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A B S T R A C T   

This study evaluates the short-term resilient behaviour of cold in-place recycled (CIR) asphalt mixtures with 
bitumen emulsion when they are more similar to non-cohesive granular materials than to conventional hot 
mixtures. Gyratory compacted CIR specimens were manufactured using different proportions of bituminous 
emulsion and water, and dynamic triaxial tests were conducted at different curing times. The resilient moduli 
were obtained experimentally and fitted using three numerical models. Characteristic nonlinear elastic behaviour 
and an increase in stiffness with curing time were observed. Water loss during curing and stiffness increase were 
found to be related. Mixtures with 2.50% residual bitumen and 2.75% added water showed the best short-term 
stiffness evolution.   

1. Introduction 

With the limited service life of pavement, the maintenance and 
repair of road networks is a major concern. Cold in-place recycling (CIR) 
with bitumen emulsion is a preferred method for pavement rehabilita
tion [1]. CIR has unique advantages over other maintenance and reha
bilitation treatments, with environmental benefits [1–7] including the 
reduction of greenhouse gas emissions, owing to the preservation of 
materials and the use of cold techniques. In addition, pavement recy
cling reduces costs by reducing energy consumption and the need for 
material transport [8], and by reusing materials on site, achieving cost 
savings of up to 50% compared to conventional rehabilitation tech
niques [9]. 

The main constituents of a CIR asphalt mixture are recycled aggre
gate known as reclaimed asphalt pavement (RAP), obtained from the 
milling of worn roads, a bituminous binder acting as a stabiliser in the 
mix, generally used in the form of emulsion or foamed bitumen, and a 
certain amount of added water to facilitate the blending process and 
ensure the proper moisture content [10]. The addition of virgin aggre
gates (for gradation adjustment) or fillers to improve the mechanical 
properties of the mixture, including fly ash and Portland cement, are 
also commonly considered [11–14]. Unlike traditional hot asphalt 
mixtures, no heating is required in the manufacturing process, and water 
is an essential component in the mixtures. Some of the water is expelled 

during compaction; the remainder evaporates slowly over time during 
the curing period. In addition, when Portland cement is added to the 
mixtures, part of the added water is involved in the hydration process 
[10,13–15]. 

These recycled mixtures, also known as bitumen-stabilized materials 
(BSMs) [16,17], combine the distinctive characteristics of their com
ponents. They are characterised by great flexibility, reduced stiffness, 
and lower susceptibility to shrinkage cracking because the binder in 
BSMs is diffused among the fine aggregates, creating local links between 
the skeleton of the coarse aggregates [16,17]. Jenkins et al. [18] and 
Ebels [19] concluded that after the preparation of such mixtures, there 
are two distinct phases in their mechanical behaviour. The curing phase 
is characterised by an increase in early resistance capacity and stiffness 
owing to moisture reduction, followed by a second phase of stiffness 
reduction caused by aging and traffic loads. The same authors also 
indicated that during the first phase, nonlinear elastic behaviour is 
evident (resembling that of granular materials, characterised by stress 
dependence [20]); in the second phase, the behaviour is viscoelastic 
(similar to that of an HMA, characterised by temperature and loading 
frequency dependence [21,22]). Authors such as Casillas et al. [23] 
suggested naming “semi-bound” materials to the ones that present 
characteristics of non-cohesive granular materials and HMA, but behave 
differently during the curing period. Thus, it is considered essential to 
study the evolution of the properties (workability, compactability, and 
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cohesion gain) during this period, and not only the final performance of 
the cured material. 

Despite numerous studies examining the curing of cold recycled 
mixtures, the process is not fully understood, nor are the time required 
and the phenomena that occur. Studies have concluded that 28 d was 
sufficient time for a cold mixture to evaporate almost all of its water 
content [15]. However, the curing process also involves mechanisms 
that lead to an increase in the stiffness and strength of the mixtures, 
which last longer. Other studies on CIR mixtures have reported a curing 
time from 6 to 18 months, during which the stiffness continues to in
crease [24–26]. There is no consensus; thus, a better understanding of 
the curing mechanism and early strength evolution of CIR mixtures is 
essential. This knowledge would contribute to the development of 
standardised curing procedures, both in the laboratory and in situ, 
allowing better estimation of the time required before opening to traffic. 

For this purpose, the evolution of the stiffness of different CIR mix
tures during the curing period was investigated in laboratory conditions 
in this study. The resilient modulus (Mr), understood as the discharge 
modulus value measured after a large number of loading cycles, is 
widely accepted in road design as a suitable measure of pavement course 
stiffness. Thus, based on the mechanical behaviour of cold recycled 
mixtures during the curing phase, triaxial tests were conducted under 
cyclic stress with a constant confining pressure, applying specific as
sumptions for tests performed on granular materials without binder 
[21,27–29]. 

2. Aims and scope 

This study was motivated by a need to understand the mechanical 
behaviour of CIR mixtures, particularly in the short term, and its evo
lution in the curing period. 

