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Abstract

To limit reflective cracking in asphalt pavements with cold-recycled base courses, cold
recycling mixtures (CRMs) are designed to provide predominantly bituminous bonding,
making their viscoelastic behaviour of paramount importance. This study presents an
experimental evaluation of the viscoelasticity of CRMs containing 0-90% RAP, 5.5-7.4%
bitumen emulsion, and 1% cement. The dynamic modulus and phase angle were de-
termined according to AASHTO T 378-22 across temperatures of 5-40 °C and loading
frequencies of 0.1-25 Hz. To assess the applicability of the time-temperature superpo-
sition principle (TTSP) for describing the CRMs’ mechanical behaviour, master curves
were constructed and the statistical analysis of the model fit quality was performed. The
research findings demonstrate that CRMs’ mechanical behaviour can be effectively mod-
elled using TTSP, with their viscoelastic response being influenced by RAP and bitumen
emulsion content. CRMs showed lower temperature sensitivity than HMA, yet changes in
dynamic modulus and phase angle remained statistically significant. This study advances
the performance-based design of CRMs and points to the potential of rheological modelling
for their constitutive characterization.

Keywords: cold recycling mixtures; bitumen emulsion; viscoelasticity; dynamic modulus;
master curves

1. Introduction

As part of the natural lifecycle of pavements, the expanding road network will increas-
ingly require systematic reconstruction and maintenance. Addressing this challenge calls
for effective strategies for reusing various waste materials [1]. Particular attention should
be given to the reclaimed asphalt pavement (RAP) obtained from milling of deteriorated
pavement layers. Cold recycling technology, applied both in-place and in-plant, enables the
successful incorporation of RAP into new pavement structures or its use in rehabilitation
strategies such as full-depth reclamation (FDR) [2-5]. Cold recycling mixtures (CRMs) pro-
duced using this technology represent a noteworthy alternative to hot mix asphalt (HMA)
mixtures for use in base courses, offering a range of environmental and economic benefits.
By allowing the reuse of up to 100% of RAP, cold recycling technology contributes to limit-
ing the utilisation of non-renewable resources, as well as reducing energy consumption
and occupational hazards, since no heating is required during the CRMs’ manufacturing
and paving stage [6-9].
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The mechanical properties of CRMs depend on the qualitative and quantitative se-
lection of their components, namely RAP, virgin aggregates, bituminous binder (bitumen
emulsion or foamed bitumen), water, and an active filler (e.g., cement). Cold recycling
mixtures containing exclusively cementitious binders are highly susceptible to shrinkage
cracking, whereas the use of bituminous binders reduces this tendency by enhancing the
mixture’s flexibility [10]. Among CRMs, mixtures containing a limited amount of cement
and characterised by a bitumen-to-cement ratio greater than one can be distinguished,
including bitumen-stabilised materials (BSMs) and cold mix asphalt (CMA) [11,12]. The
design of these mixtures aims to promote predominantly bituminous bonding, with the pri-
mary goal of reducing reflective cracking in pavements with cold-recycled base courses [13].
A key limitation in designing flexible pavements with such layers—especially for high-
traffic roads—is the limited understanding of their mechanical behaviour, which can range
from predominantly granular to viscoelastic, presenting both stress-dependent, as well
as time- and temperature-dependent responses [14-17]. Given the presence of asphalt
mastic—formed by the finest aggregate fraction and bitumen—their mechanical response
is expected to be time- and temperature-dependent, similarly to HMA, in which bitumen
forms a continuous film on virgin aggregates. However, the continuity of bituminous
bonding and the interfacial transition zones in cold recycling mixtures are developed under
fundamentally different conditions. This is due to limitations of the production process,
including reduced processing temperatures, the presence of water during mixing and
curing, and the constrained binder distribution associated with the characteristics of the
bituminous binders used [18]. It should be noted that the mechanical performance of
cold recycling mixtures, apart from the qualitative and quantitative composition of the
binding agents, may also be affected by a range of other material- and processing-related
factors, such as the characteristics of RAP and virgin aggregates, particle size distribution,
compaction method, and curing process [2,19-22]. Therefore, the mechanical performance
of CRMs should be evaluated with caution, taking into account the heterogeneity of their
structure, particularly when incorporating tests designed for viscoelastic materials [23].

