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A B S T R A C T   

Cold in-place recycling (CIR) technologies are becoming one of the main bets in the road sector to promote the 
reduction of greenhouse gas emissions. This technique also contributes to the circular economy, reusing 100% of 
the RAP from worn roads. In this research, numerical simulations of CIR sections are presented. The nonlinear 
behaviour of the CIR-base material is modelled using three predictive models based on triaxial test results. 
Variations in the performance depending on the type of subbase, the curing of the CIR-base material and its 
thickness, and the effect of the wearing-course were analysed. The response of the sections with unbound 
granular subbase proved to be very sensitive to variations in the parameters studied, and the increase in CIR base 
thickness was beneficial, while the opposite occurred with a cement-treated subbase.   

1. Introduction 

During the service life of any road or highway, similar to the rest of 
infrastructures, they are subjected to certain loads and stress levels that 
tend to reduce their capabilities. No matter how well designed, planned, 
or executed a road is, during its service life it will require periodic 
maintenance, and eventually, when major damage occurs, further 
rehabilitation is necessary to ensure an adequate level of service. When 
road deterioration is limited to the upper bituminous layers, an available 
rehabilitation technique, in line with the circular economy and the 
necessary respect for the environment, is cold in-place recycling (CIR) 
[1,2]. The advantages of this technique are already well known, there is 
no need to heat the mixture, it reduces the need for transportation and 
the usage of raw materials, thus reducing time, costs, and CO2 emissions 
[3–5]. 

The particular feature of CIR materials is that their solid phase is 
mainly composed of reclaimed asphalt pavement (RAP), which does not 
have uniform properties [6]. This is one of the reasons why it has not 
been yet possible to develop a standardized procedure for the applica-
tion of this technique, or standardized testing and quality control. There 
are numerous studies related to its mechanical properties, searching for 
optimal proportions of its components [7,8], studies focused on the 
evolution of its behaviour during curing [9,10], or related to the per-
manent deformations that can be expected in the long term [11,12], 

even construction of full-scale field trial sections to verify laboratory 
results [13,14]. In addition, the necessary curing period is one of the 
main disadvantages of cold techniques, and one of the points that 
require major planning and care when executing a CIR [15,16]. There is 
no clear consensus on the time that the CIR material layer should be 
allowed to cure after execution before extending a wearing layer over it 
or opening it to traffic flow. During curing, CIR material begins behaving 
as an unbound granular material (high stress-dependence [17]) and 
gradually acquires cohesion and stiffness until it reaches intermediate 
characteristics between granular material and hot mix asphalt (HMA), 
showing certain temperature and frequency dependence [10,18]. 

The nonlinear behaviour of CIR materials has been previously 
investigated by relatively few researchers [19–21], who have concluded 
that the shear strength of this type of material has a fundamental in-
fluence both on the behaviour in the short-term, before the end of 
curing, and in the long-term, where permanent deformations (rutting) 
proved to be one of the main reasons for failure in this type of mixtures 
[12,21]. The use of triaxial tests proved to be particularly suitable for 
analysing the stress-dependent behaviour of cold mixes. Monotonic 
triaxial tests allow obtaining the shear behaviour and failure Mohr- 
Coulomb envelopes, while the use of repeated load dynamic triaxial 
tests allows determining the resilient modulus, dependent on the applied 
confining pressures; and the permanent deformation response by per-
forming a high number of load cycles tests. 
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The overall objective of all these investigations is to be able to design 
efficient pavements using CIR, thereby encouraging this technique to 
become progressively more used. In this aspect, the usual and simplest 
analysis to design a CIR-base is to assume elastic or viscoelastic behav-
iour, the way HMA layers have been traditionally designed [22]. How-
ever, the behaviour of CIR materials is more complex, and there is not 
enough experience in their application. CIR materials present nonlinear 
and stress-dependent response, and this dependency also changes with 
curing. Pérez et al. [23,24] considered this nonlinear behaviour and 
analysed different sections using bitumen-stabilised material (BSM) 
bases. They observed the variation of the resilient modulus with the 
stress level and depth, using the finite difference method (FDM), and 
implemented different behaviour prediction models, which were fitted 
from triaxial test results. They predicted principal stresses and de-
flections in the pavement for different thicknesses of BSM layers, taking 
into account the cured and uncured performance. 

Following the same line, in this research, it was carried out an 
analysis of a pavement section after performing a CIR. For this purpose, 
the starting points were two typical road pavement sections widely used 
in the Spanish road network, which presented a reduction in their level 
of service, and on which cold recycling of the upper bituminous layers is 
applied. 

2. Aims and scope 

In this study, numerical simulations of pavement sections were 
performed to predict the performance after a road rehabilitation with a 
CIR, to optimize the design. The mechanical behaviour of the CIR ma-
terial of the base-course, composed of 100% RAP and bituminous 
emulsion, was derived from previous research on its nonlinear stress- 
dependent response using triaxial tests [9,11]. This behaviour was 
then fitted through prediction models which were implemented in the 
commercial software FLAC3D (Fast Lagrangian Analysis of Continua in 
3-Dimensions) [25]. 

Considering the importance of the curing period, and the lack of an 
adequate agreement, the simulations were performed considering 
different curing ages of the CIR material at ambient temperature (0 d, 3 
d, 7 d, and 60 d) under partially sealed conditions. Thus, CIR material 
curing was considered assuming surface evaporation, and simulations 
were performed for scenarios with and without wearing course. Four 
different thicknesses were considered for the CIR-base (80, 120, 160, 
and 200 mm), and two different types of pre-existing subbase (cement- 
treated and unbound granular subbases) were analysed. 

The evolution of the structural response of the sections was analysed 
as a function of the CIR material curing and base-course thickness. In 
addition, the resulting stress ratios in the CIR material were used to feed 
an adjusted permanent deformation model, which allowed predicting 
the rutting response of the sections. 