Because different proportions of CIR constituents affect the me
chanical characteristics, different dosages were used to study CIR 

stiffness in more depth. To this end, CIR mixtures were manufactured 
with residual binder proportions varying from 1.50% to 3.50%, and 
added water varying from 0.25% to 3.75% (depending on the residual 
binder content). The contents of added water were estimated using 
equations from two different Spanish specifications, in order to deter
mine which is the most suitable for CIR based on the results of the 
stiffness evolution. A bituminous emulsion was used as binder; the use of 
additives was not considered. Dynamic triaxial tests were performed to 
obtain the resilient moduli at different curing times. The specimens were 
tested several hours after fabrication in laboratory conditions, and after 
multiple days of curing. 

The main objective was to evaluate the influence of different dosages 
on the developed stiffness, and to assess its evolution with ageing. 
Additionally, three prediction models were adjusted to the obtained 
results, which could be used for numerical simulation of the behaviour 
of the mixtures. 

3. Materials and manufacturing 

3.1. RAP 

The RAP was supplied by a local contractor from the milling of 
surface pavement courses. Its size gradation is shown in Fig. 1, compared 
with the gradation limits established in the Spanish PG-4 specification 
[30] for recycled pavements. The properties of the RAP and its recovered 
binder are presented in Table 1. 

In Fig. 1, and compared to RAP gradations from other CIR studies 
[14], the RAP has a high content of coarse particles and aged binder. The 
high recovered binder content is attributed to the crushing of surface 
courses, which usually have the highest bitumen content. The Spanish 
PG-4 specification for CIR mixtures [30] does not limit the use of RAP in 
terms of the presented characteristics. Furthermore, despite not exactly 
fitting the PG-4 limits, no grain size corrections were made to investigate 

Fig. 1. RAP gradation compared with limits in PG-4 specification.  

Table 1 
Properties of RAP, recovered binder, and residual binder of bitumen emulsion.  

Property Standard Result 

RAP bulk density (kg/m3) EN 1097–6 [31] 2560.00 
RAP recovered binder content (%) NLT-164/90 [32] 7.81    

RAP recovered binder Emulsion residual binder 

Softening point (◦C) EN 1426 [33]  64.40  36.50 
Penetration (10− 1 mm) EN 1427 [34]  20.32  170.00  
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as closely as possible what actually happens in the CIR, as it was already 
done in previous reported cases [35,36]. Hence, this investigation is a 
continuation of the study of their behaviour. 

3.2. Bitumen emulsion 

A slow-setting cationic emulsion with 60% bitumen content (BC) was 
used in this study. In accordance with EN 13,808 [37], it was a C60B5 
REC bitumen emulsion. A national hydrocarbon company provided the 
bitumen emulsion for this study, with the same characteristics reported 
in previous studies on CIR mixtures [35,36]. Table 1 present the soft
ening point and penetration results of the residual bitumen used to 
produce the bituminous emulsion. 

3.3. Specimen preparation 

Residual bitumen and added water contents 
To study the resilient behaviour, CIR specimens were prepared with 

100% RAP, with different amounts of bitumen emulsion (EC) and added 
water (AWC). Fourteen dosages were used; in each case, three specimens 
were prepared (resulting in 42 total specimens). As done in previous 
studies for these mixtures [35], the recommendations in the PG-4 

specifications for recycled mixtures from 2001 [38] and 2017 [30] 
were followed for calculation of the AWC. This calculation aims to 
maintain the optimum fluid content (OFC) of the mixtures using Eqs. (1) 
and (2) shown in Table 2, depending on the result of the modified 
Proctor test (MPT) and the amount of binder used in each case. 

The RAP was the same as that used in a previous study [35,36], with 
an MPT result of 5.75%. This value was used as the OFC in Eqs. (1) and 
(2) for all mixtures. Thus, the BC ranged from 1.50 to 3.50%; 1.50% is 
the minimum indicated in the PG-4 specification [30] for CIR mixtures, 
and 3.50% is the maximum content to maintain the OFC according to 
Eqs. (1) and (2). For the BC that produced the highest resilient moduli in 
the mixtures, five more AWC were considered. The 14 mixtures are 
summarised in Table 3. 

The BC and AWC for each group were used to identify them (the 
group of specimens with 2.00% BC and 1.92% AWC was denoted as 
“2B_1.92 W”). 

Mixing and compaction procedures 
The same mixing process was used as in previous studies [35,36], by 

using an automatic asphalt mixer. The RAP and AWC were mixed for 60 
s; the EC was added to the mixture and mixed for 90 s, for a total 
blending time of 150 s. This procedure was based on recommendations 
and previous laboratory experience with this type of mixture 
[35,36,39]. 

Once the mixing was completed, the samples were extracted from the 
mixer and placed in the mould of the gyratory compactor. Based on the 
PG-4 specifications for CIR mixtures [30], gyratory compaction was 
used with 100 gyrations and 100 mm diameter moulds, according to EN 
12697–31 [40]. The moulds used present horizontal holes which allow 
water drainage if necessary. This type of mould proved to be the most 
suitable for cold mixtures according to previous studies on compaction 
carried out by Orosa et al. [36]. The compactor parameters included an 
internal rotation angle of 0.82◦, a rotation speed of 30 rpm, and a 
compaction pressure of 600 kPa [40]. According to EN 13286–7 [41], 
the height of the triaxial specimens must be twice their diameter. 
Accordingly, specimens were manufactured by piling two compacted 
specimens with a height and diameter of 100 mm, resulting in specimens 
200 mm in height. 

