◦C and a loading rate of 1 

Table 4 
Specifications of fracture test conducted on the SCB specimens made of different DREAM.

Type Temperature (◦C) Loading rate (mm/min) Temperature (◦C) Loading rate (mm/min)

EA-6CR 25 1, 5, 10 15 1
EA-4CR 1, 5, 10
EA-2CR 1, 5, 10
EA-0CR 1, 5

Table 5 
Statistical P-value of fracture indicators for different DREAMs at two test temperatures and three loading rates.

Loading rate (mm/min) Temperature (◦C) CR content (wt%) Gf Gpre
f Gpost

f
FI TI CRI TSI TS CRIpre

1 25 0/2/4/6 0.054 0.009 0.104 0.068 0.123 0.001 0.000 0.000 0.000
5 0/2/4/6 0.272 0.066 0.431 0.000 0.101 0.012 0.003 0.005 0.143
10 2/4/6 0.076 0.347 0.018 0.350 0.196 0.190 0.089 0.283 0.044
1 15 0/2/4/6 0.026 0.375 0.000 0.261 0.000 0.000 0.000 0.000 0.013
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mm/min are presented in Fig. 3(a). The results under other loading 
conditions are similar and therefore not elaborated here. It is evident 
that the fracture energy parameters do not change monotonically with 
CR content; instead, they exhibit a peak at 4 wt%. Moreover, the values 
of EA-6CR are higher than those of EA-0CR and EA-4CR. Under identical 
testing conditions, the epoxy asphalt mixtures in this study demonstrate 
significantly higher fracture energy compared to conventional base 
asphalt mixtures, irrespective of the rubber particle content. For com
parison, Chen et al. [33] reported a fracture energy of approximately 
0.65 kJ/m2 for mixtures with PG58-28 binder, while other studies 
documented values of 0.38 kJ/m2 and 0.14 kJ/m2 for mixtures con
taining PG 64–22 and PG 52–28 binders, respectively [37]. Further 
analysis of the load–displacement curves of DREAMs (shown in Fig. 3
(b)) reveals that the addition of CR significantly increases the toughness 
of DREAMs. The load–displacement curve becomes smoother and more 
extended, which is reflected by a reduction in peak load and an increase 
in Dstrength and Dtough. However, these two changes exert opposite effects 
on Gf . The former reduces the fracture energy, while the latter increases 
it. With respect to EA-4CR, the reduction in peak load is comparable to 
that of EA-2CR; whereas, the Dstrength and Dtough are significantly larger, 
resulting in a peak in fracture energy of EA-4CR. Consequently, the 
fracture energy indicators are considered inadequate for clearly dis
tinguishing the effect of CR content on DREAMs under varying loading 
rates and test temperatures.

Table 5 indicates that the exhibition of FI and TI is relatively insen
sitive to the overall performance of different DREAMs. This insensitivity 
of the FI indicator may stem from its calculation, which involves both 
the fracture energy and the absolute value of the post-peak slope. As 
shown in Fig. 3(b), the change in Gf does not synchronize with the 
change in the post-peak slope as CR content increases, potentially 
resulting in negligible fluctuations in the FI indicator. The large P-value 
for the TI indicator is primarily attributed to the increase in both Gpost

f 

and fracture displacement at CR contents of 4 wt% or 6 wt%. The in
fluences of CR content on the fracture performance of DREAMs become 
more pronounced when using the product of Gpost

f and fracture 

displacement, making the TI indicator less significant.
In contrast, the CRI, CRIpre, TSI, and TS indicators, which are 

normalized with respect to Gf or Pmax, show satisfactory sensitivity to 
different DREAMs under varying test temperatures and loading rates. 
Therefore, these four fracture indicators are considered statistically 
significant for evaluating the influence of CR content on the fracture 
performance of DREAMs.

