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The asphalt paving sector is currently embracing and enhancing cold mixture technologies to reduce carbon
emissions and decarbonize its operations. Cold recycled mixtures (CRM) have proven to be a promising alter-
native in road construction and rehabilitation, becoming a primary research focus. This study evaluates the
effects on compactability and volumetric properties of adding 1% Portland cement or 1% hydrated lime to CRM
made with 100% reclaimed asphalt pavement and bitumen emulsion. Dynamic triaxial tests with different
confinement pressures (ranging from 20 to 200 kPa) and temperatures (5, 15, 25, and 35 °C) were used to
determine the influence of these active filler additions on the resilient modulus (Mr) of the mixtures. All the
mixtures exhibited increased Mr values at lower temperatures and reduced stress-dependency. Cement addition
had the most favorable effect on compactability, reducing the necessary compaction energy, while mixtures with
hydrated lime had more substantial increases in Mr and reduced stress dependencies. Finally, the results were
analyzed by plotting master curves using a proposed novel approach called Stress-Temperature Superposition
Principle (STSP), which allows for simpler and more straightforward analyses.

1. Introduction

The current challenge posed by global warming and the need to
reduce CO; emissions has led to a paradigm shift for many industries,
which have had to reconsider many of their working practices [1].
Research and implementation of cold technologies are currently being
promoted within the paving sector, thus achieving a degree of decar-
bonisation of its operations. A rehabilitation technique with great po-
tential that meets these characteristics is cold recycling (CR), either in
situ, known as cold in-place recycling or CIR [2,3], or in plant, known as
cold central plant recycling (CCPR) [4,5].

Cold recycled mixtures (CRM) primarily consist of a recycled
aggregate from milling deteriorated roads, known as reclaimed asphalt
pavement (RAP), and a bituminous binder. This bituminous binder is
usually in the form of an emulsion or foam so that it can be mixed
without heating. An important additional component is the water,
which is necessary to facilitate the mixing, extension, and compaction
processes [6]. Furthermore, adding a specific content of active filler,

* Corresponding author.

such as cement, is common when aiming to improve the mechanical
performance of CRM [7]. However, each active filler has a different
effect, and so far, it is not completely clear which is the optimum dosage
or filler type for CRM, so the content is usually limited, avoiding po-
tential problems such as loss of flexibility or appearance of brittleness
[7].

In contrast to asphalt concrete or hot mix asphalt (HMA), cold mix
asphalt (CMA) with RAP presents a different mechanical behavior.
While HMA are continuously bound materials, with a bitumen film
coating all aggregates, CRM are half-bonded materials (Fig. 1), owing to
the reduced binder content and the presence of water as one of the main
constituents, which eventually evaporates after curing. Similar to all
bituminous materials, CRM exhibit viscoelastic mechanical behavior
(frequency- and temperature-dependent). However, the fact that they
are half-bond means they exhibit particular stress-dependent behavior
reminiscent of unbound granular materials [8,9]. For this reason, many
researchers have found it interesting to study CRMs using triaxial tests
with different confining pressures [3,10-12]. The triaxial test results
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allow for fitting to nonlinear behavioral models, typically used for
granular materials, and implementing such models in numerical simu-
lation software [13-15]. There are investigations on the evolution of the
nonlinear behavior of CRM with curing [2,16], but most of them focus
on the stress-dependent nonlinear behavior [17], or the temperature-
and frequency-dependent behavior [18]. However, a few have examined
the nonlinear and temperature-dependent mechanical behavior together
[19].

2. Aims and scope

CRM are known to exhibit time-, temperature-, and stress-dependent
mechanical behavior. Many researchers have studied these behaviors
separately, but analyses of the combined response are limited. This study
performed dynamic triaxial (DTx) tests with different confinement levels
(ranging from 20 to 200 kPa) at various temperatures (5, 15, 25, and
35 °C) on three different CRM.

The CRM were prepared with a Superpave Gyratory Compactor
(SGQ), reaching an air void target level during compaction. The first
CRM, considered the control mixture, was comprised of 100% RAP and
3.3% bitumen emulsion (by total aggregate mass), with no active filler
addition. The second CRM incorporated 1% Portland cement (C) to the
control mixture, and the third CRM added 1% hydrated lime (HL) to the
control, which allowed for the assessment of the active filler effect on the
temperature- and stress-dependent behavior of CRM.