Specimens compacted with the gyratory compactor were sufficiently 
stable to allow extrusion and stacking immediately after compaction. 
Once the specimens were stacked one on top of the other the curing time 

Table 2 
AWC estimation according to PG-4 specifications.  

Specification: AWC estimation: 

Circular Order 8/2001 [38] % AWC = % OFC – 0.5% – % EC Eq. (1) 
Circular Order 40/2017 [30] % AWC = % OFC – 0.5% – % BC Eq. (2)  

Table 3 
Residual binder, bitumen emulsion, and added water contents.    

AWC (%) 

BC (%) EC (%) Eq. (1) Eq. (2) Additional contents 

1.50 2.50 2.75 3.75      
2.00 3.33 1.92 3.25      
2.50 4.17 1.08 2.75 1.50 2.00 2.50 3.00 3.50 
3.00 5.00 0.25 2.25      
3.50 5.83  1.75       

Fig. 2. Positioning of specimen and strain sensors for triaxial test (EN 13286–7): a) open triaxial chamber; b) closed triaxial chamber.  
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started. This fabrication procedure has been used in previous studies 
[20,26,38,39], with the same behaviour as a single specimen in 
compression tests, with stresses applied on the main axis of the 
specimen. 

Moisture evolution and curing procedure 
All specimens were air-cured in the laboratory, within a controlled 

conditions environment (temperature of 22 ± 2 ◦C and relative humidity 
of 50 ± 5%). All tests were repeated for specimens at different curing 
ages to evaluate the effect of air curing on the results. With curing time, 
the specimens gradually lose water by evaporation and their weight 
decreases. Graziani et al. [15] concluded that 28 d was enough time for a 
cold recycled mixture to evaporate almost all its water content. How
ever, for confirmation, given the particularity of each mixture, seven 
triaxial-size specimens with different dosages of BC and AWC were 
manufactured and maintained in laboratory conditions. BCs of 1.50%, 
2.00%, 2.50%, 3.00%, and 3.50% were used, with AWCs resulting from 
Eqs. (1) and (2), and showed in Table 3. The specimen weights were 
periodically measured during the time necessary to reach a constant 
weight. Weight measurements were recorded at 0 d, 1 d, 3 d, 7 d, 15 d, 
30 d, 60 d, and 180 d, and were considered “constant weight” when the 
difference in weight from one to the next was less than 0.01%. 

Supported by the additional assessment of the moisture evolution of 
the specimens with curing time at room conditions, five air-curing ages 
were considered. The first triaxial tests were performed on “uncured” 
specimens, 4 h after manufacture (0 d). After 3d, 7 d, 30 d, and 60 d, the 
tests were repeated on the same specimens, to determine the evolution 
of the CIR mixture stiffness with air curing. 

4. Resilient behaviour of CIR mixtures 

4.1. Dynamic triaxial testing 

The resilient moduli of the mixtures were obtained through dynamic 
triaxial tests on the manufactured CIR specimens. The experimental 
equipment for these tests consisted of an extractable chamber and a 
device to generate an axial load (Fig. 2). A confining pressure was 

applied inside the chamber (up to 10 bar) using an air compressor. A 
hydraulic system, independent of the previous one, managed the axial 
load. 

For effective confinement of the specimens using the pneumatic 
system, the specimens were isolated inside an enclosed elastic mem
brane attached to the upper and lower porous plates by O-rings to avoid 
pressurised air from penetrating the membrane. 

The axial deformations were recorded using two linear variable 
strain transducers (LVDTs) installed on the top plate of the chamber 
(Fig. 2a). 

A constant confining pressure (CCP) was applied with a sinusoidal 
deviator strain, as indicated in EN 13286–7 [41]. According to the 
standard [41], two stress levels can be applied to the tested specimen 
(low and high levels) to better simulate the stresses that pavement layers 
are subjected to during their service life. These applied stresses corre
spond to those normally present in the upper part of the base course, 
under a thin bituminous wearing course (less than 80 mm). 

The test begins with a conditioning phase involving a constant 
confinement of 70 kPa (σ3) combined with a cyclic axial deviator stress 
(σd) ranging from 5 to 340 kPa for the high stress level, and from 5 to 
200 kPa for the low stress level, at a frequency of 1 Hz (0 kPa stress is 
avoided to guarantee constant specimen contact with the actuator). The 
conditioning was considered complete when at least one of the following 
requirements was met:  

o The permanent axial strain rate was less than 10-7 per cycle.  
o The resilient modulus variation rate was less than 5 kPa per cycle.  
o The number of cyclic deviator stresses was greater than 20,000 

cycles. 