3. Material characterisation 

3.1. Hot-mix asphalt wearing-course (HMA) 

To focus on the analysis of the nonlinear elastic behaviour of the CIR 
material base-course, a wearing course consisting of HMA, also called 
asphalt concrete (AC) according to the applied nomenclature, with a 
linear elastic behaviour was assumed. The parameters used were an 
elastic modulus E = 5⋅106 kPa, and ν = 0.35. It was assumed a unit 
weight of γ = 24 kN/m3, and a coefficient of earth pressure at rest of 
value K0 = 0.54. These parameters were obtained from related literature 
as typical values for HMA [19,23,24]. 

3.2. Cold in-place recycled material base-course (CIR material) 

The mechanical characterization of the CIR material was obtained 
from experimental results of dynamic triaxial tests. These results 

allowed fitting the parameters of stress-dependent predictive models, 
published in previous contributions [9,11]. Throughout this subsection, 
a description of the materials used in these previous investigations, the 
specimen preparation, curing and testing protocols, and the fitted pa-
rameters of the respective models are summarized. 

3.2.1. Reclaimed asphalt pavement and bitumen emulsion 
Following the Spanish specifications for pavement recycling OC 40/ 

2017 [26], it was proposed to study the execution of a CIR, in which the 
recycling of exclusively bituminous layers is conducted. Thus, the solid 
phase of the mixture studied in the laboratory was entirely composed of 
RAP. 

The RAP black curve represents its size distribution containing the 
aged binder while the white curve represents it once the binder has been 
extracted. Both black and white curves, together with the gradation 
limits from the Spanish PG-4 [26], as well as those from TG2 and 
Wirtgen cold recycling manuals [2,27], are displayed in Fig. 1. While the 
considered RAP exceeded in one of the coarse sieves the upper limit of 
PG-4, it met the limits from the other two manuals, which are less 
restrictive with coarser size particles (Fig. 1). Thus, the RAP was 
considered suitable for CIR. The maximum specific gravity of the RAP, 
obtained according to EN 1097–6 [28] was 2425 kg/m3, and its binder 
content was 4.45%, obtained by extraction following the standard EN 
12697-1 [29]. The properties of the aged bitumen recovered from the 
RAP were a penetration grade of 32.15 dmm, and a softening point of 
70.20 ◦C, obtained according to EN 1426 [30], and EN 1427 [31], 
respectively. 

Following the CIR specifications [26], a bitumen emulsion labelled 
C60B5 REC was used. It is a cationic emulsion, with a slow curing rate, 
and a residual binder content of 60%, developed specifically for recy-
cling applications. The properties of the residual binder used to prepare 
the emulsion were a penetration grade of 170.00 dmm, and a softening 
point of 36.50 ◦C. 

3.2.2. Specimen preparation 

3.2.2.1. Mixing and compaction. The CIR mixes studied in this research 
were prepared using a residual binder content of 2.50% and an added 
water content of 2.75%. These proportions were selected as the opti-
mum in previous mechanical characterization studies with different 
emulsion contents [9,11], while maintaining the optimum fluid content, 
following the design method of the Spanish specification for cold recy-
cling mixes [26]. 

An automatic mixer was used to prepare the samples, first blending 
the RAP with the added water for 60 s, and subsequently with the cor-
responding amount of bitumen emulsion for another 90 s. After mixing 
each sample, it was placed in 100 mm diameter moulds and compacted 
using a shear gyratory compactor. By EN 12697-31 [32], the parameters 
of the gyratory compaction were an internal rotation angle of 0.82◦, 30 
rpm of rotatory speed, and 600 kPa of compaction pressure. The number 
of compaction gyrations used was 100 ± 20, ensuring to achieve a fixed 
air void content of 15% for the desired height of the specimens of 100 
mm. 

3.2.2.2. Triaxial test specimens and curing procedure. Following the 
standard EN 13286-7 [33], the dimensions of the cylindrical specimens 
required for triaxial tests are 100 mm in diameter and 200 mm in height. 
These specimens were prepared by stacking two 100 mm specimens 
successively compacted. This preparation procedure was previously 
validated both by the authors and other researchers, who concluded that 
these specimens behaved as a single specimen when subjected to tests 
with stresses in the principal axis [9–11,19,21]. 

Once the final triaxial specimens were properly stacked, they were 
placed in a temperature- and humidity-controlled room to cure under 
environmental conditions (relative humidity of 50 ± 5% and 
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temperature of 22 ± 2 ◦C). Four different curing times were considered 
before performing the respective triaxial tests, during which the speci-
mens were cured under partial sealing conditions. These conditions were 
achieved owing to an impermeable membrane covering the lateral sides 
of the specimens, allowing only evaporation on the surface (Fig. 2), as 
occurs in real field applications. To study the short-term behaviour and 
evolution of the prepared CIR material, the first three curing times 
considered were 0 d, 3 d, and 7 d. For the curing time of 0 d, the spec-
imens were let to cure for 4 h, to simulate their behaviour just after their 
placement, when the emulsion was not yet completely broken. For the 
curing time of 3 d and 7 d, it was considered that the emulsion was 
already broken, and the mixtures started to improve their mechanical 
properties. Finally, in addition to the very short-term performance of the 
mixtures, a longer curing time of 60 d was considered, for which the 
weight loss of the specimens and their stiffness increment were seen to 
stabilize [9]. 

3.2.3. Mechanical characteristics 

3.2.3.1. Resilient moduli and nonlinear prediction models. To simulate 
the behaviour of the CIR material, a nonlinear elastic behaviour was 
assumed. The unit weight of the material was γ = 22.0 kN/m3, the 
Poisson ratio, ν = 0.35; and the coefficient of earth pressure at rest, K0 =

0.54. To obtain the nonlinear elastic behaviour of the studied CIR ma-
terial, dynamic triaxial tests were carried out at a stable ambient tem-
perature of 22 ± 2 ◦C, and 1 Hz frequency, following EN 13286-7 [33], 
whose results were reported by Orosa et al. [9]. To conduct these tests, 

the equipment consisted of a hydraulic system connected to an axial- 
load generator (Fig. 3a), and an air compressor that applied confining 
pressure into a removable sealed chamber (Fig. 3b), all connected to a 
computer that controlled all the processes. 