Finally, applying the principle of superposition to the variables of
temperature and stress level, master curves of the resilient moduli for
the three mixtures were plotted and compared.

) None ) Low
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3. Materials

The solid phase of the CRM studied in this research was mainly
composed of RAP, provided by a local paving contractor in Lafayette,
Indiana, USA. The RAP maximum size is 12.7 mm. Fig. 2 illustrates its
grain size distribution and the 0.45 power maximum density curve. The
average bitumen content of the RAP was 3.90 percent.

An anionic bitumen emulsion, type SS-1, with a residual binder
content of 62%, was used for all the CRM prepared. Based on CRM
recommendations and previous experience [7,21], the prepared mix-
tures incorporated a fixed proportion of 3.2% bitumen emulsion (BE),
corresponding to 2.0% residual binder. A 2.5% water content (W) was
added to improve mixing and compaction in all the CRM. Furthermore,
to enhance the mechanical properties of the studied CRM, the addition
of 1% active fillers was considered. The active fillers were Portland
cement (C) and hydrated lime (HL). Table 1 displays the details of the
mixture designs for the three different CRM.

4. Methods
4.1. Specimen preparation

The CRM specimens were compacted at room temperature using a
SGC (Fig. 3a). Given that the volumetric properties in terms of air void
contents are a fundamental parameter for mechanical properties
[22-24], it was decided to use a compaction energy that would guar-
antee the same air voids content (V) in all the CRM. Fixing V, in the
CRM studied avoids the effects of different volumetric properties on the
mechanical properties investigated and facilitates analyzing the effect of
the different types of filler used. The target V, was set at 15%, based on
values obtained in previous investigations and consulted field reports
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Fig. 1. Conceptual behavior of pavement materials as a function of bitumen and cement contents [20].
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Fig. 2. RAP gradation.

Table 1

Mixture design proportions and maximum densities.
Mixture RAP (%) C (%) HL (%) BE (%) W (%) Gmm (g/cmg)
CRM-0 100 0 0 3.2 2.5 2.475
CRM-C 100 1 0 3.2 2.5 2.483
CRM-HL 100 0 1 3.2 2.5 2.487

[25]. Three specimens of each mixture were prepared.

The specimens needed to be 100 mm in diameter and 150 mm in
height due to the requirements of the triaxial equipment. Therefore,
specimens of 150 mm in height and diameter were produced, and after
being cured, 100 mm diameter cores were extracted (Fig. 3b). The
selected curing for all the CRM was at 40 °C in a forced draft oven for
three days, as proposed by Asphalt Academy Technical Guideline [7]
and supported by previous scholars [20,26,27].

4.2. Volumetric properties

The maximum densities (Gp,,) of the three mixtures studied were
obtained by the CoreLok method, which was necessary to establish the
required compaction to a fixed level of V,. The CoreLok procedure re-
quires a dry mix sample to be placed inside a vacuum bag and sealed

inside the CoreLok vacuum chamber. The bag is opened underwater,
determining the immersed weight. Finally, the G, results from the
weight in air and the immersed weight (ASTM D6857). The obtained
maximum densities are shown in Table 1.

Based on the gyratory compactor data, the bulk densities of the 150
x 150 mm specimens were obtained after compaction but before curing
(Gmb,0) using the dimensional method (DM) based on mass and mea-
surements (AASHTO T312). The compaction evolution with the number
of gyrations was also analyzed regarding density and air voids content
(Gmp,0, and Vg, respectively). After curing, the bulk densities were
again obtained for the 150 x 150 mm specimens (Gmp,150) and the 100
mm diameter cores (Gmp, 100), using the dimensional and SSD methods
(AASHTO T166).

4.3. Dynamic triaxial tests at different temperatures

All the DTx tests were performed on the prepared CRM using a B200L
Asphalt Mixture Performance Tester (AMPT) provided by Pavetest
(Matest). The AMPT is a computer-controlled hydraulic testing machine
that subjects an asphalt mixture specimen to confining pressure,
different temperatures inside a removable chamber, and various cyclic
axial loading frequency ranges (Fig. 4).

To apply adequate confining pressure to the CRM specimens, they

Fig. 3. (a) Gyratory compaction of a 150 mm diameter specimen, (b) extraction of 100 mm diameter cores.