When the conditioning phase was completed, the resilient modulus 
test began; 29 loading sequences were conducted with different σ3 and 
σd combinations, depending on the stress level (Table 4); σ3 remained 
fixed in each sequence, with a cyclic variation of σd. One hundred 
loading cycles per sequence were performed at 1 Hz frequency. The 
resilient modulus Mr was calculated as the average result of the moduli 
of the last ten cycles for each sequence, expressed as 

Mr = σd/εr (3) 

where σd is the amplitude of the deviator stress and ε r is the resilient 
elastic deformation. 

The high stress level was used in all cases, except in the triaxial tests 
conducted at 0 d of curing, when the specimens had not yet developed 
sufficient stiffness and were considered more sensitive. 

For each mix, three specimens were tested. The triaxial tests were 
conducted 4 h after manufacture (0 d), after which the specimens 
continued curing; tests were conducted again at 3d, 7 d, 30 d, and 60 d. 
Specimens were handled carefully during the entire process, preventing 
any damage during instrumentation or curing. For each group of three 
identical specimens, the average result of the tests at each curing age 
was calculated to assess the evolution of Mr and compare the results 
between the different mixes. 

4.2. Computational modelling of resilient behaviour 

Many nonlinear models have been proposed to reproduce the per
formance of unbound aggregates and coarse-grained soils [20,42–45]. In 
this study, once the experimental results were obtained from dynamic 
triaxial tests, three models were used to estimate the Mr of the CIR 
mixtures with different air curing times. 

The first model is known as the k-θ model, proposed by Hicks [46]. 
This model describes the resilient modulus in terms of the sum of prin
cipal stresses (the first stress invariant, θ = σ1 + 2σ3): 

Mr = k1⋅θk2 (4) 

Table 4 
Stress levels in sequences of resilient modulus test (EN 13286–7).  

Sequence Confining pressure, 
σ3 (kPa) 

High deviator stress, 
σd (kPa) 

Low deviator stress, 
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  
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where k1 and k2 are material constants. A major feature of the k-θ 
model is its inherent simplicity; it considers that the variation in the 
elastic response is exclusively a function of the principal stresses and 
neglects the effect of shear stress. It is still the most widely used and 
accepted mathematical relationship for unbound aggregates. 

Nevertheless, the model oversimplifies the stress dependence in 
many cases, as most resilient moduli of pavements and unbound mate
rial are dependent on the bulk stress and the shear strain magnitude. In 
asphalt mixtures, interparticular forces are produced by a bituminous 
binder that gives the material a certain degree of cohesion, which 
motivated Uzan et al. [47] to consider the effect of the deviator stress 
(σd), expressed as 

Mr = k1⋅θk2 ⋅σk3
d (5) 

New models have been developed that consider the variation in the 
Poisson’s ratio with stress level, or the influence of the density of the 
material. The Mechanistic-Empirical Pavement Design Guide (MEPDG) 
uses a modified version of Uzan’s equation, which was advocated by the 
National Cooperative Highway Research Program (NCHRP) [48] in 

2004, and is considered in this study. 

Mr

Pa
= k1

(
θ
Pa

)k2
(

τoct

Pa
+ 1

)k3

(6)  

τoct =
1
3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ1 − σ2)
2
+ (σ1 − σ3)

2
+ (σ2 − σ3)

2
√

=

̅̅̅
2

√

3
σd (7) 

where the octahedral stress, τoct , replaces the deviator stress, and Pa 
is the reference pressure (101.35 kPa); k1, k2, and k3, are inherent 
constants of the material. The NCHRP model is a simplified version of a 
more complex model developed by Andrei [49] that included seven 
material constants. 

All parameters in the proposed models were determined using the 
optimisation solver function in Excel, minimising the quadratic error 
between the model values and the actual modulus values obtained 
experimentally in the laboratory. The predictive model parameters are a 
useful tool, and can be used to perform numerical simulations of the 
behaviour of CIR mixtures in future research. 

Fig. 3. Weight loss of CIR specimens over time with air curing.  
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5. Results 

5.1. Moisture evolution at room temperature 

In addition to the results reported from previous studies, the weight 
loss of specimens manufactured with all the BC considered, and the 
AWCs resulting from Eqs. (1) and (2) were recorded over time to assist in 
the choice of curing times. Fig. 3 shows the cumulative percentage of 

weight loss in the specimens due to water evaporation. 
The graph in Fig. 3 shows that weight losses increased rapidly during 

the first week after manufacturing due to a greater water content at that 
time, leading to faster evaporation. From 7 d to 30 d, and more 
noticeable from 30 d to 60 d of curing, the weight gradually stabilized. 
After air curing for 60 d, the weight was considered constant according 
to the established criteria. 

Vertical separation due to the total AWC in the mixtures was 
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observed; the curves at the top represent a higher weight loss (water 
loss) as a result of a higher initial amount of water in them that could be 
evaporated. Thus, these mixtures with higher initial fluid content also 
showed a faster rate of weight loss in the first days (as shown by the 
different slopes of the curves during the first week of curing). As curing 
progressed, the remaining water to evaporate decreased and the curves 
in Fig. 3 became more parallel, stabilizing their evaporation rate. Thus, 
in view of the significant water losses in the first days, the mechanical 
behaviour was analysed by performing triaxial tests at 0 d, 3 d, and 7 d. 
Subsequently, the tests were also repeated at 30 d and 60 d, thereby 
determining the influence of water loss on the evolution of the stiffness 
of the CIR mixtures, both in the short term and for more advanced curing 
periods. 