3.1.2. Sensitivity to loading rate and temperature
The fracture indicators of DREAM with varying CR content under 

three loading rates at 25 ◦C are analyzed for evaluating their sensitivity 
to loading rates. The corresponding P-values are presented in Table 6. It 
is observed that the loading rate generally does not exhibit a significant 
difference in fracture energy parameters, with only a few exceptions, 
such as Gpre

f of EA-2CR and Gpost
f of EA-0CR. For the FI and TI parameters, 

no significant differences are identified. Furthermore, TS can only 
distinguish the significance of one DREAM group under different loading 
rates, which occurs at lower CR content. In addition, TSI, CRIpre, and CRI 
exhibit similar trends, where the effects of loading rates can be signifi
cantly distinguished for DREAM with higher CR content. These three 
indicators may be suitable for DREAMs with stronger toughness.

Similar to the fracture indicator results of DREAM with varying CR 
content, the brittleness of DREAM increases the variability of fracture 
energy indicators among replicates across these three loading rates. This 
leads to closely aligned group means and reduced inter-group variation 
compared to intra-group one. For FI and TI, their calculations involve 
both fracture energy and the absolute value of the post-peak slope. 
While TS only considers Pmax, which limits these indicators from dis
playing significant differences. Therefore, the TSI, CRI, and CRIpre in
dicators are used in the subsequent analysis of the effect of loading rate 
on DREAM.

The P-values of fracture indicators at two test temperatures are 
calculated and presented in Table 7, with the loading rate set at 1 mm/ 
min. Results indicate that no fracture energy parameter generally ex
hibits significant differences in response to test temperature across all 

Fig. 3. Fracture results of DREAM under 25 ◦C and a loading rate of 1 mm/min: (a) Fracture energy; (b) Load-displacement curve.

Table 6 
Statistical P-value of fracture indicators for different DREAMs at three loading rates.

CR content (wt%) Temperature (◦C) Loading rate (mm/min) Gf Gpre
f Gpost

f
FI TI CRI TSI TS CRIpre

0 25 1/5 0.819 0.425 0.009 0.468 0.063 0.098 0.475 0.335 0.777
2 1/5/10 0.097 0.035 0.164 0.536 0.588 0.591 0.400 0.000 0.389
4 1/5/10 0.187 0.335 0.220 0.263 0.234 0.021 0.022 0.144 0.001
6 1/5/10 0.663 0.365 0.528 0.140 0.092 0.004 0.050 0.163 0.001
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CR contents. Furthermore, FI and TI parameters fail to demonstrate 
significant differences among test temperatures, which is consistent with 
the conclusions drawn from the significance analysis of loading rates. 
However, the TSI, TS, and CRI parameters can distinguish the differences 
significantly under these two test temperatures except for EA-2CR. 
Therefore, in the subsequent analysis of the effect of test temperature 
on DREAM, the TS, TSI, and CRI parameters are employed.

3.1.3. Post-hoc analysis of group differences in sensitive indicators
Tukey’s HSD results (Table 8) show an examination of group-wise 

statistical differences across varying CR contents under different 
loading conditions. The grouping letters (A, B, and C) reflect statistically 
distinct subsets, with non-overlapping letters indicating significant dif
ferences between groups. It is revealed that among the four CR content 
levels, the EA-6CR group demonstrates the most significant statistical 
separation across all fracture indicators and loading conditions. It is 
assigned to the most distinct group (Group C). This trend is particularly 
evident under a moderate temperature of 25 ◦C and a lower loading rate 
of 1  mm/min, where the fracture resistance is not affected by the 
increased brittleness. In contrast, groups overlapping for EA-2CR and 
EA-4CR suggest that intermediate CR contents result in gradual or 
transitional changes in identifying the indicators sensitivity. While these 
groups rarely differ significantly from each other, reflecting a limited 
ability to distinguish mechanical performance at moderate CR levels.

3.2. Effect of CR content

The trends of the fracture indicators TS, TSI, CRI, and CRIpre of 
DREAM with varying CR contents under a loading rate of 1 mm/min and 
a test temperature of 25 ◦C are illustrated in Fig. 4. The results under 
other loading conditions are similar and will not be elaborated. TSI and 
TS (calculated using Eqs. (8) and (9) are employed to evaluate the 
strength and stiffness of DREAM. As shown in Fig. 4(a), EA-0CR (i.e., the 
epoxy asphalt mixture) demonstrates significantly higher crack strength 
(Pmax) and stiffness compared to traditional asphalt mixtures, indicating 
that the epoxy asphalt mixture possesses superior resistance to 
maximum loads. However, both TS and TSI of DREAM show a negative 
correlation with CR content. With respect to EA-2CR, its TS decreases by 
more than 50 %, with a slight decline observed when the CR content is 
further increased to 4 wt%. As the CR content increases, the TSI value 
decreases at a nearly constant rate, with reductions of more than 50 % 
and 80 % in EA-2CR and EA-4CR, respectively. Materials with ideal 
fracture resistance are expected to undergo greater deformation before 
reaching the peak load. The crumb rubber particles significantly reduce 
the resistance to maximum loads, indicating that the addition of CR 
decreases the peak load-bearing capacity and stiffness of DREAM.