P. Orosa et al.

were placed inside elastic membranes, which were sealed using O-rings
on the upper and lower platens (Fig. 4). The deformations were recorded
through 3 strain gauge transducers, placed in the middle third of the
specimen, and magnetically attached through previously glued pieces.

The AMPT was programmed to perform a DTx test with different
constant confining pressures (CCP), o3, ranging from 20 to 200 kPa, with
different levels of cyclic deviatoric stress, o4. The o4 values present a
sinusoidal shape variation between 64min (equal to zero in all the
loading sequences) and 64 max, listed in Table 2. Thirty-four loading
sequences of 100 cycles were used, after an initial conditioning sequence
of 250 cycles, as summarized in Table 2.

The first 29 load sequences were adopted from the EN 13286-7
standard, used for calculating Mr in granular materials for base cour-
ses. However, since the test was performed on bituminous mixtures, it
was decided to add 5 additional sequences, following the same pattern,
which allowed for examining higher stress states. Throughout the test,
for each loading cycle, it was possible to calculate the resilient modulus
(Mr) as the relation between the applied deviatoric stress, o4, and the
resilient or elastic deformation, ¢, measured in a given loading cycle, as
shown in Equation (1). In compliance with the EN standard, the fre-
quency used was a constant 1 Hz.

M, =4 @
SV

where 64 was calculated as the difference between the maximum or
principal stress applied, o7, and the confining pressure, 3. Table 2 dis-
plays the maximum and minimum values of 64.

In addition to the indications of the standard test method, it was
decided to perform testing at different temperatures to consider the
influence of this parameter on the mechanical behavior of CRM. Thus,
the test described above was performed at 5, 15, 25, and 35 °C. The CRM
specimens were prepared for testing by spending at least 4 h in a climatic
chamber at the appropriate temperature. The AMPT was set up so the
triaxial chamber would maintain this temperature.

4.4 Numerical prediction models of the resilient modulus
Several nonlinear models have been proposed to reproduce the

behavior of unbound granular materials with stress-dependent behavior.
One of the simplest and most widely known and employed is the k-6

Removable
chamber

Elastic
membrane
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Table 2
Applied load sequences, adapted from EN 13286-7.

Sequence o3 (kPa) 04, max (kPa) 6 = 01 + 203 (kPa)

Conditioning 70 200 410
1 20 30 90
2 20 50 110
3 20 80 140
4 20 115 175
5 35 50 155
6 35 80 185
7 35 115 220
8 35 150 255
9 35 200 305
10 50 80 230
11 50 115 265
12 50 150 300
13 50 200 350
14 50 280 430
15 70 115 325
16 70 150 360
17 70 200 410
18 70 280 490
19 70 340 550
20 100 150 450
21 100 200 500
22 100 280 580
23 100 340 640
24 100 400 700
25 150 200 650
26 150 280 730
27 150 340 790
28 150 400 850
29 150 475 925
30 200 280 880
31 200 340 940
32 200 400 1000
33 200 475 1075
34 200 550 1150

Note: 64 min is equal to zero in all the load sequences.

model, proposed by Hicks [28]. This model describes the resilient
modulus in terms of the sum of principal stresses, known as bulk stress or
the first stress invariant, 0 = 67 + 203, as:

M, =k-0" (2)

Strain
gauges

Fig. 4. AMPT device used, with detail of CRM specimen inside latex membrane with LVDT arrangement, placed inside a triaxial chamber.
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where k; and k; are constants of the material. The model may, however,
oversimplify the relationship between stress and strain in many situa-
tions, because most of the elastic moduli of pavements and unbound
materials depend on the total stress and the degree of shear deformation.
In this research, the simplicity of the Hicks model allowed simple
graphical comparisons of the experimental results, since it provides their
potential regression.

4.5. Adaptation of the time-temperature superposition principle to the
stress—dependent nonlinear mechanical behavior

The Time-Temperature Superposition Principle (TTSP) is validated
in the linear and nonlinear domains for most bituminous materials
[29,30]. As a result, master curves can be generated at a single reference
temperature (Try) by shifting experimental data on the frequency axis.
The present study analyzes the nonlinear mechanical behavior of CRM
in terms of temperature and stress level, and a similar approach to the
TTSP is proposed based on the resilient modulus results from the
experiment.