Provided that the mechanical properties of CRMs are characterised within the linear
viscoelastic (LVE) range, the materials may be treated as thermorheologically simple and
their mechanical response can be described using the time-temperature superposition
principle (TTSP) [24,25]. Verification of the time- and temperature-dependency of CRMs
has become a frequently addressed topic in recent research on mixtures with highly diverse
material compositions, particularly in terms of RAP, bitumen, and active filler content. The
studies involve the determination of dynamic modulus | E*| and phase angle using testing
setups such as cyclic compression and/or tension [12,25-30] and bending (four-point
bending beam tests) [31,32].

By applying a viscoelastic material approach, the obtained dynamic test results can
be used to characterise the mechanical performance of CRMs through mathematical re-
gression models. Consequently, master curves describing the material’s response over
a broad range of loading times or frequencies at a selected reference temperature can be
developed for CRMs using methods commonly applied to asphalt mixtures. Representa-
tive examples of such a dynamic modulus master curve construction are presented in the
works of Kuchiishi et al. [12], Chomicz-Kowalska and Maciejewski [24], Meneses et al. [28],
Mathaniya et al. [31], and Gomez-Mejide et al. [33], where sigmoidal functions (logistic/S-
shaped) with horizontal shift factors (a7) determined using the Arrhenius equation, the
WLF equation, or a second-degree polynomial fit were successfully applied. Litera-
ture sources devote significantly less attention to modelling the phase angle of CRM
mixtures [26], which can be performed using, e.g., Gauss-type functions [34].
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While the mechanical performance of HMA traditionally used in base courses of
flexible asphalt pavements is well-recognised and widely studied, comprehensive charac-
terisation of the properties of CRMs remains challenging. Among the factors contributing
to this limitation in the design of flexible pavements with cold-recycled base courses are
the lack of a consistent international specification for performance evaluation and an in-
complete understanding of the evolutive behaviour of these materials under in-service
conditions [35]. Despite the growing interest in investigating the CRMs’ mechanical perfor-
mance, a notable knowledge gap remains in the modelling of the viscoelastic behaviour of
mixtures characterised by predominantly bituminous bonding. This is largely due to the
inherent complexity of these materials, which arises from interactions among components
with highly variable quality and proportions within the mix composition. This study
examines the influence of key material parameters, including bitumen emulsion and RAP
content, on the mechanical behaviour of mixtures with limited cement content. The find-
ings complement the existing state of knowledge by providing experimental, quantitative
evidence for CRMs exhibiting viscoelastic behaviour, thereby supporting more informed,
performance-based design of pavement structures with cold-recycled base courses and
promoting the wider adoption of this sustainable technology. The aim of this study was to
evaluate the viscoelastic properties of CRMs with varying RAP content (0-90%), different
amounts of bitumen emulsion (BE) (5.5-7.4%), and a fixed 1% cement content. Dynamic
modulus |E*| and phase angle were determined in accordance with AASHTO T 378-22 [36]
over a wide range of temperatures (5 °C to 40 °C) and loading frequencies (0.1 Hz to
25 Hz). The results were analysed to assess the temperature sensitivity of the mixtures and
to evaluate the applicability of the generalized modelling approach—master curves—for
describing the behaviour of cold recycling mixtures based on the time-temperature super-
position principle.

2. Materials and Methods
2.1. Materials

Five cold recycling mixtures (A-E) were examined, differing in the contents of RAP
and bitumen emulsion. The BE contents were determined based on the maximum indirect
tensile strength (ITS) values identified in the mix design procedure presented in the Wirtgen
Cold Recycling Manual [4]. The design procedure was directly applied to mixtures C-E of
the BSM-type and extended to CMA-type mixtures (A,B). This approach enabled the devel-
opment of mixtures with systematically varying RAP and BE contents, where the emulsion
content decreases progressively as the RAP content increases. Therefore, to provide a sys-
tematic evaluation, an additional parameter—total binder content (TBC)—was introduced,
which includes the estimated content of the aged RAP binder and “fresh” residual binder
from bitumen emulsion, expressed as a percentage of the mineral mixture mass.

