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A B S T R A C T   

Implementing cold solutions is one of the primary efforts in the road sector to counteract CO2 
emissions and climate change. Using cold recycled mixtures (CRM) permits the reuse of up to 
100% of reclaimed asphalt pavement (RAP). This research examines how CRM develop their 
resilient response during the curing process. Using cyclic loading dynamic triaxial (DTx) testing, 
resilient moduli of CRM made with various proportions of bitumen emulsion were determined. 
Curing times from 0 days to 18 months were assessed. Binder content and water loss speed proved 
to be fundamental factors in the evolution of the resilient moduli of the CRM studied. CRM with a 
binder content of 2.50% exhibited the best short-term response, while those with a binder content 
of 3.00% showed greater stiffness values over more extended curing. Once water losses stopped, 
the CRM continued showing changes in stiffness, proving their evolutionary response.   

1. Introduction 

The current challenge posed by global warming and the need to reduce CO2 emissions has led to a paradigm shift for many in-
dustries, 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 decarbonization of its operations. Cold in-place 
recycling (CIR) and cold central plant recycling (CCPR) are two cold paving techniques that meet these characteristics [2–5]. In 
addition to being carried out without heating, these techniques reuse the milling from worn-out roads as the solid phase of the new 
mixtures, providing this material with a second life. The such milled material is commonly referred to as reclaimed asphalt pavement 
(RAP) [6,7]. The environmental and economic advantages of this type of rehabilitation are diverse [8]; however, it has certain 
drawbacks, such as the need for a certain curing time to allow the mixtures to develop their mechanical properties. 

The need for a curing time is an accepted fact. During this phase, cold asphalt mixtures (CAM) lose their water content and 
gradually increase their strength [9,10]. However, there is insufficient knowledge and a lack of consensus on this particular stage of 
cold mixtures, which is why their use is often limited to minor repairs or low-traffic roads. For the laboratory study, it is common to 
perform accelerated curing procedures of the CAM in an oven, which simulate long periods of natural curing in the field. However, 
there is no unanimity on these artificial curing procedures. In Spain, it is common to use 3 days at 50 ◦C for cold recycled mixes (CRM) 
[11]. However, the standards and recommendations of other countries specify different times and temperatures, ranging from 16 to 72 
h and from 40 ◦C to 60 ◦C, respectively, whereas other strategies prefer to follow longer curing periods of 7–28 days at room tem-
perature [12]. 
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However, temperature and time are not the only factors affecting the curing of CRM. Another fundamental conditioning factors are 
the climatic conditions or the construction procedures, in particular, the operations scheduled after the placement and compaction of 
the CRM layers. The placement of a surface layer on top of the CRM layer, as well as the time programmed before its execution, 
significantly affect the evolution of the moisture content of the CRM, with clear effects on its mechanical properties. In this regard, 
Pasetto et al. [13] reported the significant influence of different curing conditions, with different restrictions to water evaporation (free 
evaporation, partial restriction, or total restriction) during the curing of CBTM on different mechanical properties. 

There is a wide range of approaches, but generally, the objective is to reach a constant mass of the studied samples. At this point, it 
is assumed that the mixtures are stabilized and can be subjected to tests that will inform us of their characteristic properties and 
optimum binder content. However, this is not entirely true, and it is known that the properties of CAMs are evolutionary and continue 
to change even after they have cured and lost all their water content [14]. Therefore, it is possible that the binder dosages that were 
optimal at one time may have changed after longer curing periods. In addition, it should be kept in mind that the equivalences between 
artificial curing and real curing remain unclear. 