Using the proposed Stress-Temperature Superposition Principle
(STSP), the master curves, Mr*, in MPa, were generated by shifting the
axis corresponding to the stress data in terms of the bulk stress, 6, in kPa.
The shifted bulk stresses are denoted as reduced stresses (6,.4), which are
the bulk stresses of the other temperatures (¢7) multiplied by shift fac-
tors (ay) that depend on the temperature T, in K:

9,,3‘, = aT(T) 'GT (3)

In the proposed STSP, the variation of the shift factors with tem-
perature can be expressed using the Williams-Landel-Ferry (WLF)
equation [31], also used in the TTSP [32]:

C(T —Toy)

- 4
Co+T Ty “

log(ar) =

where C1 and C2 are the constants of the WLF equation, and Tref is the
reference temperature. Thus, the master curves, Mr*, were obtained
using the following equation (5):

a

—_— 5
1+e/}+y~]og(i) ( )

log(Mr") = 6+

where a, f, 5, y are coefficients of the material. These coefficients, as well
as C1 and C2, were obtained by regression, minimizing the total square
error.

V,CRM-0
- G,y CRM-0

—— V,crM-C
—o-G,;9 CRM-C
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5. Results and discussion
5.1. Volumetric properties

All CRM specimens were compacted with SGC until obtaining a V, of
15 percent. Fig. 5 shows the compaction curves resulting from the SGC
recording. It can be observed that the addition of filler facilitated
compaction, reaching the target voids for a lower number of compaction
gyrations. This reduction of gyrations was more evident in the mixture
with cement than with hydrated lime. The representation of the stan-
dard deviations shows that the CRM with cement also showed the
greatest variability.

Table 3 summarizes the measured volumetric properties (bulk den-
sity and air voids content) of the 150 x 150 mm specimens before and
after curing (Gmp,0 and Vo before curing, and Gy, 150 and V150 after
curing), as well as after curing for the 100 x 150 mm specimens (Gmp, 100,
and Vg 100). Table 3 also indicates the range of required compaction
gyrations (Nsgc) to achieve the target compaction in each CRM.

Density reduction due to water evaporation after curing can be easily
identified from Table 3 in all cases. Comparing the results by DM or SSD
method, the densities by SSD method were always higher. This result
was already reported in previous studies of volumetric properties for
CRM, explained due to the high porosity of this material. During the
saturated dry surface weight measurement, it is easy for water to drain
from the pores, resulting in the measurement of higher density values.
Therefore, this method is not recommended for mixtures with high
porosity.

Comparing the results of the 150 mm specimens with the 100 mm
specimens showed a general increase in the densities after coring. These
results are logical since it is an internal portion of the specimen. The
compaction is assumed to be more severe in the specimen’s interior, so
the air voids content of the 100 mm cores is lower than the 150 mm
initial specimens.

Analyzing the number of required gyrations, Nggc, and the
compaction curves in Fig. 5, adding filler to the CRM appears to improve
(facilitate) compaction. Consequently, less energy (lower Nggc) was
required to obtain similar volumetric properties after compaction
(Gmb,0)- A greater filling of the voids in the mixture and the interstitial
effect of these fillers during hydration could explain this result.
Considering the filler as part of the mineral skeleton, it fills the voids
between coarse and fine aggregates, thus sealing and densifying the
mixture and increasing the stability of the whole. Ultimately, the filler
can facilitate compaction, acting as a lubricating element between the
coarser aggregates, and can make the mixture more workable by

—o— V,CRM-HL

30%

4
a

25%

Air void content, ¥

20%

Bulk density, G,;, (g/cm?)

15%

Number of gyrations, N

Fig. 5. CRM compaction curves.
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Table 3
Average volumetric properties (bulk densities in g/cm?®, and air voids content in %)
CRM.
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obtained using the dimensional method (DM) and SSD method for the different

Gmb,0 Gmb, 150 Gumb, 100 Va0 Va, 150 Vg, 100
DM DM SSD DM SSD DM DM SSD DM SSD
CRM-0 2.100 2.046 2.082 2.085 2.125 0.151 0.173 0.159 0.157 0.141
Nsge = 71-73
CRM-C 2.110 2.053 2.089 2.088 2.132 0.151 0.173 0.159 0.159 0.141
Nsge = 42-59
CRM-HL 2.110 2.052 2.090 2.077 2.125 0.152 0.175 0.160 0.165 0.145
Nsge = 64-68
enveloping the coarse aggregates and preventing their segregation Table 4
able

[33,34]. This effect was more pronounced in the case of cement addition
than when using hydrated lime.