Additionally, a reference asphalt concrete mixture AC 22 35/50, designated as HMA,
characterized by a 4.0% bitumen content and an air void content of 4.5%, was included for
comparison as a typical mixture with viscoelastic response. Table 1 presents the composition
of the tested CRMs and summarizes their key mechanical and volumetric properties
(ITS—indirect tensile strength, Vm—air void content, and OFC—optimum fluid content).

The presented ITS results were obtained from tests performed on cylindrical speci-
mens (height 63.5 £ 3.5 mm, diameter 101.6 mm) compacted to the Marshall compaction
density (75 blows per side). After compaction, the specimens were subjected to accelerated
curing by oven-drying at 40 °C for 72 h, in accordance with the Wirtgen procedure [4].
Prior to testing, samples were subjected to 4 h conditioning at the test temperature under
air conditions.
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Table 1. CRMs’ mix composition with mechanical and volumetric properties.

Mixture RAP BE Total Binder OFC [%] ITS Avg.* ITS St. Vm Avg.* Vm
Code Content [%]  Content[%]  Content [%] [kPa] Dev.** [kPa] [%] St. Dev.** [%]

A 0 7.4 4.4 6.4 507 21 12.3 0.9

B 30 7.1 5.7 6.1 543 29 11.0 0.8

C 50 6.4 6.2 6.0 539 24 10.8 0.5

D 70 5.7 6.8 5.8 540 28 10.3 0.7

E 90 55 7.6 5.9 502 22 10.7 0.5

*—average value; **—standard deviation.

RAP, with a density of 2.599 g/cm® and an average binder content of 4.8%, was
obtained from the milling of asphalt wearing and binder courses. Virgin aggregates
included continuously graded dolomite aggregate (0/31.5 mm), continuously graded
limestone aggregate (0/4 mm), and limestone filler. Bitumen emulsion type C60 B10
ZM/R with 70/100 penetration grade bitumen was used. The cement content (CEM
III/A 42.5N-LH/HSR/NA) was kept constant at 1.0% across all mixtures. The mineral
mixtures were designed to fall within the target grading specified in the Wirtgen Cold
Recycling Manual [4] and to have a similar content of fines (<0.063 mm), maintained at
approximately 10%. Grading curves for the designed CRMs are shown in Figure 1. The
OFC was determined according to the modified Proctor moisture—density relationship. The
amount of water added to each mixture was calculated in accordance with the national
cold recycling mixtures design guidelines [37].
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Figure 1. Grading curves of CRMs.

2.2. Testing Methodology and Data Analysis

Dynamic modulus |E*| and phase angle testing were performed using the Asphalt
Mixture Performance Tester (AMPT) (Figure 2a) following the AASHTO T 378-22 [36]
procedure. Cylindrical specimens with a diameter of 100 mm and a height of 150 mm were
cut from parent specimens measuring 150 mm in diameter and 170 mm in height, prepared
using a gyratory compactor (vertical pressure of 600 kPa, rotation speed of 30 rpm, and
inclination angle of 1.25°) at ambient temperature (25 £ 2) °C. After compaction, the parent
specimens were subjected to accelerated curing by oven-drying at 40 °C until constant mass
was achieved. Subsequently, the cured specimens were cored and cut to obtain the final
test specimens, which were then dried at room temperature to constant mass. The curing
procedure was adopted based on literature data on curing protocols commonly applied to
cold recycling mixtures [4,12,26,27].
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Figure 2. Dynamic modulus (DM) testing: (a) AMPT device; (b) CRM specimen testing setup.

Tests were conducted in the stress-controlled domain at 5 °C, 10 °C, 20 °C, and 40 °C,
across frequencies from 0.1 Hz to 25 Hz, with the resultant strain range of 50-100 e on
specimens conditioned for four hours at test temperature. Samples’ vertical deformation
under cyclic loading was measured using three linear variable displacement transducers
(LVDTs) placed 120° apart around the specimen. The testing setup is shown in Figure 2b.
Measurements followed a low-to-high temperature sequence, starting with the highest
frequency at each level. Three specimens per mixture type were tested.