The results obtained allowed to adjust three prediction models of the 
resilient modulus (Mr). These models were the k-θ model, developed by 
Hicks [34], the Uzan model [35], and the NCHRP model [36], which are 
described, respectively, by using equations (1), (2), and (3). 

Model 1 (M1) Mr = k1⋅θk2 (1)  

Model 2 (M2) Mr = k1⋅θk2 ⋅σk3
d (2)  

Model 3 (M3)
Mr
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= k1

(
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)k2
(
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where θ is known as the bulk stress (θ = σ1 + 2σ3), σd is the deviator stress 
(σd = σ1 – σ3), τoct is the octahedral stress obtained using equation (4), 
and Pa is the atmospheric pressure (101.35 kPa) used as reference. Pa-
rameters k1, k2, and k3 are material constants obtained by regression. 
These parameters, for each model and curing time, were obtained by 
Orosa et al. [9] by minimising the squared error between the experi-
mental and predicted Mr results, and are listed in Table 1. It should be 
noted that the simulations performed with these models are considered 
adequate for the range of temperatures and loading frequencies in which 
the dynamic triaxial tests were performed. 

3.2.3.2. Shear strength parameters and Mohr–Coulomb. Employing 
monotonic triaxial tests with different confinement pressure, the shear 
strength parameters cohesion (C) and internal friction angle (φ) were 
obtained by Orosa et al. [11]. Some authors already reported that these 
strength parameters were closely related to the permanent strain 
response of the material [11,12,19,23]. The same triaxial equipment 
shown in Fig. 3 was used, and the results for the different considered 
curing times are also summarized in Table 1. 

With the shear parameters of Table 1, it was possible to plot the 
Mohr–Coulomb envelopes (Fig. 4). As expected, over the curing time, 
the role of the binder in the CIR mixtures becomes more significant, 
increasing the C, thanks to the bonding effect between aggregates; and 
reducing the φ, due to the lubricating effect caused by the binder. 

3.2.3.3. Long-term cumulative permanent deformation model. The 

Fig. 1. RAP particle size distribution compared to the limits in cold recycling manuals.  

Fig. 2. Detail of the specimens curing under partially sealed conditions.  
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permanent deformation response in the long-term, for the cured 
mixture, was determined by using repeated load permanent deformation 
(RLPD) triaxial tests with constant confining pressure, according to the 
standard EN 13286-7 [33], and using the same triaxial equipment shown 
in Fig. 3. The experimental results were used to adjust two prediction 
models of the permanent deformation [11]. The most accurate model 
resulted to be the potential-exponential model proposed by Huurman 
[37] and defined in equation (5), which is a function of the number of 

load cycles (N) and the stress level as. 

εp = A⋅

[(
N

1000

)B
]

+ C⋅
(

eD⋅ N
1000 − 1

)
(5)  

A = a1⋅SRa2 ; B = b1⋅SRb2 ; C = c1⋅SRc2 ; D = d1⋅SRd2  

where a1, a2, b1, b2, c1, c2, d1, and d2 are regression parameters fitted 
using the experimental results, and SR is the deviatoric stress ratio, 
expressed as SR = σd/σd,f, where σd,f is the deviatoric stress at failure. 
The results were reported in Orosa et al. [11], and the adjusted co-
efficients of the permanent deformation model for the cured studied 
mixture are listed in Table 2. Considering the Mohr–Coulomb failure 
criteria, it is possible to express the SR as a function of the shear pa-
rameters, C and φ (Table 1), and the major and minor principal stresses, 
σ1 and σ3, as. 

SR =
σd

σd,f
=

σ1 − σ3

σ3
[
tan2

(
45◦

+ φ
2

)
− 1

]
+ 2C⋅tan

(
45◦

+ φ
2

) (6) 

Authors reported that SR is a critical parameter that provides useful 
indications about the mechanical response to be expected from a BSM, 
and is closely related to its permanent deformation after a high number 
of loading cycles [12,21]. The same authors determined that for SR 
higher than 40%, it is expected that rutting takes place. The SRs were 
verified throughout the entire CIR-base by using equation (6), ensuring 
that its maximum value did not exceed the limit of 40%. 

3.2.3.4. Cement-treated material subbase-course (CTM). A semi-rigid 
subbase of a cement-treated material (CTM) with linear elastic behav-
iour was assumed. When developing a new road design with this ma-
terial as a subbase, it is common to use values of the modulus of 

Fig. 3. (a) Equipment used for triaxial tests and (b) sealed chamber detail with the strain sensors arrangement.  

Table 1 
Fitted parameters for the resilient modulus predictive models and shear strength parameters at the different curing ages.  

Curing time 0 d 3 d 7 d 60 d 

Resilient modulus prediction models  
k1 k2 k3 k1 k2 k3 k1 k2 k3 k1 k2 k3 

M1 – Hicks 45.483 0.450  57.782 0.425  57.108 0.443  70.546 0.421  
M2 – Uzan 37.785 0.670 − 0.232 43.824 0.735 − 0.304 46.808 0.676 − 0.231 60.133 0.611 − 0.188 
M3 – NCHRP 3.779 0.636 − 0.607 4.222 0.704 − 0.640 4.471 0.649 − 0.472 4.966 0.577 − 0.355 
Shear strength parameters 
C (kPa) 176.93 294.77 342.94 365.27 
φ (◦) 38.38 34.07 32.91 31.49  

Fig. 4. Mohr–Coulomb envelopes obtained for the different curing times.  
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elasticity around 6⋅106 kPa for its calculation [38,39]. Since here we 
were considering the rehabilitation with CIR of a worn-out road, we 
assume that the strength of the CTM has been reduced, and the 
considered elastic modulus was E = 2⋅106 kPa. The Poisson ratio used 
was ν = 0.25, the unit weight, γ = 20 kN/m3, and the coefficient of earth 
pressure at rest of value K0 = 0.33. 