5.2. Effect of temperature on the stress-dependent mechanical behavior of
CRM

As a result of the DTXx tests, the nonlinear and stress-dependent Mr is
measured. Throughout the test, the stress level increase leads to an in-
crease in the Mr. The markers in Fig. 6 show the experimental Mr results
obtained from the DTx tests conducted on the control mixture, CRM-0,
at the four temperatures considered. The graph in Fig. 6 also shows the
potential regression of the results at each temperature, corresponding
with the Hicks predictive model (k-0 model). The fitted parameters of
this model for the CRM-0 mixture are shown in Table 5.

Since the CRM are an asphalt material, a meaningful increase in Mr
values was observed with decreasing temperature (Fig. 6). From the
maximum Mr (maxMr) and minimum Mr (minMr) values obtained in the
DTx, two parameters were derived to facilitate the analysis of the results.
First, the average slope of the Mr variation with 6 (SMr) was obtained as
SMr = (maxMr — minMr)/(max6 — mind), with max6 and min6 being the

Minimum and maximum resilient modulus obtained in the DTx at different
temperatures for the three CRM, average slope (SMr), and percentage increase of
Mr (AMr).

5°C 15°C 25°C 35°C
minMr 2388.01 1720.22 1325.80 941.08
CRM-0 maxMr 4431.86 3281.47 2604.80 2008.30
SMr 1.93 1.47 1.21 1.01
AMr 85.59% 90.76% 96.47% 113.40%
minMr 4460.30 2953.80 1910.50 1457.61
CRM-C maxMr 6048.61 4501.22 3125.11 2921.28
SMr 1.50 1.46 1.15 1.49
AMr 35.61% 52.39% 63.58% 100.41%
minMr 5704.47 3129.41 1765.15 1650.02
maxMr 7313.79 4655.12 2975.12 2965.18
CRM-HL SMr 1.52 1.44 1.14 1.24
AMr 28.21% 48.75% 68.55% 79.71%
Table 5

Fitted constants of the k-0 model (k;, and k»), and its quadratic square error (R,
for the three CRM at the different considered temperatures.

k k R?
maximum and minimum values of § during the DTx tests, respectively. ! 2
Second, the percentage variation of Mr (AMr) was obtained as AMr = 5135 (":C i;gii g'zg% g'ggg‘z
(maxMr — minMr)/minMr. These parameters, corresponding to mixture CRM-0 95 °C 366.60 0.2812 0.9474
CRM-0, are shown in the first four rows of Table 4. 35°C 236.74 0.3114 0.9341
From the calculated parameters (Table 4), it can be observed that 5°C 2471.50 0.1257 0.9684
with increasing temperatures, there is a reduction in the slope value CRM-C 15°C 1244.80 0.1825 0.9490
SMr. This outcome means that the increase in temperature makes the Mr xc 730.56 0.2076 0-9380
: ; P 35°C 379.29 0.2958 0.9312
of CRM-0 more stable than that obtained at colder temperatures and, 5°C 3837.10 0.0930 0.9704
consequently, less sensitive to the increase in the stress level. However, CRMLHL 15°C 1348.20 0.1772 0.9481
considering the percentage increase of Mr (AMr), the opposite occurred. 25°C 618.70 0.2234 0.9314
The DTx at higher temperatures showed higher percentage increases 35°¢C 568.90 02335 0.9282
between the minMr and maxMr. Thus, in the case at 35 °C, the maxMr is
more than twice the minMr, showing an increase of 113.40 percent.
5000

. o o»_o.-0--- R*=0.9665
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% e ._5“'—.
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Fig. 6. Resilient modulus obtained from the DTx tests of CRM-0 at the different temperatures, and representation of the fitted potential k-6 model.
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However, in the case of the lowest considered temperature (5 °C), AMr is
also substantial, but to a minor extent (85.59%). Therefore, it can be
clearly stated that the stiffness variation, in this case of the Sr, of the
CRM-0 mixture depends logically on the temperature and meaningfully
on the stress level (stress-dependent behavior). The obtained trend can
be explained by the viscoelastic behavior of asphalt, which makes it
softer and less viscous at higher temperatures. This makes asphalt
mixtures resist more due to their mineral skeleton than the cohesion of
the mastic at higher temperatures. Thus, the stress and confinement
level sensitivity is more evident under these conditions, similar to a
granular material without a binder.