Dynamic modulus master curves were constructed using the Standard Logistic Sig-
moidal (SLS) model (1) at a reference temperature of 20 °C. The shift factor (ar) was
determined based on the Arrhenius Equation (2), while the reduced frequency was calcu-
lated using Equation (3) [24,27,34]:

£
log(IE™]) = 0+ T ey (1)
AE, (1 1
log(ar) = 2303R (T B i) @
log(fr) = log(f) + log(ar) ®

where

f—frequency (Hz), f,—reduced frequency (Hz), E;;,,,—maximum dynamic modulus
limiting the master curve-upper asymptote (MPa), S—minimum dynamic modulus (model
fitting coefficient) (MPa) 3 and y—curve shape parameters (model fitting coefficients) (—),
T—temperature (K), T,—the reference temperature (K), AE,—activation energy (fitting
parameter) (J-mol~1), and R—gas constant: 8.314 J-mol 1K1,

The phase angle master curve was fitted according to the Gauss model [34] shown in
Equation (4):

(log (fr)~fe)?
¢=go+Ae 4)

where

¢@—~phase angle (°); f,—frequency at the reference temperature (Hz); and f, f;, @0,
and A—model fitting parameters, respectively, spread (width of the Gaussian curve) (Hz),
frequency at peak of the phase angle(Hz), baseline phase angle (°), and phase angle
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amplitude peak rise above baseline (°). For the Gauss-type model curve construction, the
same shift factors (ar) calculated for the dynamic modulus master curves were applied.
Curve fitting parameters were optimized to minimize the deviation between measured
and predicted values. The analysed master curve goodness-of-fit parameters included
2 and the S./S, ratio. The S./S, ratio compares the model’s fitting error (S,) to the
data’s variability (Sy). A value close to zero indicates a very good fit, values below 0.5 are
considered acceptable, while values approaching or exceeding one suggest that the model
fails to explain the variability in the data. The fitting accuracy was considered sufficient for
the R? higher or equal to 0.70 (70%).

3. Results and Discussion
3.1. Evaluation of the Viscoelastic Response in Dynamic Testing

The first step of the viscoelasticity assessment included a comparison of the average
dynamic modulus (Figure 3) and phase angle values (Figure 4) between the CRMs and the
reference HMA. The results obtained at 10 Hz and at temperatures of 5 °C, 10 °C, 20 °C, and
40 °C were analysed, with ANOVA and Tukey’s HSD post hoc test employed to support
the statistical evaluation.
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Figure 3. Dynamic modulus of HMA and CRMs at (a) 5 °C; (b) 10 °C; (c) 20 °C; and (d) 40 °C.
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Figure 4. Phase angle of HMA and CRMs at (a) 5 °C; (b) 10 °C; (c) 20 °C; and (d) 40 °C.

Based on the results presented in Figure 3, it can be concluded that cold recycling mix-
tures exhibited lower levels of dynamic modulus compared to the reference HMA mixture
at all testing temperatures. The most significant percentage differences in the DM values
were observed at the lowest test temperatures (5 °C and 10 °C) (Figure 3a,b). In extreme
cases for the 5-10 °C temperature range, CRMs exhibited more than four times lower values
than HMA, while the smallest differences were observed at 40 °C, corresponding to an ap-
proximately 2.5-fold reduction in DM (Figure 3d). This trend may be related to the inherent
temperature dependency of bitumen in terms of stiffness and viscosity—characterised by
stiffening at low temperatures and softening at high temperatures—which, however, mani-
fests differently in these two types of materials. This observation highlights a distinction in
the structure and bituminous binder distribution between CRMs and HMA. The reduced
stiffness of CRMs can be attributed to the lower continuity of their asphalt mastic phase,
while in the asphalt concrete mixture, the well-developed, cohesive mastic ensures more
effective stress transfer between aggregate particles.

Considering CRMs solely, the ANOVA statistical analysis revealed statistically signifi-
cant differences between five separate dynamic modulus means (A-E) at a 95% confidence
level for all test temperatures (Table 2), indicating the sensitivity of this parameter to
changes in the CRM material composition.
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Table 2. ANOVA results for CRM dynamic modulus and phase angle.