2. Aims and scope 

The objective of this study was to investigate the evolution with curing of the resilient behavior of CRM prepared with 100% RAP. 
For this purpose, CRM specimens were prepared with different bitumen emulsion and water contents and were cured at room tem-
perature. Nine curing times, ranging from 0 days to 18 months, were considered to evaluate the short- and long-term properties. Using 
the same assumptions as previous researchers such as Jenkins, Ebels, or Santagata on the stress-dependent behavior of cold mixes 
[15–17], the CRM specimens were subjected to cyclic loading dynamic triaxial (DTx) tests to obtain the resilient modulus (Mr) at each 
curing time. The weight losses were recorded for the same specimens subjected to successive DTx tests. As a result, it was possible to 
correlate the evolution of resilient modulus and water losses and determine the best residual binder dosage at each curing age in terms 
of resilient modulus. 

3. Materials and methods 

3.1. Materials 

The used RAP was sourced from a local quarry. First, the main properties of the RAP and its recovered bitumen were analyzed. The 
bitumen content was 4.45%, according to the Spanish standard NLT-164/90 [18], and the maximum specific density was 2425 kg/m3, 
obtained according to EN 1097–6 [19]. The recovered bitumen showed 32.15 dmm of penetration grade and 70.20 ◦C of softening 
point, obtained according to EN 1426 [20] and EN 1427 [21], respectively. 

The size distribution of the RAP batch employed was determined following the standard EN 12697–2 [22]. No particle size ad-
justments were made to the supplied RAP to simulate the preparation of a CIR-type recycled mixture. Fig. 1 illustrates the RAP particle 
size distribution, together with the gradation limits of the followed Spanish specification PG-4 [11] and Wirtgen Manual [23], as well 
as the maximum density line, plotted on the power 0.45 gradation graph. 

A paving company provided the used bitumen emulsion, referred to as C60B5-REC according to the European nomenclature [24]. It 
consisted of a slow-setting cationic emulsion, typically used in Spain in cold recycling works, with 60% of binder content (BC). The 
basic properties of the bitumen used to prepare the bitumen emulsion were 170 dmm of penetration grade [20] and 36.5 ◦C of 
softening point [21]. 

Fig. 1. RAP size distribution (black curve) compared to gradation limits of cold recycling manuals.  
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3.2. Experimental methodology 

3.2.1. Mix design and specimen preparation 
The Spanish recycling specifications PG-4 were used to design the mixtures. The solid phase of the mixtures was entirely composed 

of RAP. According to the PG-4 [11], the BC and the necessary added water contents (AWC) in the mixtures are selected based on the 
Modified Proctor test (MPT) [25]. Thus, the optimum fluid content (OFC) of the RAP was determined after performing the MPT, 
corresponding to the moisture value that provided the maximum dry density. Five different BC were selected, ranging from 1.50% to 
3.50%, and the corresponding AWC ensured the OFC in all the cases. The followed Spanish PG-4 [11] indicates that the AWC must 
meet this equation AWC (%) = OFC (%) – 0.5 – BC (%). Table 1 lists the five mixtures studied, the respective BC, AWC, and the 
corresponding emulsion contents (EC), with three specimens manufactured for each type of mixture. 

An automatic mixer was used to mix the components, and a previously verified procedure was followed. First, the entire solid phase 
was mixed with the corresponding AWC for 60 s to facilitate subsequent coating. After that, the bituminous emulsion was added and 
mixed for a further 90 s. A gyratory compactor was used following the mixing process. According to EN 12697–31 [26], the gyratory 
compaction parameters were 0.82 ◦ of internal rotation angle, 30 rpm rotation speed, and 600 kPa of compaction pressure. Based on 
PG-4 [11], for the RAP gradation used, 100 mm diameter molds were used, and 100 gyrations were applied, thus ensuring the same 
compaction energy in all cases. 

Triaxial specimens require a height-to-diameter dimensional ratio of 2:1. To produce specimens of 200 mm height, two succes-
sively compacted specimens of 100 mm height were stacked one on top of the other. This same production method has already been 
proven by other researchers [17,27–29] and by the same authors in previous works with triaxial tests [3,30], showing to behave as a 
single specimen when principal axis stresses are applied. 

3.2.2. Curing procedure and measurement of the water loss 
All specimens were cured under controlled laboratory conditions (temperature of 22 ± 2 ◦C and relative humidity of 50 ± 5%). 