3.2.3.5. Unbound granular material subbase-course (UGM). A compacted 
unbound granular material (UGM) was considered as a flexible subbase. 
Although a UGM is a stress-dependent material, to simplify the model 
and focus on the nonlinear mechanical behavior and response of the CIR 
material, linear elastic behaviour with parameters E = 3⋅105 kPa, and ν 
= 0.35 was assumed for the UGM subbase-course [40,41]. It was 
considered a unit weight of γ = 20.00 kN/m3, and a coefficient of earth 
pressure at rest of value K0 = 0.54. 

3.2.3.6. Subgrade. For the subgrade, it was considered the presence of a 
fine-graded soil with nonlinear elastic behaviour according to the model 
[22,42]: 

Mr = k1 + k3⋅(k2 − σd) when σd ≤ k2
Mr = k1 − k4⋅(σd − k2) when σd ≥ k2

(7)  

where k1 = 8.5⋅104 kPa, k2 = 42.8 kPa, k3 = 1110 kPa, and k4 = 178 kPa 
are regression coefficients obtained from dynamic triaxial tests, adjusted 
by Thompson and Elliot [42]. For this layer it was supposed a unit 
weight γ = 20.0 kN/m3, a Poisson ratio ν = 0.35; and a coefficient of 
earth pressure at rest K0 = 0.54. 

The coefficients of earth pressure at rest, K0, required to determine 
the in-situ stress state during the FLAC3D calculations, were obtained 
using the following expression (8) deduced from Hooke’s law: 

K0 =
σh

σv
=

ν
1 − ν (8) 

Although the above formula (8) is only valid for linear–elastic ma-
terials, no other experimental data was available and, since this 
parameter does not affect the stresses and strains induced by traffic 

loads, the obtained values were considered to be an acceptable overall 
estimation for the materials analysed. 

4. Pavement sections and numerical model description 

The Spanish guidelines for new pavement sections design [43], as 
well as the experience in recent years, showed that a typical road section 
is composed of different thicknesses of bituminous layers on top, over 
flexible (unbound granular) or semi-rigid (cement-treated) bases, and 
different categories of subgrade. In this study, both scenarios were 
considered. On the one hand, a semi-rigid pavement with a cement- 
treated base and cracking problems in the upper bituminous layers 
(Fig. 5a); and on the other hand, a section with a flexible base composed 
of granular material (Fig. 5b) and distressed bituminous layers on top of 
it. In Spain, it is common to perform a CIR on medium-low traffic roads, 
and it is especially recommended for semi-rigid subbases [44]. 

Both rehabilitated pavement sections consisted of an HMA wearing- 
course with a thickness of 50 mm and a CIR-base with a starting thick-
ness of 120 mm, complying with the recommendations of the Spanish 
OC 40/2017 [26]. These bituminous layers were executed over a pre- 
existing 30 mm layer of CTM (Section 1), or 40 mm layer of UGM 
(Section 2), and a fine-graded soil subgrade (Fig. 5). To evaluate the 
influence of CIR-base thickness, three additional thicknesses (80, 160, 
and 200 mm) were analysed. In addition, to simulate the construction 
moment before the execution of the HMA wearing-course, two scenarios 
were analysed in each case: Section 1 with and without HMA (CTM_H, 
and CTM_0, respectively) and Section 2 with and without HMA (UGM_H, 
and UGM_0, respectively). The load configuration considered for the 
numerical simulation was that corresponding to a single axle of 130 kN 
with two dual tires (65 kN on each set of tires). For this purpose, two 
homogeneous circular loads p = 900 kPa with radius 107.2 mm, sepa-
rated a distance of 343 mm between centres, were applied (Fig. 5). 

To obtain the stresses and strains in the studied section, a model was 
built using the software FLAC3D [25], which allows the simulation of 
the elastic–plastic behaviour of the materials used in the pavement using 
a specific finite differences calculation. Using FLAC3D, the pavement 

Table 2 
Fitted parameters of the Ɛp prediction model.  

a1 a2 b1 b2 c1 c2 d1 d2 

0.022310 0.917860 0.283333 0.185589 0.010606 1.126797 2.758488 7.279381  

Fig. 5. Rehabilitated pavement sections after CIR used in numerical simulation: (a) Section 1 (CTM) assuming semi-rigid subbase; (b) Section 2 (UGM) assuming 
flexible subbase. 
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layers were divided into polyhedral elements that formed a 3D mesh 
(Fig. 6). Each of these elements behaves according to established 
stress–strain law, responding to the loads applied and the considered 
boundary conditions. Given the special symmetry characteristics of the 
study (both in terms of loads and geometry), it was possible to study half 
of the problem, by imposing the proper boundary conditions, thus 
reducing the computational costs. The applied boundary conditions 
were: 

• On plane x = 0, displacements in x–direction were prevented (sym-
metry plane).  

• On plane y = 0, displacements in y–direction were prevented 
(symmetry plane).  

• On the lateral edge of the grid, displacements in y- and x-directions 
were prevented. This lateral edge of the grid was placed sufficiently 
far away from the load (1.40 m) so that its influence on the results 
was minimal.  

• All movements were restricted at the bottom of the mesh, on plane z 
= 1.24 m.  

• The groundwater level was assumed to be sufficiently deep so as not 
to interfere with the numerical calculations (the materials in the 
studied section are not underwater). Thus, the total stresses are equal 
to the effective stresses. Total adhesion (equality of horizontal dis-
placements) was assumed for the contact between the layers. 

5. Results and discussion 

5.1. Comparison of the sections response using the three models of 
resilient behaviour 

Three prediction models of the resilient modulus were used in 
FLAC3D to simulate the behaviour of the CIR material of the base. The 
parameters of the models were fitted from experimental results of dy-
namic triaxial tests (Table 1). The stress dependence of the models 
allowed to analyse the variation of Mr with depth under the considered 
tyre load (Fig. 5). In addition to Mr variations, three critical responses in 
the CIR-base were also tracked:  

• Peak deflection obtained in the higher fibre of the CIR-base (dB).  
• Peak radial strain obtained in the lower fibre of the CIR-base (εrB).  
• Peak stress ratios obtained in the entire CIR-base (SR). 