ANOVA p-Value

Temperature [°C]

Dynamic Modulus Phase Angle
5 0.0002 * 0.1557
10 0.0001 * 0.0749
20 0.0184 * 0.3227
40 0.0000 * 0.0011 *

*—statistically significant difference.

Based on the post hoc analysis performed using Tukey’s HSD procedure, the low-
RAP and high-BE mixtures A and B were identified to form a statistically homogeneous
group for the temperatures of 5 °C, 10 °C, and 40 °C, exhibiting higher DM values than
mixtures C-E, while for 20 °C, the differentiation between these two mixtures’ groups was
less evident. The observed differences in the CRMs’ performance at the lowest and the
highest test temperatures may indicate a significant influence of the higher content of the
residual binder from bitumen emulsion—more sensitive to temperature changes than aged
RAP binder—on the material stiffness development. Lower dynamic moduli recorded for
mixtures with higher RAP contents and lower amounts of bitumen emulsion (C-E) indicate
their tendency to exhibit a viscous rather than the elastic behaviour, which may, in turn, be
associated with the higher total binder content in these mixtures (see Table 1).Although, due
to the technological conditions of cold recycling, blending or activation of aged RAP binder
is not likely to occur, and the potential for full coating of aggregates with residual binder
can be hindered; a different nature of bituminous bonding within mixtures with various
RAP contents can be expected. This may be attributed, for instance, to the effectiveness
and dynamics of the bitumen emulsion breaking on the surfaces of virgin aggregates and
RAP particles, which differ in polarity [38].

Despite the CRMs’ significantly lower levels of dynamic modulus compared to HMA,
the differences between the phase angle values of these materials were considerably less
pronounced (Figure 4). Moreover, as revealed by ANOVA results (Table 2), no statistically
significant changes were observed for the phase angle between the five types of cold
recycling mixtures for the test temperatures of 5 °C, 10 °C, and 20 °C. This allows the tested
CRMs to be considered, in the low- to medium-temperature range, as a homogeneous
group of materials, while also indicating a lower sensitivity of the phase angle parameter
to variations in material composition.

As shown in Figure 4a, at 5 °C slightly higher phase angle values were recorded for
CRMs compared to HMA, suggesting their relatively more pronounced viscous response.
This may be due to the presence of softer fresh binder in localised regions, which, although
not contributing significantly to overall stiffness, still affects the phase relationship between
stress and strain. Additionally, the absence of a fully continuous mastic phase in CRMs may
lead to increased micro-slippage at the aggregate-binder interfaces under cyclic loading,
further increasing energy dissipation. In contrast, at temperatures of 10 °C and 20 °C, the
average reductions of 13% and 22% in the phase angle values for CRMs compared to HMA
were noted, respectively. At 40 °C, based on the Tukey’s HSD test, the differentiation in
phase angle values between the group of mixtures A-D and mixture E was observed. This
90%-RAP CRM showed the highest phase angle among all CRMs, which remained 25%
lower than that of the HMA mixture.

Based on the combined observations for the dynamic modulus and phase angle values,
it can be stated that the reduced stiffness of CRMs compared to HMA may indicate limited
continuity of the asphalt mastic phase in cold recycling mixtures, which may affect the
mechanisms of internal friction and cohesion in the material. As a result, stress transfer
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between aggregate particles through the bitumen phase may be less effective, despite
a considerable amount (5.5-7.4%) of bitumen emulsion in these mixtures. Considering
the CRMs’ mechanical response based on phase angle values, a likely different pattern of
load transfer compared to asphalt mixtures can be suggested. Assuming that the system of
the localised bituminous bonds and the bitumen coating of coarse aggregate particles in
CRMs responds under mechanical loading more independently than the continuous HMA
binder film, a more heterogeneous and less structurally integrated viscoelastic behaviour of
these materials can be expected. This, consequently, may result in the absence of significant
differences in phase angle between the tested CRMs for the majority of analysed cases.
However, the abovementioned observations do not preclude the potential of these
mixtures to exhibit viscoelastic behaviour and the applicability of the TTSP to describe
their response. To enable a more comprehensive evaluation, the percentage changes in the
mixtures” dynamic modulus and phase angle, measured at a frequency of 10 Hz across
the temperature range of 5-40 °C, were analysed (Tables 3 and 4). Statistically significant
differences in parameter values at the 95% confidence level were marked in bold.