5.2. Resilient behaviour of CIR mixtures 

5.2.1. Dynamic triaxial testing 
After curing and the conditioning phase were completed, triaxial 

tests were conducted according to the load sequences in Table 4. 
With the six confining pressures (σ3) used during the test, the resil

ient modulus results were collected in six ’’steps’’. As expected, Mr 
increased from step to step, but also increased within each step, 
although at a slower rate, with an increase in the deviatoric stress (σd). 
The increase in Mr with increasing stress reveals the nonlinear behaviour 
of CIR mixtures, similar to that of unbound granular materials. As an 
example, the graph in Fig. 4 shows the average result of the triaxial tests 
for group 2B_1.92 W after 7 d of curing. The adjusted numerical models 

are plotted in the same figure for comparison. The step shape is observed 
in the experimental results, and in the Uzan and NCHRP models, which 
accurately predicted the actual results, with an average R2 of 0.9963 and 
0.9939, respectively. The Hicks model is simpler, approximating the 
result by means of a potential function without reproducing the steps, 
showing an average R2 of 0.9578, and therefore approximating the Mr 
not as closely as the two previous models. 

The simplicity of the Hicks model allows better visual comparison 
between mixtures and curing times than the models with step shapes. 
Thus, the graphs in Fig. 5 show the evolution of Mr results obtained 
using the fitted Hicks model at the different curing times for the mixtures 
that used the AWC specified in PG-4 [30,38], to meet the OFC specifi
cations. In addition, Table 5 summarizes the ranges of experimental 
results of Mr obtained in the triaxial test for all the studied mixtures, at 
the considered curing times. This table allows a simple comparison of 
the maximum Mr values obtained by different mixtures for a given 
curing time, as well as to monitor the evolution of the Mr results for a 
certain mixture. 

In Fig. 3, most of the water evaporated in the first days after pro
duction, and the evaporation rate decreased after 7 d. This fact may 
explain why in both Fig. 5 and Table 5 the main differences in the 
behaviour of the mixtures were observed during the first few days of 
curing, in the results corresponding to 0 d, 3 d, and 7 d, showing greater 
increases in Mr than for more advanced curing times. For example, in 
mixture 2B_1.92 W, the percentage increase in the maximum Mr value 
between 0 d and 7 d was 17.06% (i.e., 2.44% per day), 10.10% between 
7 d and 30 d (i.e., 0.44% per day), and 6.50% between 30 d and 60 d (i. 
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Fig. 5. (continued). 
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e., 0.22% per day). Thereby implying a relationship between the in
creases in stiffness with the rate of water evaporation in the samples 
with curing time. The increasing trend of Mr was generally observed in 
all mixtures (Table 5). The Mr values were found to be consistent with 
results reported in other studies for similar cold recycled mixtures 
[19,21,26,28,49–51]. 

Considering the results at 0 d shown in Table 5 and Fig. 5, the results 
are similar between groups, as the binder influence is minimal at this 
point; the behaviour of CIR mixtures at 0 d resembles that of an unbound 
granular material, resisting loads mainly through its mineral structure. 
From Table 5, the difference between the maximum and minimum 
values of the upper limits of the ranges reached 95.11 MPa. However, it 
is worth noting a tendency towards higher Mr values in mixtures with 
higher BC. As the curing time progressed, the dispersion of Mr results in 
Table 5 increased, showing an increased influence of the different BC 
and AWC dosages. At 60 d of curing, the difference between the 
maximum and minimum values of the upper limits of the ranges reached 
221.26 MPa, more than twice the difference for the uncured specimens. 

Concerning the BC, the graphs in Fig. 5 showed that as the BC of the 
mixtures increased, their Mr results reached higher values in the short 
term. Mixtures with 1.50% BC had the lowest Mr results in all the short- 
term triaxial tests performed, with an increase between the maximum 
Mr values reached at 0 d and at 7 d of 15–17%. Mixtures that increased 
the amount of BC showed a better evolution of the Mr, being the mix
tures with 2.50% BC the ones that had the highest Mr values as well as 
the best evolution, with an increase of 28–30% between the results 
achieved at 0 d and at 7 d. The mixtures with the highest BC (i.e., 3.00% 
and 3.50% BC) also showed better results than those obtained in mix
tures with 1.50% BC, but worsened compared to those obtained with 
2.50% BC. For these mixtures the highest BC, Mr values increased be
tween 0 d and 7 d by 21–23% for mixtures using 3.00% BC, and by 14% 
for those using 3.5% BC. It is concluded that the 2.50% BC is the opti
mum content in terms of the short-term evolution of the Mr, as well as 
for the maximum values obtained. 