Nine different curing times were considered to study the evolution of stiffness and water loss (0 days, 1 day, 3 days, 7 days, 1 month, 2 
months, 6 months, 12 months, and 18 months). A partially sealed curing protocol was followed (Fig. 2a), covering the sides of the 
specimens using a membrane and allowing evaporation only at the surface [13,31,32]. Since the triaxial resilient modulus tests are 
non-destructive, the specimens could be tested repeatedly after different curing periods [33,34]. These curing times were selected so 
that it was possible to analyze both short- and long-term trends. 

The first test was performed 4 h after the specimen preparation (we will refer to them as 0 d). The weight of the specimen was 
always noted before performing the test. Following the test, each specimen was removed from the triaxial chamber, and the weight was 
again noted to account for the existing losses during testing, due to the axial pressures, especially at early ages when the water content 
was higher. Then, each specimen was stored to continue curing under ambient conditions (Fig. 2) until the next test date. Repeating 
this procedure at all curing ages made it possible to evaluate the water losses due to evaporation between curing dates and the water 
losses during the tests for each mixture. 

3.2.3. Evolution of the resilient behavior 
The stiffness of cold asphalt mixtures is known to be highly stress-dependent [16,35]. DTx tests following EN 13286–7 [36] were 

performed to evaluate the resilient behavior of the studied mixtures, determining the resilient modulus (Mr). The tests were carried out 
successively on the same specimens at different curing ages, registering water losses at exact moments. Thus, the evolution of the 
resilient behavior was evaluated together with the loss of water in the samples, both by evaporation and due to axial pressures during 
the tests. 

Fig. 3 illustrates the equipment used for the triaxial tests. It was used in a removable chamber where the specimens were placed for 
testing (Fig. 3a). This chamber was connected to a pressurized air system that applied the confining pressure and an independent 
hydraulic system that controlled the vertical loads. A computer connected to all the systems allowed the overall control and monitoring 
of the tests and data acquisition. Axial strains were recorded connecting a pair of linear variable strain transducers (LVDTs), which 
were placed on the top cover of the chamber (Fig. 3b). 

The specimens were carefully inserted inside elastic membranes with a diameter slightly larger than the specimens to avoid damage 
during installation. The specimens were then fixed to porous plates at the top and bottom using O-rings (Fig. 3c). This system allowed 
for isolating the specimens and applying an adequate confining pressure over the entire lateral surface. 

Different constant confining pressures (CCP) with sinusoidal-shaped deviatoric stress were applied during the triaxial tests in 
accordance with EN 13286–7 [36]. A preliminary conditioning phase was performed before the actual resilient modulus triaxial tests. 

Table 1 
Binder and water contents selected for the studied CRM.  

Mixtures BC (%) EC (%) AWC (%) OFC (%) 

1.5BC 1.50 2.50 3.75 5.75 
2.0BC 2.00 3.33 3.25 5.75 
2.5BC 2.50 4.17 2.75 5.75 
3.0BC 3.00 5.00 2.25 5.75 
3.5BC 3.50 5.83 1.75 5.75  
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During the conditioning phase, a constant confining pressure (σ3) of 70 kPa was applied, together with a cyclic deviatoric axial stress 
(σd), ranging from 5 to 340 kPa, at a 1 Hz frequency. The conditioning is completed when 20,000 cycles are reached, the permanent 
deformations rate is less than 10− 7 per cycle, or the variation of Mr is lower than 5 kPa per cycle. 

Following the conditioning phase, the resilient modulus triaxial test involved 29 loading series defined in EN 13286–7 [36]. A 
constant σ3 and a σd with cyclic variation were applied during each loading series, as listed in Table 2. In each loading series, 
σd oscillated between an upper and lower limit for one hundred cycles at a frequency of 1 Hz. The Mr was calculated in each cycle using 
Eq. (1), where σd denotes the amplitude of the deviatoric stress, and εr denotes the resilient elastic strain. The data acquisition system 
recorded the result of the last 10 cycles in each loading series. 