5.3. Effect of active filler addition on the stress-dependent mechanical
behavior of CRM

The addition of active filler in CRM is typically used to improve its
mechanical properties, such as stiffness. The DTx results at different
temperatures for mixtures CRM-C and CRM-HL, with 1% cement and
1% hydrated lime, respectively, are illustrated in the graphs in Fig. 7.
Again, in addition to the experimental results represented by markers,
the potential regressions corresponding to the Hicks predictive model
are plotted. The fitted parameters of this model are given in Table 5.

The graphs in Fig. 7 show the substantial increase in Mr at all tem-
peratures in the CRM-C and CRM-HL mixtures compared to CRM-0
(Fig. 6) because of the active filler addition. This increase is more rele-
vant in the CRM-HL mixture at the lowest studied temperature of 5 °C
than in the CRM-C, while in the remaining studied temperatures, the
differences between CRM-C and CRM-HL Mr values are not so sub-
stantial. These differences can be seen in Fig. 8, where, at the respective
temperatures, the plots of Mr as a function of the first stress invariant, 6,
are presented for the three CRM. In addition, Table 4 also summarizes
the parameters minMr, maxMr, SMr, and AMr, for mixtures CRM-C and
CRM-HL.

In view of Table 4, the decreasing trend of SMr with increasing
temperature in the CRM-0 mixture is repeated for the CRM-C and
CRM-HL mixtures, but the variation is lower this time. It can be noted
that there is a more noticeable decrease in this SMr parameter at 25 °C,
with no apparent reason.

The variation of Mr, AMr shows an increasing trend, as was the case
with the CRM-0 mixture, but considering CRM-C and CRM-HL results,
these increases are considerably smaller (Table 4). While in the CRM-0
mixture, increases ranged from 85.59% to 113.40%, in the CRM-C
mixture, increases are lower, from 35.61% to 100.41%, and they are
even lower for the CRM-HL mixture, ranging from 28.21% to 79.71
percent. All this indicates that after adding active filler, either cement or

Construction and Building Materials 384 (2023) 131439

hydrated lime, the variation of Mr with respect to the variation of the
stress state is reduced, making the material clearly less stress-dependent.
This decrease in stress dependence is more evident with the use of hy-
drated lime than cement. The use of 1% of hydrated lime in the CRM
with 100% RAP led, in general, to a material with higher stiffness values
and less stress dependency.

Looking at the same parameter of variation, AMr, Table 4 shows that
in mixtures CRM-C and CRM-HL, the growth of AMr with increasing
temperature from 5 to 25 °C is relatively constant, while there is a more
pronounced growth from 25 to 35 °C. This change can also be perceived
in the CRM-0 mixture, although it was not as pronounced. As the tem-
perature increases, the binder of the mixture softens and loses cohesive
power. At this point, the mineral skeleton of the material becomes more
responsible for the bearing capacity of the mixture. Therefore, the
behavior becomes more similar to that of an unbound granular material,
with greater dependence on the confinement stress to which it is sub-
jected. This characteristic is repeated in all three mixtures, with or
without the addition of active fillers, since it is a feature of cold asphalt
mixtures.

A conclusion drawn from the values in Table 4 is that adding the
studied active fillers reduced the stress dependency and the AMr values
at the respective temperatures compared to the control mixture without
filler additions. However, considering the values at 35 °C, the mixture
with cement, CRM-C, presents a variation AMr of 100.41%, similar to
those AMr presented by the CRM-0 mixture. The low addition of Port-
land cement (1%) did not cause sufficient cementation of the CRM to
make it behave as a cementitious material (independent of 63). In fact,
CRM-C showed a more stress-dependent behavior compared to CRM-HL,
as was also reported by other authors [35]. Since 35 °C is a temperature
easily reached in the pavement, it is concluded that cement addition is
likely less effective in inhibiting stress dependency CRM pavements at
higher temperatures.