Considering the evolution of the Mr results in Fig. 5 at 30 d and 60 d, 
all mixtures exceeded 1000 MPa at 30 d, and 1100 MPa at 60 d. How
ever, the results obtained in the mixtures with 2.50% BC were again the 
highest, presenting maximum values of Mr about 3–5% higher than the 
average of the studied mixtures even for longer curing times (Table 5). 

Regarding the amount of water used in the mixtures represented in 
Fig. 5, those with higher AWC, and designed based on Eq. (2, presented 
in all cases higher Mr results and faster evolution than those with the 
same BC and lower AWC (designed based on Eq. (1)). It could be 
observed from the values in Table 5, for example, that at 7 d of curing 
the maximum Mr value obtained by the mixture 2.5B_2.75 W was 8.22% 
higher than that obtained by 2.5B_1.08 W. This highlighted the impor
tant role of water in mix design, improving mixing and compaction 
processes, enhancing both short and long-term performance. Thus, the 

mixture with the lowest AWC of all the studied mixtures (3B_0.25 W), 
despite having a high binder content, ended up presenting some of the 
lowest Mr results due to the lack of an adequate AWC dosage, even 
showing a 2.60% reduction of the maximum Mr between 30d and 60d of 
curing. 

As already mentioned, it was found that the water loss of the speci
mens during the curing process was closely related to the evolution of 
the Mr results obtained. The graphs in Fig. 6 show this correlation In 
each plot, mixtures with the same BC and the considered AWCs were 
represented. Each marker corresponds to a curing time (0 d, 3 d, 7 d, 30 
d, and 60 d). The vertical axis represents the average of the maximum Mr 
achieved in the triaxial tests for the maximum stress condition by the 
three tested specimens of each mixture (i.e., the upper limit of the Mr 
ranges in Table 5). The horizontal axis represents the cumulative water 
loss of the specimens during the curing time, expressed as a percentage 
of the initial weight of the specimens. 

The relationship shown in the graphs in Fig. 6 proved to be reason
ably linear, especially for the intermediate BC used (2.00%, 2.50%, and 
3.00% BC). It was detected that mixtures that used a minor AWC in their 
design, and consequently had a lower percentage of water loss, reached 
lower maximum Mr values than the mixtures with the same BC and a 
higher AWC. 

Therefore, it was concluded that for the CIR mixtures studied in this 
research, the optimum BC in terms of resilient behaviour was 2.50% BC; 
in a previous study [35], 2.50% BC was also found to be the optimum 
binder content. In the mixtures initially studied with 2.50% BC, the AWC 
was a critical factor for the obtained Mr values and evolution. Thus, five 
additional mixtures were studied by varying the AWC. The graphs in 
Fig. 7 show the evolution of the Mr with the curing time of all the 
mixtures manufactured with 2.50% BC, fitting the Hicks model to the 
experimental results. 

The graphs in Fig. 7 showed that the dispersions were greater in the 
results at 0 d and 3 d. Considering the values in Table 5, it can be seen 
that the variation between the maximum and the minimum of the upper 
limits of the Mr ranges obtained for the mixtures with 2.50% BC was 
132.45 MPa and 118.55 MPa, respectively. In both curing cases, mix
tures using the highest and the lowest AWCs (1.08%, 1.50%, and 3.50% 
AWC) showed the lowest Mr, again revealing the important role of water 
in the right proportion on the mix design. For mixtures using the “in
termediate” AWCs (2.00%, 2.50%, 2.75%, and 3.00% AWC), the results 
were higher and more homogenous, being at 3 d the difference between 
the maximum and the minimum upper limits of Mr ranges reached 
22.47 MPa. 

In the graph corresponding to the 7 days of curing in Fig. 7, the Mr 
reached by the mixture with 2.75% AWC (designed using Eq. (2 from CO 
8/2017 [30]) stood out from the rest. This mixture also presented the 
best evolution in the graphs of Fig. 5, reaching Mr values at 7 d very 
close to those obtained at 30 d for the higher stress levels considered. 

Table 5 
Resilient modulus (Mr) ranges for different curing times.  