Table 3. Percentage changes in dynamic modulus values of HMA and CRM mixtures in relation to
test temperature.

Mixture Code HMA A B C D E
Temperature [°C] Average Decrease in Dynamic Modulus @ 10 Hz
5-10 19% 17% 17% 12% 11% 12%
10-20 42% 29% 24% 12% 25% 21%
2040 71% 47% 53% 60% 67% 66%

Table 4. Percentage changes in phase angle values of HMA and CRM mixtures in relation to
test temperature.

Mixture Code HMA A B C D E
Temperature [°C] Average Increase in Phase Angle @ 10 Hz
5-10 61% 17% 24% 13% 20% 21%
10-20 38% 36% 26% 17% 17% 22%
2040 55% 24% 19% 27% 28% 41%

Analysing changes in dynamic modulus values (Table 3), it can be stated that cold
recycling mixtures exhibited a less sensitive response to temperature changes compared
to HMA. Nevertheless, all of the observed changes were statistically significant. For the
temperature range of 5-10 °C, the highest temperature sensitivity (close to the one recorded
for the asphalt mixture) was observed for the mixtures with the highest BE contents (A
and B), highlighting the influence of the BE content on the development of viscoelastic
properties at low to moderate service temperatures. This might be attributed to the fact
that the “fresh” residual binder from bitumen emulsion is more thermally responsive than
the aged RAP binder and plays a more prominent role in determining material stiffness at
low temperatures. For the 10-20 °C temperature range, no clear trend in dynamic modulus
changes was observed with respect to BE content, in contrast to the behaviour noted at
lower temperatures. Similarly, no consistent pattern related to RAP content was identified.
At the highest test temperatures (20-40 °C), the greatest percentage reductions in modulus
values (ranging from 60% to 67%) were recorded for mixtures C-E with intermediate to
high RAP content (50-90%) and consequently, the highest TBC (6.2-7.6%).

As presented in Table 4, the phase angle of CRMs was less sensitive to temperature
variations than the dynamic modulus. Within the lowest test temperature range (5-10 °C),
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statistically significant changes were observed for all mixtures except for mixture C. Never-
theless, the observed range of changes (17-24% increase) was markedly lower than that
recorded for HMA, which reached 61%. The level of change in the average phase angle val-
ues at 10 °C and 20 °C for most mixtures was similar to that observed at lower temperatures,
ranging from 14% to 26%. The highest increase comparable to that of HMA (36%)-was
observed for mixture A with the highest BE content and no RAP addition. In the highest
temperature range of the study (2040 °C), the greatest increases in phase angle—indicating
the most pronounced transition of the material toward a viscous state—were observed for
mixture E with the 90% RAP content.

The temperature sensitivity of CRMs in terms of changes in mechanical properties
observed in this study aligns with the results of the authors” previous research as well
as with international literature [39,40]. Based on the presented data, it can be concluded
that, while the absolute changes in the CRMs’ parameter values indicate a lower temper-
ature sensitivity compared to the reference viscoelastic material, their thermal response
is consistent enough to produce statistically significant differences in the vast majority
of analysed cases. This, in consequence, confirms the relevance of further analysing the
viscoelastic properties of these materials via TTSP, taking into account the results obtained
in the frequency-sweep testing mode.

3.2. Application of the Time—Temperature Superposition Principle to the CRMs’
Mechanical Behaviour

The master curve fitting for BSM-Es was carried out using an approach commonly ap-
plied to asphalt mixtures. For the dynamic modulus, the Standard Logistic Sigmoidal model
was applied, while for the phase angle, the Gauss model was used to fit the experimental
data. In both cases, the shift factors at a reference temperature of 20 °C were calculated
using the Arrhenius equation. Figure 5 presents the representative examples of dynamic
modulus master curves constructed for the CRMs and the reference asphalt mixture.