Mr = σd/εr (1) 

According to EN 13286–7, the level of stresses applied by these load series corresponds to that experienced by a base course in its 
upper fiber below a bituminous wearing course of less than 80 mm thickness. Moreover, it indicates that it is possible to define a 

Fig. 2. Storage of the specimens for curing at stable room conditions: (a) Detail of the partially sealed specimens; (b) Thermographic photograph of 
specimens during curing. 

Fig. 3. (a) Overall view of the triaxial equipment; (b) sealed chamber detail with the strain sensors arrangement; (c) detail of the disassembled 
chamber and sample placement. 
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characteristic value of Mr for the material from the stress-dependent results. This characteristic Mr (which we denote as Mr*) is defined 
as the modulus of resilience determined for the stress values p = 250 kPa and q = 500 kPa. These parameters are the mean stress p =

(σ1 + 2σ3)/3 and deviatoric stress q = σd = σ1 – σ3. In terms of the bulk stress, defined as θ = σ1 + 2σ3, the Mr* corresponds to the Mr 
when θ= 750 kPa. For each mixture and curing time studied, the value of Mr* was calculated, thus enabling a simpler comparison 
between the stiffness results. As an example, Fig. 4 illustrates the Mr test result of a specimen of mixture 3.0BC after one month of 
curing versus the bulk stress, θ = σ1 + 2σ3, and the method of obtaining Mr* from the test. 

3.2.4. Correlation of Mr* evolution and the mix proportioning 
In recent years there has been a growing usage of tools such as the response surface methodology (RSM) to obtain optimum 

composite materials designs based on evolutionary mechanical properties [37–39]. From the experimental results of this study, JMP 
software (SAS Institute, North Carolina, USA) has been used to perform a statistical RSM statistical design. As a result, a second-order 
model was obtained (Eq. (2)), where y is the response variable, β’s are the coefficients calculated by the least squares method, and ε is 

Table 2 
Series of applied stresses applied during resilient modulus triaxial tests (EN 13286–7).  

Loading series CCP (kPa) Upper limit of σd (kPa) Lower limit of σd (kPa) 

1 20 30 20 
2 50 35 
3 80 50 
4 115 70 
5 35 50 35 
6 80 50 
7 115 70 
8 150 90 
9 200 120 
10 50 80 50 
11 115 70 
12 150 90 
13 200 120 
14 280 160 
15 70 115 70 
16 150 90 
17 200 120 
18 280 160 
19 340 200 
20 100 150 90 
21 200 120 
22 280 160 
23 340 200 
24 400 240 
25 150 200 120 
26 280 160 
27 340 200 
28 400 240 
29 475 300  

Fig. 4. Determination of the Mr* from the Mr results of a DTx test.  
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the total error. Additionally, this simulation process facilitated an analysis of variance (ANOVA) that revealed the significance of the 
studied variables xi (curing time and binder content) on the Mr* . 

y = β0 +
∑k

i=1
βixi +

∑k

i=1
βiix2

i +
∑

i

∑

j
βiixixj + ε (2)  

4. Results 

4.1. Assessment of the water loss of the mixtures 

All manufactured specimens were weighed at different times, from the time of manufacture and compaction, and throughout the 
curing period. All these measurements made it possible to control the weight losses that occurred during the study. Specimen handling 
was carried out with extreme accuracy, preventing material loss such as aggregates. Thus, two reasons mainly explained these losses: 
on the one hand, water losses due to evaporation, and on the other hand, water losses during the triaxial tests. These losses for the 
mixtures studied, corresponding to each curing time, and expressed in per thousand on the initial weight of the specimens, are listed in  
Table 3 and graphically shown in Fig. 5a. The losses caused by the axial pressures during tests were calculated using the weight 
differences before and after the tests and were denoted as testing losses (Table 3). Whereas curing losses correspond to the differences in 
weight between one curing time and the next, that is, between the weight after the test at one curing time and the weight before the test 
at the subsequent curing time (Table 3), due to evaporation. Three specimens of each mixture were prepared, and the indicated losses 
correspond to the mean of the three measurements. Values indicated in Fig. 5a correspond to the sum of both water loss values (curing 
and testing losses) for each curing time. Their standard deviations are also listed in Table 3 as a subscript and graphically illustrated in 
Fig. 5a. 