Fig. 7 illustrates these Mr variations for the studied sections with 
HMA on top (CTM_H and UGM_H) and without HMA (CTM_0 and 
UGM_0), for the different curing times (0 d, 3 d, 7 d, and 60 d). Only the 
case of sections with CIR-base thickness of 120 mm (t120) is repre-
sented. The coloured markers represent the case of the sections with 
HMA, while the blank markers represent the case of the sections without 

HMA. The different shape of the markers represents the different pre-
diction model used (M1, M2, and M3). 

The most remarkable outcome in Fig. 7 is the significantly higher Mr 
variations in the cases without HMA, as expected. It is precisely the ef-
fect of the HMA wearing course to reduce the stresses that reach the base 
layer. Thus, the cases without the HMA layer suffer higher stresses, 
therefore exhibiting higher Mr, even more than twice as high as the case 
with HMA in the superior section of the layer (stress-dependent 
behaviour). In all cases, the Mr decreases with depth, as do the stresses. 
As curing time progresses (downward evolution of the graphs), Mr in-
creases in all cases. Comparing the results among the three models, M2 
and M3 showed the most similar results in all cases. In the cases of the 
section with HMA, M1 always presented the highest Mr, while in the 
cases of sections without HMA, M1 showed higher Mr in the lower fibre 
and lower in the upper fibre. The biggest difference between models M2 
and M3 compared to M1 is in the cases of the section without HMA, 
which are more sensitive, presenting higher tensional variation. 

Table 3 lists together the peak responses of the 120 mm-thickness 
CIR-base obtained using the three models, for the two studied sections 
with and without HMA, at the different curing times. The main differ-
ences are again observed when using M1 compared to M2 and M3. In 
particular, M1 always predicts the lowest deflections in the highest fibre 
of the CIR-base, so its predictions were slightly on the unsafe side. The 
results of the other two models were more similar, however since the M3 
(NCHRP model) is the newest and most advanced model, it was selected 
to perform the rest of the analysis in this research. 

Four different CIR-base thicknesses were also compared in this study. 
Figs. 8 and 9 show the variation of Mr with depth using only the selected 
NCHRP model (M3) for the different sections, varying the CIR-base 
thickness. Fig. 8 represents the cases of sections without HMA (CTM_0 
and UGM_0), while Fig. 9 represents those with HMA (CTM_H and 
UGM_H). Since the curing of the CIR material was considered without 
HMA on top (partially sealed), it is important to mention that the results 
in Fig. 9 refer to the moment just after placement the HMA wearing- 
course (i.e., after allowing the CIR material to cure uncovered). 
Different types of lines and colours indicate different CIR-base thick-
nesses and curing times, respectively. 

Fig. 8 shows in all cases the growth of Mr in the CIR-base with the 
curing time, both considering semi-rigid and flexible subbases. How-
ever, concerning the variation of Mr values with the thickness of the 
base, the pattern is different between the two sections. Section CTM_0 
showed significant variation in the Mr values in the upper half of the 
thickness, while in the lower half it becomes more stable. However, 
section UGM_0 presented variation throughout the entire thickness of 
the base layer, also showing higher maximum Mr and lower minimum 
Mr compared to section CTM_0. For example, for the case of the 200-mm 
thickness CIR-base at 7 d, the variation between the minimum and 
maximum Mr was 1.29 ⋅ 106 kPa in the CTM_0 section, but 2.27 ⋅ 106 kPa 

Fig. 6. Details of the mesh and coordinate system used for the 120-mm thickness CIR-base cases: (a) Section 1 (CTM); (b) Section 2 (UGM).  
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in the UGM_0 section. This higher stability shown in section CTM_0 is 
caused by the higher stiffness of the subbase, which helps to better resist 
the stresses applied in section CTM_0. However, in section UGM_0, the 
CIR material is the stiffer one (compared to the granular subbase ma-
terial), presenting higher maximum Mr in the upper part, but also lower 
Mr in the lower part due to the existence of tensile stresses, compared to 
section CTM_0. 

Fig. 9 shows the smaller variation of Mr in all cases, due to the 
smoother reduced stresses reaching the base layer owing to the HMA 
wearing-course. However, the section with the flexible subbase-course 
(UGM_H) also presents variation throughout the entire thickness, 
reducing the values towards the lower part of the base, while in the 

CTM_H section the values are more stable. Comparing again the case of 
the 200-mm thickness CIR-base at 7 d, the variation between the mini-
mum and maximum Mr was 1.98 ⋅ 105 kPa in the CTM_H section, but 
4.12 ⋅ 105 kPa in the UGM_H section. Mr variations are one order of 
magnitude more stable than the cases without HMA in both cases, but 
the CTM-subbase section still shows a much more stable Mr variation 
than that with UGM-subbase. 

It is worth noting that in Figs. 8 and 9 the two analysed sections with 
semi-rigid subbase (CTM), both with and without HMA, show a general 
increase in Mr with decreasing the CIR-base thickness, for each curing 
time. However, the opposite occurs with flexible subbases (UGM), 
reducing Mr as the CIR-base thickness decreases. Higher Mr values will 

Fig. 7. Resilient modulus variations in the 120-mm thickness CIR-base for the studied sections and curing times, using the three nonlinear predictive models.  
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lead to stronger layers, which exhibit higher failure stress levels, with 
lower stress ratios, and lower deflections. 

5.2. Influence of curing, subbase type, and CIR-base thickness on the CIR 
material stress ratios 

Based on the resulting principal stresses in the sections, it was 
possible to calculate the SRs in each case using the expression (6). Fig. 10 
illustrates the peak SRs obtained in the CIR-base layer for the different 
curing times, depending on the base thickness considered. It is also 
marked in Fig. 10 in green the range corresponding to SRs lower than 
40%. Jenkins et al. [12] recommend this SR limit to avoid permanent 
deformations in BSMs with a reliability of 80% to 90%. 