Mixture Mr range (MPa) for different curing times 

0 d 3 d 7 d 30 d 60 d 

1.5B_2.75 W 296.23 to 789.99 346.37 to 861.99 365.85 to 908.81 418.33 to 1080.88 443.43 to 1145.73 
1.5B_3.75 W 284.02 to 805.33 366.05 to 882.71 381.94 to 941.55 423.85 to 1077.58 446.45 to 1173.13 
2B_1.92 W 307.94 to 830.51 321.51 to 902.86 334.38 to 972.22 355.29 to 1070.40 385.22 to 1140.00 
2B_3.25 W 295.99 to 830.61 332.87 to 957.60 357.64 to 973.01 418.21 to 1141.90 450.63 to 1200.84 
2.5B_1.08 W 295.54 to 791.42 346.84 to 974.20 392.03 to 1032.24 429.87 to 1107.10 466.77 to 1163.68 
2.5B_1.5 W 324.23 to 827.05 374.52 to 948.06 398.65 to 1018.66 439.54 to 1117.96 466.38 to 1202.58 
2.5B_2W 354.51 to 882.09 382.14 to 1026.13 433.43 to 1049.93 424.35 to 1145.05 462.55 to 1212.39 
2.5B_2.5 W 330.81 to 865.54 374.40 to 1028.57 444.33 to 1057.43 472.12 to 1135.88 465.36 to 1202.44 
2.5B_2.75 W 318.60 to 868.85 367.56 to 1029.59 412.19 to 1117.11 456.89 to 1134.99 472.64 to 1216.72 
2.5B_3W 325.38 to 877.68 402.18 to 1007.12 403.12 to 1059.84 440.92 to 1088.72 476.37 to 1212.74 
2.5B_3.5 W 280.78 to 786.97 342.59 to 911.04 403.98 to 1001.90 482.47 to 1100.15 505.35 to 1281.33 
3B_0.25 W 298.64 to 804.81 340.52 to 869.00 407.86 to 974.42 463.15 to 1080.26 426.77 to 1060.06 
3B_2.25 W 303.70 to 792.66 350.41 to 918.52 390.68 to 975.61 487.04 to 1100.83 478.11 to 1187.90 
3.5B_1.75 W 313.39 to 878.41 374.81 to 917.77 422.64 to 1003.15 481.54 to 1116.10 495.79 to 1168.56  
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However, regarding the Mr results at 7 d of the rest of the mixtures with 
2.50% BC (without taking into account 2.5B_2.75 W), the difference 
between the maximum and minimum upper limits of Mr ranges reached 
was reduced to 55.53 MPa (Table 5). The upper limits of the Mr ranges 
reached by mixtures with AWC ranging from 2.00% to 3.00% were again 
the highest. 

Considering more advanced curing times, the graph at 30 d of curing 
in Fig. 7 showed some stabilization in the maximum Mr results, with a 
difference between maximum and minimum upper limits of Mr ranges 

reached of 56.33 MPa. Despite the small difference and less clear trend, 
the results obtained by the mixtures with intermediate water contents 
are still the highest, especially by those with an AWC ranging from 
2.00% to 2.75% (Table 5). In the case of the graph at 60 d of curing, 
mixture 2.5B_3.5 W (the highest AWC studied) exhibited the maximum 
Mr values, despite having one of the worst evolutions and lowest Mr 
values of the mixtures with 2.50% BC in the first week of curing. Again, 
in view of the graphs in Fig. 6, the Mr values achieved in the tests 
showed to be correlated with the AWC and its evolution with curing 
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Fig. 6. Correlation between the maximum Mr values (σ3 = 150 kPa, σd = 475 kPa) and the percentage water loss.  
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time. The mixture 2.5B_3.5 W used the highest AWC of all those studied, 
and therefore required a longer curing time to completely develop its 
stiffness. However, although this mixture obtained the highest Mr values 
after 60 d of curing, its short-term evolution was not good. 

Considering the relevance of the short-term behaviour in CIR, it was 
concluded that for the mixtures using the optimum BC of 2.50%, those 
with AWC between 2.00% and 2.75% showed the best results. Particu
larly, mixture 2.5B_2.75 W, designed according to Eq. (2, proved to be 

the best, with the best short-term evolution and adequate results for 
more advanced curing. 

5.2.2. Computational modelling of resilient behaviour 
The parameters of the three numerical models were obtained using 

the Excel optimisation solver, minimising the quadratic error within the 
predicted models and the actual Mr results from the previously con
ducted triaxial tests (Table 5). Tables 6, 7, and 8 show the fitted 

Fig. 7. Representation of the fitted Hicks model for the CIR mixtures with 2.50% BC and different AWC, at 0 d, 3 d, 7 d, 30 d, and 60 d of curing time.  
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parameters of the models and the quadratic errors with respect to the 
experimental values of Mr. These parameters, k1, k2, and k3, are 
material-specific constants; k1 is often referred to as the “modulus 
number”; k2 is the exponent of bulk stress (θ), indicating the impact on 
Mr; and k3 is an exponent that determines the variation rate of Mr with 
deviatoric stress. 

The Hicks model (Table 6) is simpler than the Uzan (Table 7) and 
NCHRP (Table 8) models, and does not approximate actual Mr values as 
accurately as the other two models. This is confirmed by the quadratic 
errors, which were on average 0.9578 for Hicks, and 0.9963 and 0.9939 
for Uzan and NCHRP, respectively. The latter methods are much more 
accurate, as they can accurately approximate the step shape of the 
experimental Mr results (Fig. 4). 

The Hicks model is useful for its simplicity, allowing comparisons 
such as those in Figs. 5 and 7. However, the resilient modulus of CIR 
mixtures is not only a function of the sum of the stresses. When the 
explicit dependence of the deviatoric stress was considered in the model, 
a decrease in k1 and an increase in k2 were observed. This was observed 
in the Uzan model (Table 7), and even more so in the NCHRP (Table 8). 
Other studies on cold mixtures have reported this feature [19,21,26]. 
Another noticeable feature is that parameter k3 was negative in all cases, 
indicating the small stress-softening effect due to shear forces overlaid 
on the macroscopic stress stiffening inherent in the nonlinear elastic 
behaviour of these mixtures. Other studies have reported that k3 tended 
to become very small or even become positive with curing time, which is 
illogical for the Uzan model [21]. However, although the average value 
of k3 slightly decreased with ageing, in all the tested mixtures in this 
research it remained negative and fairly constant, and no clear trend was 
observed. Regarding the modulus number, k1, it increased with the 
curing period, and so did the Mr values. 