As expected, the highest losses occurred in the first seven days. In particular, the most significant weight losses occurred between 
days 0 and 1 (row “1 day” in Table 3) and between days 1 and 3 (row “3 days” in Table 3). The 2.5BC mixtures showed the most 
uniform losses during the first month, with no significant loss peaks. It could be read that this is the binder-water dosage that provides 
the highest stability of the mixtures. In comparison, mixtures 1.5BC and 2.0BC include a higher AWC, so it is assumed that their losses 
during these first days were due to higher content of potentially evaporation water. Similar to the mixtures with higher AWC, mixtures 
with a higher amount of binder (3.00BC and 3.50BC) also showed a slightly higher weight loss than mixture 2.5BC, but not as sig-
nificant. These two mixtures with higher BC were also visually "darker" due to binder accumulation on the surface, especially mix 
3.5BC. 

The losses after 1 month of curing, corresponding to the period between 7 days and 1 month (row 1 month in Table 3), were quite 
similar between the mixes, but 2.5BC still showed the lowest values. However, after 2 months, it is observed that the highest losses 

Table 3 
Water losses during curing and testing (in ‰of the initial weight of the samples) for the different curing times (corresponding Standard Deviations in 
subscript).   

Mixtures 

Curing time 1.5BC 2.0BC 2.5BC 3.0BC 3.5BC 

0 days  
testing 3.27 ± 0.49 3.17 ± 0.28 1.55 ± 0.10 3.28 ± 0.08 4.57 ± 0.44 

1 day                
curing 9.07 ± 0.19 7.73 ± 0.52 5.81 ± 2.04 6.40 ± 0.32 6.69 ± 0.35 

testing 1.49 ± 0.30 0.85 ± 0.34 0.06 ± 0.03 0.22 ± 0.09 1.01 ± 0.91 

3 days                
curing 12.10 ± 0.96 8.74 ± 0.75 4.05 ± 0.11 5.38 ± 1.19 5.80 ± 0.73 

testing 0.56 ± 0.32 0.36 ± 0.13 0.07 ± 0.02 0.17 ± 0.10 0.22 ± 0.09 

7 days                
curing 3.05 ± 0.13 2.99 ± 0.19 2.35 ± 0.14 2.93 ± 0.27 2.64 ± 0.23 

testing 0.24 ± 0.04 0.28 ± 0.06 0.06 ± 0.06 0.32 ± 0.11 0.39 ± 0.05 

1 month                
curing 5.56 ± 0.08 5.64 ± 0.26 3.65 ± 0.46 5.73 ± 0.44 4.26 ± 0.08 

testing 0.20 ± 0.07 0.21 ± 0.06 0.04 ± 0.04 0.22 ± 0.06 0.22 ± 0.08 

2 months                
curing 1.61 ± 0.48 1.98 ± 0.28 1.41 ± 0.17 2.35 ± 0.17 3.37 ± 0.28 

testing 0.08 ± 0.02 0.07 ± 0.05 0.15 ± 0.13 0.06 ± 0.03 0.04 ± 0.02 

6 months                
curing 0.79 ± 0.06 0.65 ± 0.33 0.60 ± 0.18 1.89 ± 0.56 3.07 ± 0.51 

testing 0.04 ± 0.05 0.02 ± 0.06 0.01 ± 0.02 0.02 ± 0.00 0.08 ± 0.17 

12 months                
curing 0.01 ± 0.02 0.04 ± 0.03 0.14 ± 0.05 0.06 ± 0.06 0.01 ± 0.02 