Fig. 10 shows the very different trends of the SRs in the CIR-base 
when using the section with CTM or UGM subbase courses. The SRs in 
Fig. 10 were much more stable with the CTM subbase, due to its higher 

stiffness than those with the UGM subbase, similar to what occurred in 
Figs. 8 and 9 with the Mr variations. Another interesting difference was 
the trend of the peak SRs regarding the CIR-base thickness. Peak SRs in 
sections with the UGM subbase showed a general decrease as the CIR- 
base thickness increased, while the opposite occurred with the CTM 
subbase. The high stiffness of the CTM subbase helps to resist adequately 
the stresses even with the lowest CIR-base thickness. Thus, when the 
thickness of the CIR-base increases in the section with CTM subbase, the 
stresses that were previously supported by the CTM become now sup-
ported by the CIR material, and its SR increases slightly. However, in the 
case of the sections with UGM subbase, the CIR material of the base is 
the stiffer of the two materials and its resistant role is more important 
than in the other section. In this case, increased thickness is positive for 
the CIR-base to better distribute the applied stresses, and reduce its peak 
SRs. In Table 4 the different SRs obtained for the different sections 
(subbase type and CIR-base thickness) and curing times are listed. In the 
case of UGM_0 at 0 d of curing for the lower thicknesses, there is an 
exception to the discussed trend (Fig. 10). Due to the lower stiffness of 

Table 3 
Peak predicted responses in the 120-mm thickness CIR-base for the studied sections and curing times, using the three nonlinear models (deflections in mm, strains in µε, 
and stress ratios in %).  

Curing Model CTM_0 CTM_H UGM_0 UGM_H 

dB εrB SR dB εrB SR dB εrB SR dB εrB SR  

M1 0.242 28.1 46.0 0.201 21.2 48.8 0.444 393.1 96.3 0.344 170.9 99.9 
0 d M2 0.244 27.7 46.1 0.203 20.4 48.5 0.446 382.3 93.5 0.348 170.0 99.6  

M3 0.245 27.5 45.9 0.204 20.2 48.6 0.448 387.0 91.4 0.349 169.8 99.6  
M1 0.240 28.7 36.3 0.199 21.9 37.8 0.438 306.3 95.9 0.341 172.0 58.6 

3 d M2 0.241 28.3 36.7 0.201 21.1 39.4 0.439 295.7 90.4 0.346 171.5 55.2  
M3 0.241 28.1 36.7 0.202 20.8 39.0 0.440 297.3 89.8 0.347 171.5 54.2  
M1 0.239 28.9 33.5 0.198 22.2 34.9 0.436 301.9 84.3 0.340 171.9 47.6 

7 d M2 0.239 28.5 33.7 0.200 21.7 36.0 0.437 295.9 79.2 0.344 171.1 45.6  
M3 0.240 28.4 33.7 0.200 21.4 35.7 0.437 296.8 78.9 0.344 171.3 45.4  
M1 0.237 29.3 33.3 0.196 22.8 34.7 0.434 301.4 77.7 0.338 172.3 43.9 

60 d M2 0.238 29.0 33.5 0.197 22.3 35.7 0.435 295.9 75.4 0.341 171.1 43.7  
M3 0.238 28.9 33.5 0.198 22.2 35.4 0.435 297.5 75.2 0.341 171.3 43.7  

Fig. 8. Resilient modulus variations in sections without HMA, for the different 
CIR-base thickness and curing times, using predictive model 3: a) CTM subbase, 
b) UGM subbase. 

Fig. 9. Resilient modulus variations in sections with HMA, for the different 
CIR-base thickness and curing times, using predictive model 3: a) CTM subbase, 
b) UGM subbase. 

P. Orosa et al.                                                                                                                                                                                                                                   



Construction and Building Materials 335 (2022) 127487

9

Fig. 10. Peak stress ratios variation in the CIR-base for the different thicknesses and curing times.  

Table 4 
Peak deflections (in mm), strains (in µε), and stress ratios (in %) of the analysed sections at the different curing stages.   

CTM_0 CTM_H UGM_0 UGM_H 

t 80 120 160 200 80 120 160 200 80 120 160 200 80 120 160 200  

0 days of curing 
dH     0.203 0.208 0.211 0.214     0.377 0.352 0.333 0.320 
dB 0.242 0.245 0.247 0.248 0.199 0.204 0.207 0.210 0.507 0.448 0.409 0.381 0.374 0.349 0.330 0.316 
dS 0.163 0.149 0.138 0.128 0.134 0.127 0.120 0.115 0.207 0.184 0.167 0.153 0.170 0.156 0.144 0.134 
εrH     127.3 137.0 140.9 143.2     177.1 161.2 154.1 149.9 
εrB 18.6 27.5 27.3 24.1 24.4 20.2 16.5 13.5 503.9 387.0 235.3 164.2 230.7 169.8 137.5 112.4 
εrS 267.4 237.3 215.7 196.7 217.8 202.2 187.2 174.8 370.8 321.7 286.3 257.3 302.0 269.9 243.5 222.1 
SR 46.2 45.9 52.5 56.9 45.4 48.6 50.4 52.2 85.0 91.4 96.6 99.0 99.5 99.6 83.6 68.8    

3 days of curing 
dH     0.202 0.206 0.209 0.212     0.374 0.35 0.332 0.318 
dB 0.241 0.241 0.243 0.243 0.198 0.202 0.205 0.208 0.499 0.44 0.404 0.377 0.371 0.347 0.329 0.314 
dS 0.163 0.149 0.138 0.127 0.134 0.127 0.121 0.115 0.21 0.185 0.167 0.152 0.17 0.156 0.144 0.134 
εrH     122.9 132.5 136.5 139.0     171.6 156.8 149.6 145.5 
εrB 18.6 28.1 27.3 24.0 25.2 20.8 16.9 13.8 422.9 297.3 214.9 161.6 225.5 171.5 136.6 112.2 
εrS 267.5 236.2 214.8 195.9 217.4 201.6 187.2 174.8 375.8 323.4 286.8 257.1 302.4 269.7 243.7 222.2 
SR 34.2 36.7 40.7 42.5 36.9 39.0 40.0 40.4 95.3 89.8 70.4 50.2 83.3 54.2 47.4 44.8    