The CRIpre values, which characterize the crack resistance of DREAM 
during crack initiation, and the CRI values, which correspond to the 
entire process of crack initiation and propagation, both show a monot
onous increase with rising CR content. Simultaneously, the increase in 

Table 7 
Statistical P-value of fracture indicators for different DREAMs at two temperatures.

CR content (wt%) Loading rate (mm/min) Temperature (◦C) Gf Gpre
f Gpost

f
FI TI CRI TSI TS CRIpre

0 1 15/25 0.621 0.027 0.003 0.253 0.006 0.001 0.007 0.010 0.075
2 15/25 0.038 0.011 0.765 0.193 0.158 0.082 0.080 0.005 0.386
4 15/25 0.094 0.364 0.079 0.072 0.114 0.007 0.027 0.004 0.001
6 15/25 0.286 0.115 0.904 0.756 0.070 0.002 0.005 0.000 0.001

Table 8 
Tukey’s comparison for different DREAMs at two temperatures and two loading rates.

Fracture indicator CRI TSI TS CRIpre

Loading condition 1 2 3 1 2 3 1 2 3 1 2 3

EA-0CR A A A A A A A A A A A A
EA-2CR A AB B B AB B B A B A A A
EA-4CR AB AB B BC B B B AB BC B A AB
EA-6CR C B C C B B C B C C A B

Note: 1, 2, and 3 represent the loading conditions of 1 mm/min at 25 ◦C, 5 mm/min at 25 ◦C, and 1 mm/min at 15 ◦C.

Fig. 4. Fracture indicators of DREAM with varying CR content: (a) TS and TSI; (b) CRI and CRIpre. Note: Test temperature at 25 ◦C and loading rate of 1 mm/min.
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CRI values is significantly greater than that of CRIpre. It can also be 
observed in Fig. 3(b) that the load–displacement curve transitions from a 
steep post-peak drop to progressively larger post-peak displacements. 
This indicates that the addition of CR particles enhances the flexibility 
and crack propagation resistance of DREAM after the crack formation. 
Consequently, the DREAMs become less brittle, thereby improving their 
performance in resisting crack propagation.

The observed changes in fracture indicators can be attributed to the 
reduced adhesion between the CR and the epoxy bitumen binder, which 
facilitates crack formation under load, as evidenced by the decrease in 
TSI and TS indicators. However, the presence of CR mitigates the stress 
concentration at the crack tip, thereby decelerating the rate of crack 
propagation. This phenomenon is reflected by the increase in CRIpre and 
CRI values. Consequently, CR exhibits opposing effects on the resistance 
to crack initiation and propagation in DREAM. It is recommended to 
conduct a balance evaluation when implementing DREAM in applica
tions, as a higher CR content in the DREAM is preferred to improve crack 
propagation resistance, provided that the requirements for fracture 
strength are satisfied.

3.3. Effect of loading rate

Based on the evaluation in Section 3.1.2, it can be concluded that no 
fracture indicators significantly distinguish the influence of loading rate 
on DREAM across all CR content. However, TSI, CRIpre, as well as CRI can 
function effectively under high CR content. Therefore, these three in
dicators are selected to assess the influence of loading rates (1, 5, and 10 
mm/min) on the fracture performance of DREAM. The fracture in
dicators at 25 ◦C are illustrated in Fig. 5.