testing 0.03 ± 0.04 0.02 ± 0.01 0.00 ± 0.00 0.01 ± 0.02 0.00 ± 0.00 

18 months                
curing 0.01 ± 0.03 0.03 ± 0.01 0.03 ± 0.00 0.05 ± 0.05 0.00 ± 0.00 

testing 0.00 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00  
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were shown in the mixtures with the highest BC. This result could be explained by pore blockage due to excess binder content, 
producing difficulties for water evaporation in the short term, leading to more prolonged weight loss. After 12 and 18 months, there 
were still weight variations, but they were less significant, and water evaporations were considered to have ended at this point. The 
recorded weight differences could be due to minor environmental conditions or small material losses during testing. 

4.2. Evolutionary resilient behavior 

DTx tests were performed successively for each curing time on all the prepared specimens. The stress states listed in Table 2 were 
applied, and the Mr values corresponding to the last 10 cycles of each loading series were obtained. To better compare the results of all 
the mixes at the different curing times, Mr* values were obtained as described in Fig. 4 and summarized in Table 4. Since these results 
are an average of three similar specimens, the standard deviations are also shown as a subscript. Additionally, the Mr* values were 
illustrated in Fig. 5b, together with the corresponding water losses in Fig. 5a. 

The Mr* values in Table 4 show a faster evolution in the first 7 days, analogous to the rate of water loss in this period. Mixture 2.5BC 

Fig. 5. Water losses and characteristic resilient modulus, Mr* , of the studied CRM at the different curing times.  

Table 4 
Characteristic resilient moduli, Mr*(in MPa), of the studied CRM at the different curing times (peak values in bold, and corresponding Standard 
Deviations in subscript).   

Mixtures 

Curing time 1.5BC 2.0BC 2.5BC 3.0BC 3.5BC 

0 days 807.65 ± 37.39 814.81 ± 26.05 829.88 ± 29.10 775.19 ± 17.92 857.17 ± 37.03 

1 day 828.11 ± 37.11 826.06 ± 44.05 930.99 ± 87.50 858.34 ± 12.40 884.80 ± 49.63 

3 days 877.69 ± 17.59 955.63 ± 64.46 984.84 ± 107.46 914.40 ± 25.37 914.03 ± 57.25 

7 days 935.11 ± 29.58 961.39 ± 17.97 1103.50 ± 66.55 972.38 ± 36.09 999.00 ± 41.89 

1 month 1054.59 ± 7.43 1103.91 ± 10.15 1120.41 ± 42.53 1073.70 ± 25.09 1083.32 ± 9.99 

2 months 1124.61 ± 88.27 1154.11 ± 14.98 1173.40 ± 19.24 1170.40 ± 60.22 1132.03 ± 35.50 

6 months 1140.64 ± 49.81 1229.30 ± 64.82 1250.50 ± 81.31 1197.57 ± 64.44 1210.45 ± 45.27 

12 months 1256.24 ± 94.83 1253.61 ± 136.14 1236.77 ± 117.51 1375.38 ± 145.72 1231.62 ± 69.14 

18 months 1230.88 ± 80.81 1205.57 ± 47.97 1224.69 ± 27.21 1418.42 ± 200.45 1344.47 ± 74.53  
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showed the highest Mr* of all the mixtures studied up to the sixth month. It is worth remembering that this mixture showed the most 
outstanding stability in weight loss, exhibiting the lowest rates. The short-term evolution was very significant in the first 7 days, with 
the rate decreasing in the following curing times. Thus, the average Mr* increase between 0 d and 7 d was 21.74%, reaching the 
maximum increase in the 2.5BC mix with a value of 32.97%. The average increase decreased with the curing time. Thus, between 7 
d and 1 month, the average increase in Mr* was 9.60%; between 1 and 2 months, 5.88%; and between 2 and 6 months, 4.75%. 