In contrast, adding hydrated lime was more successful if the objec-
tive was to make the CRM stiffer and less dependent on o3, presenting a
more purely viscoelastic behavior. The improved adhesion between
asphalt binder and aggregates provided by the HL could be the reason
for this result. Under the effect of HL, the surface of the aggregates be-
comes basic, generating attraction for the slightly acid radicals of the
bitumen, thus favoring bitumen-aggregate adhesion [33,35-37].

Another explanation for the higher Mr experienced by CRM-HL could
be the larger surface area and low bulk density of the HL. These char-
acteristics make HL a filler with high binder demand, making the
bitumen more viscous than using other types of fillers. This stiffens the
CRM, improving the plastic deformation resistance [34,38,39]. How-
ever, further investigation is necessary on the interaction between the
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7500 o-o-o
..’"‘._o-"‘f'
.0 2 —
g S S R2=0.9704
o8
’_‘.‘—O“!-'—. {.
5500 - PR
/fl'""' R2=0.949 R2=0.9481
< 4 ~ A AA-&-2
E 4500 A—‘_‘_‘_‘;A-A A 4{—":1‘—“ a
~ < vyl W, o'l
S 3500 - ‘fhﬁff‘i R*=0938 subd’ R*=09314
2500 * nﬂ-ﬂui-%*’giﬁgn“-‘ ) . PP o e
=il 2837 R0 M%'S'QD R> = 0.9292
1500 | @
e 5°C a 15°C v 25°C 035°C‘ | e 5°C a15°C ®25°C e35°C
500 T T T T T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

6 (kPa)

6 (kPa)

Fig. 7. Resilient modulus obtained from the DTx tests of CRM—C and CRM-HL at the different temperatures, and representation of the fitted potential k-6 model.
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Fig. 8. Comparison of the resilient moduli of the three CRM at each tested temperature: (a) 5 °C, (b) 15 °C, (c¢) 25 °C, (d) 35 °C.

HL, the aged RAP binder, and even the new binder from the bituminous
emulsion.

Table 5 shows the adjusted parameters of the Hicks model mentioned
above (2) for the three CRM mixes studied. It is possible to implement
this model in numerical simulation software to conduct pavement pre-
dictions considering the materials’ viscoelastic and stress-dependent
mechanical behavior. This simulation software allows for conducting
stress and deformational analysis of pavement sections. Combining such
software with permanent deformation prediction models capable of
estimating rutting [9,11] can be a potent complementary tool in pave-
ment design.

5.4. Stress-temperature superposition approach

The master curves obtained after applying the described STSP
approach are shown in Fig. 9 for the three studied CRM at the reference

temperature of 15 °C. The different markers refer to each mixture, and
the colors refer to each temperature. These curves show the variation of
Mr* with the shifted bulk stress (3), and the adjusted parameters
employed in the proposed model are summarized in Table 6.

Several conclusions can be drawn from the master curves in Fig. 9, as
analyzed in previous sections. First, it is evident the CRM-0 mixture
always has lower Mr* than do the mixtures with active filler addition,

Table 6
Fitted coefficients C; and C, of the WLF equation, and material constants used in
the Mr* equation.

C Cz a i 8 Y
CRM-0 5.725 139.767 5.61196 0.00000 2.80734 0.22065
CRM-C 4.0879 57.9041 12.0437 0.0000 0.0003 0.0677
CRM-HL 3.1549 31.4415 12.17049 0.00002 0.00028 0.06032
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Fig. 9. Master curves of the three CRM and regression parameters at the reference temperature of 15 °C.
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CRM-C and CRM-H, at every temperature and stress condition.
Comparing the results of CRM-C and CRM-H, the results are in both
cases somewhat similar, but CRM-HL always has slightly higher values,
and mainly at the lowest temperatures (5 °C), the Mr* values reached by
CRM-HL are the highest, with the most substantial difference compared
to CRM-C.

Analyzing the slopes (Fig. 9), similar conclusions to those drawn
earlier are obtained. The slope of CRM-0 is much higher, showing a
much more stress-dependent behavior. However, mixtures with active
filler addition reduce this slope, thus becoming less stress-dependent. As
already discussed, this stress dependency reduction is more noticeable in
the CRM-HL mixture, which shows the most horizontal slope. Therefore,
hydrated lime addition showed a greater increase in Mr* and a more
substantial reduction of stress dependency than cement addition,
compared with moduli of the mixture without filler. As already dis-
cussed, CRM-C still shows stress-dependent mechanical behavior, given
the low cement proportion used.