From the uncured results at 0 d, it was not appropriate to derive an 
optimum binder and water dosages, given the small variation in the 
results. At this age, the mixtures mainly resist through their internal 
structure because the binder does not yet provide sufficient cohesion. 
However, the Mr results for the cured mixtures (Table 5) indicate that 
the highest values were achieved for 2.50% BC both in the short and 
long-term. By fixing the BC and varying the water ratio (Fig. 7), it was 
observed that the highest and the lowest AWC produced worst short- 
term evolution of Mr. For more advanced curing times, the results at 
60 d showed that the mixture with the highest AWC (2.5B_3.5 W) ach
ieved the highest Mr values, despite its weak short-term performance. 
Thus, it was found that mixtures with an AWC around 2.75% (estimated 
using Eq. (2) from PG-4) had a better short-term evolution of Mr and 
reached adequate values. 

As concluded in previous CIR mixture studies [35], the water content 
was a critical parameter in mix design, and its evolution with the curing 
of the mixtures had a high linear relationship with the evolution of the 
stiffness (Fig. 6). Subsequent triaxial testing are showing that Mr 
continued to increase after 60 d of curing, although at a slower rate, and 
other authors have even reported that the stiffness may continue to in
crease after longer curing periods [24–26]. Long-term resilient modulus 
tests to study the evolution of the stiffness may be useful, and will be 
conducted on the same specimens used in this study. 

Generally, all of the studied mixtures exhibited characteristic non- 
linear elastic behaviour in terms of stiffness evolution at all curing 
ages, not only in the short term. The specimens were rather soft at low 
stresses, with increasing stiffness, especially at greater curing ages with 
elevated stresses. This behaviour may be especially appropriate for 
roads with low and medium traffic, allowing adaptation to deflections 
with no cracks or brittleness at low loading moments (which are 
frequent on such roads) and providing adequate resistance when higher 
loads are applied. 

6. Conclusions 

In this study, the resilient moduli (Mr) of different CIR mixtures at Ta
bl
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different curing ages were obtained experimentally to better understand 
the mechanical behaviour of these mixtures in the short term and their 
evolution with curing time. Three behavioural prediction models were 
matched to the obtained results. The adjusted model values can be used 
in subsequent research to perform mathematical simulations of the 
behaviour of CIR mixtures. The following are the conclusions of this 
study.  

1. The dynamic triaxial tests performed on CIR mixtures indicated a 
significant dependence on the principal stresses σ1 and σ3, high
lighting their nonlinear elastic nature. The resilient modulus varia
tion was found to be greater with confining stress (σ3) than with 
deviatoric stress (σd).  

2. The Uzan and NCHRP models were found to be more accurate in 
terms of numerical modelling of the resilient behaviour of the CIR 
mixtures, fitting better to the experimental results. However, the 
Hicks model, owing to its simplicity, was useful for comparison of the 
nonlinear elastic behaviour between different CIR mixtures.  

3. It was observed that the increase in the stiffness in different mixes 
followed a growth rate analogous to that of the water loss with 
curing. During the first days of curing (from 0 d to 7 d), when there 
was a greater evaporation of water from the mixtures, the greatest 
increase in the Mr ranges was observed; after 7d, and especially be
tween 30 d and 60 d, when water loss stabilized, the increase in Mr 
was slower.  

4. Dynamic triaxial tests performed at 0 d of curing showed similar 
behaviour between mixtures, highlighting the minor influence of the 
binder at this stage, mainly owing to its mineral skeleton.  

5. Dynamic triaxial tests conducted on specimens during the first days 
of curing, at 3 d and at 7d, showed a greater variation in the evo
lution of stiffness, allowing the identification of binder and added 
water contents that provided the best performance. After 30 d and 60 
d of curing, the evolution was slower.  

6. Mixtures with 2.50% BC produced the highest resilient moduli and 
the best evolution with curing time of all mixtures manufactured 
according to PG-4.  

7. The AWC of the mixtures and its evolution with curing time (by 
evaporation) were correlated with the maximum Mr values reached. 
This relationship resulted to be rather linear for the mixes with BC 
between 2.00% and 3.00%.  

8. By fixing BC at 2.50% and varying the AWC, the mixtures with 2.00% 
to 2.75% AWC showed the best evolution in the results. In particular, 
the mixture with 2.50% BC and 2.75% AWC was the one that pre
sented the best short-term development of Mr and reached adequate 
values. 

All of the mixtures presented characteristic nonlinear elastic 
behaviour at all curing ages. They were rather soft at low stresses, with a 
significant increase in stiffness at high stresses. This behaviour could be 
especially appropriate for roads with low to medium traffic, allowing 
adaptation to deformations with no cracking when loads are low and 
providing adequate resistance when higher loads are applied. 
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