Interestingly, after 12 months, there was some decrease in the Mr* values in mixture 2.5BC mixture (which presented the peak 
values up to now). After 18 months, this reduction continues, and mixtures 1.5BC and 2.0BC join this decreasing trend. In this regard, 
the relationship between water losses and Mr* growth is more evident considering both graphs in Fig. 5. These are precisely the three 
mixtures (1.5BC, 2.0BC, and 2.5BC) that show the most rapid growth in water losses and a more pronounced drop after the first 7 days 
of curing. Experts such as Needham [33] or Pasandín et al. [40] reported that although resilient modulus tests are non-destructive, 
some internal damage or micro-deterioration may occur due to successive repetition of such tests on the same specimens over time. 
Particularly CRM specimens with the lowest binder content are the most prone to exhibit permanent deformations [16]. Furthermore, 
the faster water loss could be related to the loss of resilient modulus after a certain curing time. 

In contrast, mixtures with higher binder content (3.0BC and 3.5BC) showed a less pronounced growth in water losses and a more 
steady decline, as seen in Fig. 5a. These more sustained water losses could be related to a more consistent growth in the Mr* , which did 
not show any decrease after 18 months. These higher long-term stiffness values could also be expected due to the higher binder content 
and its aging and stiffening. Such binder aging could lead to increased stiffness of the CRM even after the curing period, especially 
those with higher binder content [14]. After 12 and 18 months, the peak average Mr* values were exhibited by the mixture 3.0BC 
(Fig. 5b). 

Given the observed trend of the results, Fig. 6 shows the cumulative increase of Mr* versus the respective cumulative water losses of 
the studied mixtures to analyze the relationship between these two measured variables. Each marker refers to the average of 3 
specimens’ results at the successive studied curing time. The faster Mr* increase of the 2.5BC mixture in the short term is noticeable, 
while 3.0BC exhibited the highest Mr* values in the long term. Mixture 1.5BC showed the highest water losses and generally the lowest 
Mr* values. 

Interestingly, the relationship is quite linear for the initial curing times, as described in previous research [3]. However, 
Mr* continues to increase when water losses cease, and at this point, it is observed that for more extended periods, the growth trend 
resembles an exponential pattern for all the studied mixtures (Fig. 6). From this result, it can be concluded that the improvement in 
stiffness and the resilient mechanical behavior of CRM is undoubtedly related to water loss during curing. However, the resilient 
behavior of the studied CRM showed maturation and evolution beyond the end of the curing period. Furthermore, the optimum binder 
dosage was not the same for all ages. Mixture 2.5BC showed the best performance in the short-term with the fastest Mr* evolution, but 
mixture 3.0BC showed the highest Mr* values for more advanced times and continued the increasing trend. 

Analyzing this graph in Fig. 6, it is noticeable that the 2.5BC and 3.0BC mixes appear more to the left; therefore, they are the ones 
with the fastest evolution of Mr* with the loss of water (greater slope). Consequently, and in addition to the conclusions from Fig. 5, it 
can be stated that a residual binder dosage between 2.5% and 3.0% returned the best results regarding stiffness evolution for the 
studied CRM. The CRM with a 3.0% residual binder content was optimal since it showed the highest Mr* values and no decrement in 
the long term. 

4.3. Correlation of Mr* evolution and the mix proportioning 

The experimental results made it possible to use the RSM to obtain a second-order model of Mr* , in MPa, as a function of the curing 
time (T), in days, and binder content (BC), in percentage, and it is shown in Eq. (3). 

Mr∗ = 698.19+ 1.84 ⋅ T + 192.41 ⋅ BC − 0.003⋅T2 − 36.36 ⋅ BC2 + 0.1 ⋅ T ⋅ BC (3) 

The ANOVA analysis evaluated the significance of the variables studied, and the p-values obtained are summarized in Table 5. It 
was observed that the most influential variable, as expected, is the curing time (T and T2), showing the lowest p-values. The binder 
content variable (BC) showed a p-value of 0.11041, with a still relevant weight in the model, while the significance was lower in the 
case of its cross variables (T⋅BC, and BC2), with higher p-values according to the ANOVA analysis. 