Consequently, after applying the proposed STSP, the conclusions
extracted from the analysis of the master curves in Fig. 9 are analogous
to those extracted from the previous extensive analysis but much more
straightforward and shorter. For this reason, analyzing cold mixtures’
temperature- and stress-dependent behavior using this approach is
considered a technique with great interest and potential applications.
Additionally, in Fig. 10, the results of Mr and the equivalent Mr* are
shown together to illustrate the method’s goodness of fit. These plots
show a good fit, especially for the CRM-0 mixture.

Overall, along with the viscoelastic nature, the mechanical behavior
of cold asphalt mixtures showed a fundamental dependence on the
confinement level. Therefore, this proposed novel approach could
enhance the understanding of this material, facilitate its study, and
collaborate in expanding its use. However, further research and exper-
imentation are undoubtedly necessary to verify its effectiveness and
adequacy as a support tool in pavement design.

6. Conclusions

This investigation evaluated the influence of active filler addition of
two types (cement and hydrated lime) in cold recycled mixtures (CRM)
containing 100% RAP and bitumen emulsion. The effect on the com-
pactability and volumetric properties, as well as on the stress-dependent
mechanical behavior, was evaluated. Three different mixtures were
manufactured, one with 100% RAP and no active filler addition
(CRM-0), one with 1% Portland cement (CRM-C), and one with 1%
hydrated lime (CRM-HL), by using a Superpave Gyratory Compactor
(SGC). Dynamic triaxial tests with different confinement levels and at
four different temperatures (5, 15, 25, and 35 °C) were conducted to
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evaluate the temperature- and stress-dependent resilient modulus (Mr).
Finally, a new approach was proposed to analyze the temperature- and
stress-dependent mechanical behavior of the CRM, named Stress-
Temperature Superposition Principle (STSP), which allowed for
obtaining master curves. The conclusions drawn from the study are
summarized as follows:

e Filler addition improved the compactability of CRM. CRM-C and
CRM-HL mixtures reached the target air voids level with fewer SGC
gyrations than the CRM-0 mixture. Cement proved to be the more
efficient filler to do this, with CRM-C mixture requiring less
compaction energy than the remaining two mixtures. This effect was
attributed to the increased void filling and the interstitial effect of
cement during hydration.

Increasing temperatures showed a decrease of maximum and mini-

mum Mr values during the dynamic triaxial tests and increased stress

dependency (more substantial variation of Mr with the increasing
stress level).

e The active filler addition showed two evident effects: on the one
hand, it considerably increased Mr values, and on the other hand, it
reduced the dependence of Mr on the stress level, at all temperatures
studied, compared with the control mixture. Both effects were more
noticeable when the filler used was hydrated lime, showing higher
Mr and lower variations. This result was attributed to improved
adhesion between the asphalt binder and the RAP and the greater
surface area of this filler.

e The master curves plotted according to the proposed STSP made it
possible to use a single graph to analyze all the results. The conclu-
sions drawn were equivalent but in a much simpler way. Thus, this
analysis methodology offers a powerful tool for studying the tem-
perature- and stress-dependent behavior of cold asphalt mixtures.

Adding a small amount of active filler in CRM has proven to greatly
affect compactability and volumetric and mechanical properties. Future
research aims to explore different filler dosages and alternatives, and the
interactions of those with the aged binder of the RAP, if any. Nowadays,
many industrial wastes or by-products in filler form could present
chemical activity and potentially have an interesting effect when
applied in cold bituminous recycled mixtures.

Regarding the mechanical behavior, the evolution of Mr was studied
at different stress states and temperatures, but it is also a subject of
future research to implement the frequency variable. It is important to
note that, given the evident mechanical behavior dependent on o3, it
should be kept in mind that tests such as dynamic modulus, without
consideration of confining stresses, could underestimate the stiffness of
cold asphalt mixtures. In addition, tests on completely cured CRM could
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Fig. 10. Measured Mr versus master curve Mr*.
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overestimate the stiffness results obtained since they do not consider the
possible remanent water in the mixtures. Thus, it would be of great in-
terest to evaluate this particular mechanical behavior at different curing
levels and implement the fitted predictive models in numerical simula-
tion of the pavement.
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