7 days of curing 
dH     0.201 0.204 0.207 0.209     0.372 0.347 0.329 0.314 
dB 0.240 0.240 0.241 0.240 0.196 0.2 0.203 0.205 0.495 0.437 0.401 0.374 0.369 0.344 0.326 0.311 
dS 0.163 0.148 0.137 0.127 0.133 0.126 0.12 0.114 0.21 0.184 0.166 0.152 0.17 0.155 0.143 0.133 
εrH     120.0 129.2 133.1 135.5     167.7 152.6 145.2 141.1 
εrB 18.8 28.4 27.6 24.0 26.0 21.4 17.5 14.4 397.1 296.8 214.4 160.5 226.5 171.3 136.6 112.2 
εrS 266.8 235.2 213.8 194.9 216.5 200.4 185.9 173.3 375.9 322.3 285.7 255.9 301.8 269.3 242.8 220.8 
SR 31.4 33.7 37.0 38.4 34.1 35.7 36.4 36.7 90.2 78.9 57.5 42.9 66.8 45.4 42.0 39.7    

60 days of curing 
dH     0.199 0.202 0.205 0.206     0.370 0.344 0.325 0.310 
dB 0.239 0.238 0.239 0.238 0.195 0.198 0.200 0.202 0.493 0.435 0.398 0.371 0.367 0.341 0.322 0.307 
dS 0.162 0.148 0.136 0.126 0.132 0.125 0.119 0.113 0.209 0.184 0.166 0.151 0.170 0.155 0.142 0.132 
εrH     117.5 126.0 129.9 132.1     163.6 148.4 141.0 137.1 
εrB 19.3 28.9 28.0 24.4 26.7 22.2 18.1 15.0 393.6 297.5 214.3 160.6 227.5 171.3 136.6 112.1 
εrS 266.0 234.0 212.4 193.5 215.2 198.6 184.0 171.1 374.6 320.9 284.6 254.4 300.9 267.6 241.1 219.2 
SR 31.1 33.5 36.5 37.6 34.0 35.4 35.9 36.2 88.0 75.2 52.9 41.9 60.9 43.7 40.5 38.3  

P. Orosa et al.                                                                                                                                                                                                                                   



Construction and Building Materials 335 (2022) 127487

10

the CIR material at 0 days of curing (Fig. 8), and the lower thicknesses, 
the stresses that would produce higher SRs occur deeper in the section. 

Concerning the evolution of SRs with curing, a general trend towards 
reduction can be observed in all cases (Table 4). Plotting the variation of 
SRs vs curing time in Fig. 11 it is simpler to observe that after 7 d the SRs 
become stable. It can be concluded that in terms of SR, 7 days of curing is 
an adequate time for the CIR material to develop satisfactory charac-
teristics compared to what can be expected after full curing. For optimal 
development of the properties of the CIR material, the placement of the 
HMA wearing-course on the top of the CIR-base can be done after 7 d of 
curing, without waiting longer, as the improvement after 60 d is not 
expected to be significant in terms of SRs. 

5.3. Influence of curing, subbase type, and CIR-base thickness on the 
section peak responses 

From the conducted simulations, the deflections produced in the 
upper fibres of the HMA wearing-course (dH), CIR-base (dB), and sub-
grade (dS) were also checked. Radial strains in the bottom fibres of the 
HMA wearing-course (εrH) and CIR-base (εrB), and vertical strain in the 
upper fibre of the subgrade (εvS) were obtained. All these results for the 
different sections (type of subbase and CIR-base thickness) and curing 
times are also listed in Table 4. The variations of deflections and strains 
with the thickness of the CIR-base layer were similar for all curing times. 
This trend is shown in Fig. 12 for the case at 7 d of curing. Fig. 12a shows 
the results of deflections in the upper fibres of HMA, CIR material, and 
subgrade, and Fig. 12b shows the horizontal strains in the lower fibres of 
HMA and CIR material. 

Fig. 12 shows the greater influence of base thickness on the responses 
of the section with flexible subbase (UGM). While the results of the CTM 
section were quite stable, those of the UGM section were more sensitive, 
showing greater decreases in deflections and strains when increasing the 
CIR-base thickness. These differences in the results are caused by the 

same reason as the variability in the SRs (Fig. 10), owing to the different 
analysed subbases stiffnesses. The deflections calculated in the upper 
fibre of the CIR-base were reduced between 24% and 25% in the UGM_0 
section, and between 15% and 16% in the UGM_H section. However, the 
differences between maximum and minimum deflections in the CIR-base 
in the sections with CTM subbase were always less than 6%. Thus, de-
flections and strains in sections with CTM not only presented a smaller 
variation, but even an opposite trend with the variation of the CIR-base 
thicknesses, as also occurred with the SRs (Fig. 10). As expected, de-
flections and strains estimated in the CIR-base were higher in the cases 
without HMA compared to those with HMA. And in the case with HMA, 
the deflections measured in the HMA and the CIR material (in the 
respective upper fibres) were practically the same, as is logical. 

5.4. Influence of subbase type and CIR-base thickness on the rutting 
response 

The results of the two sections cured (60 d) with HMA, using semi- 
rigid and flexible subbases, were used to analyse the response to 
rutting. A permanent deformation model with parameters previously 
fitted using actual results from repeated load triaxial tests was used 
(Table 2). The obtained SRs were introduced in expression (5), obtaining 
the predicted vertical strains εvp in the CIR-base against N, correspond-
ing to the number of loads equivalent to a 130 kN single axle load on the 
lane (Fig. 13). 