Finally, Fig. 7 shows the correlation between experimental Mr* values and those predicted by the model from Eq. (3), showing an 
acceptable fit, with a total error below 20% in all cases and below 10% in most of them. For the mix design of the studied CRMs, the 
AWC used depended on the BC to ensure the OFC, and therefore the variable water content was not included in the model. However, a 
broader study where additional water contents are investigated for the same binder content is found interesting in order to feed a 
complete predictive model and to be able to draw broader conclusions. 

5. Conclusions 

In this study, the resilient moduli of CRM were obtained by performing DTx tests. The CRM were prepared with a gyratory 
compactor using a different binder and water contents and were cured under room conditions. The triaxial tests were successively 
repeated at different curing times (0 d, 1 d, 3 d, 7 d, 1 month, 2 months, 6 months, 12 months and 18 months) and the water loss over 
time was registered. The results were correlated and the evolutionary nature of the resilient behavior of the CRM was shown. Con-
clusions drawn from the study include the following: 
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• Water losses due to evaporation during curing and those occurring during triaxial tests due to the axial pressures were recorded. 
Water losses in the short term were more meaningful. After one month, the losses stabilized, and after 6 months, they were less 
significant.  

• Mixture 2.5BC showed the most stable water losses. Mixtures with less binder content and more added water showed higher water 
losses in the first few days, while those with more binder content and lower added water showed more sustained losses over 
extended periods.  

• In the short term, the Mr* of mixture 2.5BC were the highest, but after 12 months they stabilized and even decreased. Mixtures with 
1.5BC and 2.0BC also decreased the Mr* values after 18 months. This decrease in Mr* was associated with the possibility of micro- 
deterioration after successive non-destructive tests, especially in the CRM with a lower binder content (more susceptible to per-
manent deformations). 

Fig. 6. Relationship between the cumulative increase in Mr* and the cumulative water losses.  

Table 5 
ANOVA analysis results (Mr*, response 
variable).  

Variables P-values 

T 0.00000 
BC 0.11041 
T2 0.00001 
BC2 0.24060 
T⋅BC 0.32720  

Fig. 7. Predicted versus measured characteristic resilient modulus and total error limits.  
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• Mixtures with 3.0BC and 3.5BC steadily increased their Mr* values even up to the 18 months studied. After 12 months, mixture 
3.0BC showed the highest Mr* values. This sustained growth over time was associated with a more constant water loss throughout 
curing, which was not as fast in the short term, and remained more stable in the long term compared to the other CRM studied. In 
addition, beyond the end of the curing period, aging and stiffening of the binder could lead to an increase in Mr* , especially in these 
CRM with higher binder content.  

• The increases in Mr* and the water loss showed a reasonably linear relationship in the early curing stages. When water loss was less 
significant, the correlation was more similar to an exponential form. The resilient behavior was considered evolutionary beyond the 
end of the curing period.  

• The ANOVA statistical analysis showed that the most significant variable in the evolution of the resilient modulus was the curing 
time. In addition, the binder content variable also showed a considerable degree of significance. 

While dynamic triaxial tests are considered non-destructive, it is possible that imperceptible micro-deterioration may occur inside 
the CRM specimens after multiple repetitions. This damage may be the reason for the long-term reduction of Mr. Such reductions 
occurred precisely in the CRM with lower binder contents, which are more susceptible to permanent deformations and damages. 
However, damage to CRM also occurs in the actual pavement, mainly due to traffic loading. Therefore, such an increasing trend in Mr 
during curing, stabilization, and a slight decrease in the long term is an expected trend for a CRM in the field. A study of a more 
extended curing period could be interesting to see if the reported trends continue. Regardless of the total fluid content, which was 
constant among the CRM studied, the results of this study highlighted the substantial influence of the water content and its evaporation 
rate. In this sense, it raises interest in investigating the water content resulting in better mixing and compaction of CRM and the 
evolution of its mechanical properties in the short and long term. 
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