It can be observed in Fig. 5(a) that the TSI of DREAM decreases with 
increasing CR content across all loading rates. However, DREAM mix
tures with specific CR contents exhibit different trends under different 
loading rates. For DREAM with lower CR contents (0 wt% and 2 wt%), 
TSI shows a monotonic increase as the loading rate rises, indicating that 
low CR content has a limited effect on enhancing the toughness of 
DREAM. Conversely, for DREAM with higher CR contents (4 wt% and 6 
wt%), TSI reaches a peak at 5 mm/min and then decreases as the loading 
rate rises to 10 mm/min. Taking EA-4CR as an example, the 
load–displacement curves at 25 ◦C across the three loading rates are 
shown in Fig. 6. The load–displacement curves for other DREAM mix
tures show similar characteristics and are not discussed in detail here. 
Notably, increasing the loading rate from 1 to 5 mm/min influences the 
fracture behavior of DREAM similarly to reducing the CR content from 4 
wt% to 0 wt%, resulting in steeper and shorter load–displacement 
curves. However, when the loading rate is further increased from 5 to 10 
mm/min, the load–displacement curve resembles 1 mm/min. This sug
gests that CR improves the toughness of DREAM at higher loading rates, 
while simultaneously reducing its capacity to withstand peak loads.

As shown in Fig. 5 (b) and (c), all DREAMs present the same trend at 
loading rates of 1 and 10 mm/min, with the exception of 5 mm/min. 
Specifically, both CRIpre and CRI generally exhibit a decreasing trend 
with increasing loading rates. Similar to TSI, the CRIpre and CRI values of 
EA-6CR are higher than those of EA-4CR. This suggests that DREAMs 
with a higher CR content demonstrate greater overall resistance during 
the crack initiation and propagation processes under high loading rates.

To analyze the sensitivity of DREAM to loading rate, the relative 
changes in the three parameters of each DREAM are listed in Table 9. It 
is observed that the TSI, CRIpre, and CRI parameters exhibit increased 
sensitivity to the loading rate as the CR content rises. For the virgin 
epoxy asphalt mixture, the relative changes in all three parameters from 
1 to 5 mm/min remain within 20 %. Whereas these changes exceed 70 % 
when the CR content increases to 6 wt%. Furthermore, it is evident that 
TSI is more sensitive to loading rate compared to CRIpre and CRI. 
Additionally, the enhancement in the toughness of DREAM due to high 
CR content is also reflected in the relative change observed at high 
loading rates: for all three parameters, the relative change when the 

Fig. 5. Fracture indicators of DREAM at 25 ◦C and three loading rates: (a) TSI; 
(b) CRIpre; (c) CRI.
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loading rate increases from 1 to 10 mm/min is less pronounced than that 
observed from 1 to 5 mm/min.

3.4. Effect of temperature

To analyze the effect of test temperature on the fracture performance 
of DREAM, the fracture indicators at a loading rate of 1 mm/min and test 
temperatures of 15 and 25 ◦C are illustrated in Fig. 7. The fracture 
performance indicators TS, TSI, and CRI are employed to evaluate the 
influence of test temperatures. It can be observed that these three in
dicators at 15◦C exhibit trends similar to those at 25 ◦C. Namely, 
reducing the test temperature to 15 ◦C leads to an increase in both TS 
and TSI in terms of each DREAM, whereas CRI decreases. The 
load–displacement curves of EA-4CR at the two test temperatures are 
also presented as an example in Fig. 6. It can be observed that decreasing 
the test temperature has a comparable effect on the fracture process of 
DREAM to that of increasing the loading rate or reducing the CR content, 
as indicated by the steeper and shorter load–displacement curves. This 
suggests that lower test temperatures and higher loading rates produce 
similar effects: a stiffer and more rigid DREAM shows greater capacity to 
withstand peak loads and increased stiffness; however, its overall crack 
resistance during the initiation and propagation phases is reduced.

The temperature sensitivity of DREAM when decreasing from 25 to 
15 ◦C is evaluated by calculating the relative changes in the three pa
rameters of each DREAM, as listed in Table 10. Similar to the results of 

increasing the loading rate, the TS, TSI, and CRI parameters become 
more sensitive to test temperature as the CR content increases except for 
the TS value of EA-4CR. Additionally, TS and TSI are more sensitive to 
test temperature compared to CRI. In terms of virgin epoxy asphalt 
mixture, the relative changes in all three parameters remain below 80 %, 
whereas they can exceed tenfold when the CR content is increased to 6 
wt%. It is also evident that the influence of temperature on fracture 
performance is significantly greater than that of the loading rate.