Permanent deformation limits of 2.00% and 4.00% were plotted in 
Fig. 13 to compare the different responses obtained. The standard EN 
13286-7 [33] followed during the triaxial tests identifies the 2.00% of 
permanent deformation as an excessive level of deformations. However, 
other researchers consider 4.00% as a permanent deformation limit in 
BSM [12,19]. Similar to previous findings, when the subbase is flexible 
(UGM), increasing the thickness of the CIR-base led to improved overall 
behaviour of the section. In this case, it led to reaching the permanent 

SR

Fig. 11. Variation of the peak stress ratios with curing time: a) CTM subbase, b) UGM subbase.  
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deformation limits for a higher number of load cycles. However, the 
opposite occurred when the subbase was semi-rigid. Given that in CTM- 
subbase sections the CIR material is the weakest material, an increase in 
the CIR-base thickness led to earlier permanent deformations. Once 
again, the differences related to the CIR-base thickness are more sig-
nificant for the UGM-subbase sections, while those with CTM-subbase 
showed less variation in terms of permanent deformation. 

It was possible to transform the vertical deformations into rut depths 
by taking into account the base-layer thickness in each case. This esti-
mated rut depth is the value corresponding to the permanent deforma-
tion of the CIR material of the base, and the different results allow to 
appreciate the influence of the studied variables. The total rut depth of 
the section will therefore be greater, caused by deformations not only at 
the base but in all layers (HMA, subbases, and subgrade). HMA and 
subgrade materials are the same in all the considered sections, however, 
it is important to note that sections with UGM subbase will present 

higher rut depths than those with CTM subbase. Fig. 14 shows these 
predicted rut depths in the CIR material base, for the two sections with 
HMA at 60 d of curing. 

The Stellenbosch BSM Design described in TG2 specifies rutting 
limits between 10 mm and 25 mm depending on the road category, so 
horizontal lines indicating such rutting depth values have also been 
plotted in Fig. 14 as reference. When the subbase was CTM, rutting is 
expected to take longer to occur for the lowest CIR-base thicknesses, 
between 80 and 120 mm (values recommended by the Spanish PG-4). 
However, in the case of a UGM subbase, sections with greater CIR- 
base thickness showed earlier initial rutting but presented excessive 
values later than with smaller thicknesses. It should be noted that this 
result is in some sense expected because pavements with granular sub-
bases are usually designed for lower traffic categories roads, and 
therefore for a lower number of design cycles. In contrast, pavements 
with cement-treated or cement-stabilized bases tend to be used for 

Fig. 12. Variation of the peak values of deflections and deformations according to the CIR-base thickness at 7 d of curing: a) Peak vertical deflections in the HMA, 
CIR material, and subgrade; b) peak horizontal strains in HMA and CIR material. 

Fig. 13. Predicted vertical permanent strain in the CIR material base-layer for the two subbase types and four CIR-base thicknesses analysed.  
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higher traffic categories, and therefore designed to withstand a greater 
number of cycles. 

It is considered interesting for future research to include more ac-
curate behavioral models for the rest of the materials included in the 
pavement section, in addition to the recycled material. For example, the 
use of stress-dependent models in the case of granular materials, 
consideration of temperature for viscoelastic materials, thus obtaining a 
more accurate prediction of the response of the complete pavement 
section. 

6. Conclusions 

In this study, the stress-dependent mechanical behaviour of the base- 
course in cold in-place recycling (CIR) rehabilitation was investigated. 
This behaviour was simulated with predictive models adjusted through 
triaxial tests results, which were carried out at different curing ages (0 d, 
3 d, 7 d, and 60 d). The influence of curing time, base-course thickness 
(ranging from 80 to 200 mm), type of subbase (flexible or semi-rigid), 
and the effect of the wearing-course were analysed. The resulting 
stress ratios were used to feed a previously fitted permanent deforma-
tion model used to predict rutting occurrence and depth in each case. 
The following conclusions were drawn from the results of the study:  

• The CIR material of the base exhibited typical nonlinear stress- 
dependent behaviour in all cases analysed. The predicted Mr 
decreased with depth, as did the stresses. The lack of HMA wearing- 
course and the flexible subbase resulted in a CIR-base with higher Mr 
variations. The inclusion of the HMA wearing-course and the semi- 
rigid subbase produced more stable Mr variations.  

• Increasing the CIR-base thickness caused significant decreases in SRs 
and deflections in the sections with flexible subbase. However, when 
the subbase was semi-rigid, the variations were minimal and in the 
reverse sense, with slight increases in SRs and deflections.  

• The evolution of CIR material properties measured in terms of SR 
reduction stabilized after 7 d of curing. The differences between the 
SR at 60 d compared to 7 d were not significant, and 7 d was 
considered to be sufficient curing time before placing the HMA 
wearing-course.  

• The predicted permanent deformations for sections with flexible 
subbase were more sensitive to the variations in CIR-base thickness 
than with semi-rigid subbase. The scenarios with highest peaks of SR 
had the earliest predictions of elevated permanent deformations. The 

rut depths corresponding to the CIR-base layer were estimated from 
the permanent deformations in this layer. Sections with semi-rigid 
subbase showed predicted rut depths in the CIR-base proportional 
to its thickness. However, when the subbase was flexible, greater 
CIR-base thickness resulted in early initial small rutting in the CIR- 
base, but later arrival of excessive values. 

It should be noted that only the nonlinear stress-dependent behav-
iour of the CIR material has been taken into account in the present 
investigation. Such behaviour is particularly noticeable in the initial 
curing phase, which is reminiscent of the behaviour of unbound granular 
materials. However, when curing is completed, the behaviour is inter-
mediate between granular material and HMA. For future research, the 
possibility of taking into account other variables, such as temperature- 
and frequency-dependent behaviour, especially for more advanced 
curing cases, is encouraged. In addition, the implementation of more 
accurate behavioural models for the remaining materials would enable 
even more accurate predictions of the response of the entire pavement 
section. 
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