Master curve
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Figure 5. Dynamic modulus master curves of CRMs and the HMA mixture.
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Based on the presented master curve of the dynamic modulus |E*| as a function of
reduced frequency log(f;), it can be stated that both HMA and CRM mixtures exhibited
a smooth S-shaped curve characteristic of viscoelastic materials, confirming a typical
dependence of stiffness on frequency (i.e., indirectly on loading time and temperature).
Nevertheless, cold recycling mixtures showed lower ranges of the dynamic modulus
variation compared to asphalt concrete, indicating a more attenuated response and reduced
sensitivity to temperature and loading duration. These observations are consistent with the
conclusions reported by Kuna and Gottumukkala [27] for the dynamic modulus master
curve fitting performed for CRMs containing < 1% cement.

Considering the group of CRM mixtures, a distinctly greater variation in the predicted
dynamic modulus values was observed at the lowest frequencies, corresponding to high-
temperature conditions, compared to the highest frequencies associated with low testing
temperatures. The calculated goodness-of-fit measures for the SLS model used (Table 5)
confirm the applicability of TTSP for describing mechanical behaviour of CRMs. The
obtained values of the coefficient of determination R?, ranging from 0.980 to 0.988, indicate
a very good agreement between the model and the experimental data. Additionally, the low
values of the goodness-of-fit indicator S, /S, (ranging from 0.114 to 0.149) further confirm
the high quality of the model fit to the measured results. As observed for CRMs with
bitumen emulsion in the study by Kuchiishi et al. [12], the variation in dynamic modulus
values across the tested frequency and temperature range confirms their viscoelastic nature
and supports the assumption that the use of bitumen emulsion promotes the formation of
a continuous bitumen coating of aggregate particles.

Table 5. Dynamic modulus master curve fitting parameters and goodness-of-fit measures.

Mixture B ) v AE, R? SelSy
A —0.410 2.965 —0.522 280,172 0.980 0.149

B —0.386 2.892 —0.551 278,683 0.986 0.124

C —0.458 2.830 —0.644 236,366 0.988 0.114

D —0.275 2.920 —0.697 243,429 0.985 0.130

E —0.632 2.633 —0.661 223,942 0.983 0.135
HMA —0.635 2.399 —0.523 224774 0.996 0.071

The representative examples of the phase angle master curves constructed for CRMs
and HMA are presented in Figure 6. Consistently with the trends noted for the dynamic
modulus, the broadest range of phase angle variability was observed for the asphalt mixture.
However, in this instance, a greater variation in the shape and distribution of the curves
was observed within the group of CRMs. In general, the analysed cold recycling mixtures
were characterised with the lower values of curve peaks shifted towards lower frequencies
(log(fr) in the range of —4 to —2) compared to the HMA, which corresponds to longer
loading times and/or higher temperatures. The master curve most closely resembling the
characteristics of the HMA curve was observed for mixture E, presenting the highest phase
angle peak and the widest range of the phase angle values. For mixtures containing 0% to
50% RAP (A-C), similarly shaped master curves were observed. However, compared to
the 90% RAP mixture, significantly lower phase angle peak values were noted with their
simultaneous shift to the log(f;) range of —3 to —4. On the other hand, the master curve
fitted for mixture D did not present a full Gauss shape within the analysed frequency range,
reaching the peak at the lowest log(f;) values.
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Figure 6. Phase angle master curves of the selected CRMs and the HMA mixture.

Analysing the data presented in Table 6, it can be stated that the quality of fit slightly
decreased in comparison to the dynamic modulus master curve, with the R? values ranging
from 0.875 to 0.977 and the S,/ Sy ranging from 0.158 to 0.366. Nevertheless, the obtained
fitting of the Gauss model to the experimental data can be still considered highly satisfactory
for CRM mixtures, proving that their mechanical performance in terms of phase angle
variability can be modelled and described using approaches traditionally applied to HMA.

Table 6. Phase angle master curve fitting parameters and goodness-of-fit measures.