4. Conclusion and outlook

In this study, nine fracture indicators of epoxy asphalt mixtures 
containing CR obtained from SCB tests were evaluated to analyze their 
fracture resistance and toughness. These indicators include total, pre- 
and post-peak fracture energy, TI, CRI, CRIpre, TSI, and TS. The P-value 
analysis was performed to elucidate the sensitivity of these fracture in
dicators among various types of asphalt mixtures and test conditions. 
SCB tests were conducted at the fixed temperature of 25 ◦C across 
multiple loading rates, at the same loading rates of 1 mm/min across two 
temperature conditions, and under the same testing conditions with 
varying CR content. Moreover, the effects of loading rate and tempera
ture on the fracture performance of DREAM were evaluated. Several 
conclusions can be drawn as follows. 

1. The fracture energy indicators, FI, and TI, fail to significantly 
distinguish the effect of CR contents on the crack resistance of 
DREAM. In contrast, the CRI, CRIpre, TSI, and TS indicators, which 
are normalized with respect to Gf or Pmax, show satisfactory sensi
tivity to different DREAMs across varying test temperatures and 
loading rates. None of the nine fracture indicators can significantly 
distinguish the effects of loading rate for all DREAMs, as the brit
tleness of DREAM increases the variability in fracture energy in
dicators among replicates at the three loading rates. The TSI, CRI, 
and CRIpre indicators meet the required adaptability only for 
DREAMs with high CR contents. Regarding the effect of test tem
perature, only the TS, TSI, and CRI parameters can significantly 
distinguish differences of DREAMs under the two test temperatures.

Fig. 6. Comparison of load–displacement curves of EA-0CR and EA-4CR under three loading rates and two test temperatures.

Table 9 
Relative changes in three parameters of each DREAM when increasing the 
loading rate.

Relative change (%) TSI CRIpre CRI

Loading rate (mm/ 
min)

1 to 5 1 to 10 1 to 5 1 to 10 1 to 5 1 to 10

EA-0CR 15.8 − 3.4 − − 17.4 −

EA-2CR 43.9 70.1 11.3 − 31.6 –22.2 − 20.3
EA-4CR 159.6 108.5 − 64.6 − 45.6 − 68.2 − 45.4
EA-6CR 821.3 636.9 − 70.8 − 57.5 − 77.7 − 69.1

C. Shi et al.                                                                                                                                                                                                                                      Theoretical and Applied Fracture Mechanics 139 (2025) 105137 

8 



2. The CRI, CRIpre, TSI, and TS indicators suggest that the addition of CR 
decreases the peak load-bearing capacity and stiffness of DREAM, 
while enhancing its flexibility. The DREAMs become less brittle, 
thereby improving their performance in crack propagation resistance 
after crack formation. A balanced evaluation is suggested to be 
conducted when applying DREAM in engineering, as a higher CR 
content is preferred to improve crack propagation resistance, pro
vided that the fracture strength requirements are satisfied.

3. The variation trend of TSI with loading rate differs between DREAMs 
with low and high CR content. This suggests that CR decreases the 
stiffness of DREAM at higher loading rates while simultaneously 
reducing its capacity to withstand peak loads. The TSI shows greater 
sensitivity to changes in loading rate compared to CRIpre and CRI. At 
higher loading rates, the improvement in DREAM toughness due to 
CR becomes more pronounced.

4. Analysis of fracture indicators indicates that reducing the test tem
perature to 15 ◦C results in increased values of both TS and TSI for 
each DREAM, whereas CRI decreases. Similar to the results of 
increasing the loading rate, TS, TSI, and CRI parameters become 
more sensitive to the test temperature as the CR content rises. 
Additionally, TS and TSI are more sensitive to test temperature 
compared to CRI.

This study is based on macroscopic mechanical experiments aimed at 
calculating various fracture parameters of different DREAMs and 
analyzing their sensitivity to CR content and loading conditions. Future 
research will employ microscopic experiments and multi-scale ap
proaches to elucidate the mechanisms behind the influence of CR, 
loading rate, and temperature on DREAM.
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