Mixture Po A log(f.) f R? SelSy
A 9.53 12.58 —3.572 3.383 0.941 0.251

B 9.77 12.05 —3.774 3.626 0.875 0.366

C 10.11 12.61 —3.666 3.524 0.907 0.316

D 9.70 13.88 —4.493 3.770 0.977 0.158

E 11.35 13.26 —3.044 2.746 0.965 0.195
HMA 8.49 23.99 —2.313 2.746 0.976 0.163

With reference to the literature data, the findings of the study are consistent with
previous research confirming the applicability of the TTSP to cold recycling mixtures
containing from 50% to 100% RAP and approximately 1.5% to 3.5% residual bitumen. Based
on the analysis of both the dynamic modulus and phase angle master curves presented in
the work of Meneses et al. [26], compared to asphalt concrete, cold recycling mixtures with
bitumen emulsion and 1% cement exhibited a lower dynamic modulus across the entire
frequency and temperature range tested. Phase angle results indicated that at intermediate
and high frequencies, CRMs behaved even more viscously, showing a lower capacity to
recover from deformation than the asphalt concrete mixture. Under low-frequency and
high-temperature conditions, cold recycling mixtures exhibited more elastic behaviour,
reflected in lower phase angle values. The applicability of the Generalized Sigmoidal model
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to fitting the CRM dynamic modulus data across a wide range of material-related factors
was also confirmed in the study conducted by Meneses et al. [28].

4. Conclusions

This study evaluated the viscoelastic performance of cold recycling mixtures (CRMs)
with bitumen emulsion by means of dynamic modulus and phase angle testing according
to the AASHTO T 378-22 [36] standard, followed by master curve modelling based on the
time—temperature superposition principle.

Based on the findings obtained in this study, the following key insights can be provided:

e  The mechanical behaviour of CRMs, despite their inherently more heterogeneous internal
structure compared to HMA, can be effectively modelled using TTSP. The master curves
of the dynamic modulus and phase angle exhibited viscoelastic trends, with high-quality
fitting achieved for the Standard Logistic Sigmoidal (R = 0.980-0.988, S,/S, = 0.114-0.149)
and Gauss models (R? = 0.875-0.977, S, /S, = 0.158-0.366), respectively.

e  CRMs demonstrated lower temperature sensitivity than HMA with respect to dynamic
modulus and phase angle, while still exhibiting statistically significant differences
across the tested temperature range.

e BE content and RAP content significantly affect the viscoelastic properties of CRMs,
especially in terms of the dynamic modulus. The influence of BE content was dom-
inant, especially at lower temperatures, for which mixtures with high BE contents
(7.1-7.4%) and low RAP content (0-30%) showed the most notable |E*| changes. CRMs
with 5.5-6.4% BE and intermediate to high RAP contents (50-90%) exhibited more
pronounced viscous behaviour at elevated temperatures.

e  Based on the analysis of the dynamic modulus and phase angle master curves, greater
differentiation among CRMs was observed at lower frequencies (corresponding to
high-temperature and long loading time conditions). In contrast, at high frequencies
(low temperatures), the response of the cold recycling mixtures was more uniform,
indicating more elastic-like behaviour.

In summary, this research advances the understanding of the viscoelastic behaviour
of cold recycling mixtures and contributes to the development of the performance-based
design approaches for CRMs by confirming the feasibility of extending established asphalt
mixture modelling frameworks to these materials. The potential of CRMs with bitumen
emulsion for use in pavement base courses is highlighted, where controlled viscoelasticity
is beneficial for reflective cracking mitigation and effective load distribution. However,
the limitations of this study should be acknowledged, particularly with respect to the use
of only selected types of locally available RAP, virgin aggregates, bitumen emulsion, and
cement. Future research will focus on the influence of a broader spectrum of key material
characteristics on the viscoelastic behaviour of CRMs, considering the qualitative and quan-
titative selection of the mix components. The extension of the research to field-scale studies,
including long-term monitoring of CRMs’ performance evolution in trial pavement sections
will be addressed in future work. Moreover, the results indicate the potential to extend the
description of CRMs’ mechanical behaviour beyond mathematical function fitting toward
constitutive characterisation of their time- and temperature-dependent response using
rheological models, such as the Huet-Sayegh and generalized Kelvin—Voigt (GKV).
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