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The cold in-place recycling (CIR) technique is a road rehabilitation method suitable for a circular economy.
Triaxial tests have proven to be suitable for studying the mechanical behaviour of cold mixtures. In this study,
CIR specimens were prepared using a gyratory compactor with different proportions of bitumen emulsion. The
Mohr-Coulomb diagrams and shear parameters were obtained by conducting monotonic triaxial tests at different
confining pressures. The binder content provided adequate cohesion; however, an excess of binder reduced in-
ternal friction. Subsequently, repeated load permanent deformation triaxial tests were performed. Accordingly,
critical stress ratios between 20% and 30% were obtained, and the mix with a 2.50% binder exhibited the best
response. Lastly, two permanent deformation prediction models were fitted to the measured results. For high
deformations, the Paute model underestimated the deformations, whereas the Huurman model demonstrated the

1. Introduction

Road and highway pavements are designed for a certain service life.
Such infrastructures often require maintenance work or even major
reconstruction because the materials experience fatigue or cracking, and
may accumulate excessive permanent deformation from traffic flow,
causing rutting [1]. Recently, cold recycling with bituminous emulsions
has been one of the most widely used and studied techniques [2-4],
which conforms with the circular economy and is sustainable for the
environment. The solid phase used in these mixes is composed totally or
in major part of reclaimed asphalt pavement (RAP), originating from the
milling of worn roads, and the binder used is in the form of an emulsion
or foamed bitumen; therefore, heating is not required. These charac-
teristics mitigate the need for virgin aggregates and increase the likeli-
hood of performing all operations at ambient temperature. Besides
saving fossil fuel costs, the operating temperature also results in better
working conditions for operators and the environment owing to the
associated reduction in greenhouse gas emissions [5-7]. These cold
recycled mixtures (CRMs) can be produced either in plant, by using
specialised equipment, or on site, by cold in-place recycling (CIR). This

recycling technique avoids the need for the transportation of large
quantities of RAP to landfills, allowing it to be used in new mixtures after
milling.

Prior to the field execution of a CRM, a laboratory study is usually
conducted to enhance the design of the mixes. Typically, most design
methods are based on the results of simple and quick tests, such as ITS,
Marshall stability, UCS, and CBR, which provide empirical references
that provide an approximate idea of the material characteristics [8]. The
approach has been criticised by many experts and specialists in the road
sector, who have attempted to introduce more feasible tests [9-11] that
would subject the mixes to realistic tensional scenarios, similar to those
they are likely to be exposed to in the field, and combine the results with
predictive models, pavement design, and finite element method (FEM)
software to estimate pavement response [12,13].

Despite being more complex and time-consuming, triaxial tests have
proven their efficacy and adequateness for the study of this type of
material. Triaxial tests allow to simulate the influence of the surround-
ing material through the application of different confining pressures to
the tested mixtures and deviator stresses following different loading
patterns. Hence, there are several possibilities for testing, from
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monotonic triaxial tests to obtain the shear parameters to cyclic loading
triaxial tests, which evaluates the resilient modulus using short-term
tests, or the permanent deformation in tests with higher load cycles [14].

Following the preparation of CRMs, there are two clearly differen-
tiated phases in their mechanical behaviour through their lifecycle
[9-11]. First, in the curing phase, the mixtures evaporate the internal
water, and is characterised by an increment in the strength capacity and
stiffness. In this first phase, there is a clear nonlinear elastic behaviour
similar to that of granular materials, which is stress-dependent.
Following the curing phase, there is a second phase that involves a
certain reduction in stiffness owing to aging and traffic loads. In this
second phase, the behaviour becomes increasingly viscoelastic, and is
characterised by a dependence on temperature and loading frequency,
resembling a traditional hot mix. Therefore, the behaviour of CRMs is
intermediate between a hot mix and a granular material, and the anal-
ysis using triaxial tests is considered adequate, particularly when the
binder content is low, presenting predominantly granular behaviour
with a stress-dependent response [9,15].

In previous research, authors conducted numerous cyclic loading
triaxial tests on CIR mixtures to evaluate the short-term evolution of the
resilient modulus and curing time [16]. Successive tests were performed
under laboratory conditions without accelerated curing, and the corre-
lation between the increment in stiffness and water loss with the curing
period was observed. Moreover, the stress—-dependent behaviour char-
acteristic of granular materials without binder was also verified,
enabling the fitting of popular predictive numerical models of the
resilient modulus. In the present study, the same recycled mixtures were
further examined by performing monotonic triaxial tests and subsequent
long-term cyclic triaxial tests. The shear parameters and permanent
deformation were studied by varying the proportions of binder and
water used. Lastly, based on the results, it was possible to adjust
mechanistic-empirical (ME) models to predict the permanent defor-
mation of the studied CIR mixtures.

1.1. Permanent deformation prediction models of granular materials used
in road pavements

Recoverable (elastic) or non-recoverable (plastic or permanent) de-
formations occur when the road surface is subjected to cyclic loads
owing to the traffic that passes over it during its service life. Non-
recoverable deformations are responsible for the appearance of
rutting, which causes a deterioration of the road surface and discomfort
for users [1]. Therefore, predicting and quantifying this deformation at
the design stage are crucial to reduce the deformation as much as
possible and plan appropriate maintenance work. Accordingly, since the
1950s, considerable efforts have been devoted to develop models for the
prediction of the permanent deformation of unbound granular materials
[17,18]. While the models for the resilient modulus are usually
nonlinear equations dependent on the stress level, the prediction of
permanent deformation is more complex and also depends on the
number of load cycles applied.

Complex elastoplastic models can be used to assess the behaviour of
materials subjected to a large number of cyclic loads. These models
consider both permanent and elastic deformations. Despite their accu-
racy, they are difficult to implement and are computationally intensive
[19]. Therefore, the conventional practice is to employ ME models that
are fed with results from numerous laboratory tests, which allow the
adjustment of different parameters, or to use models based on the
Shakedown theory [20]. These models can predict the behaviour
effectively and are much easier to implement than elastoplastic models.

The Shakedown theory is another approach for describing the
response of a material to permanent deformation after long loading
cycles. Accordingly, there is a certain load threshold (Shakedown limit)
below which the material undergoes permanent deformation for a
limited number of load cycles initially, after which it stabilises and be-
haves elastically. For load levels above the Shakedown limit, the

Construction and Building Materials 328 (2022) 127054

material deforms plastically without stabilising, eventually causing
failure. The Shakedown theory was developed by Werkmeister et al.
[21] for granular materials without binder and was also detailed in
standard EN 13286-7 [22]. According to this criterion, materials can be
classified into three types depending on the applied load level (Fig. 1):

o Range A, also known as “Plastic Shakedown”, occurs when the cu-
mulative permanent deformation rate (¢, / N) decreases rapidly until
it stabilizes. From this equilibrium state, the deformation is elastic
and does not produce permanent deformations. Therefore, the ma-
terial does not reach failure.

o Range B, also known as “Plastic creep limit”, occurs when the cu-
mulative permanent deformation rate is decreasing or remains con-
stant without stabilizing. The deformation is not completely elastic,
and the material is susceptible to failure for a sufficiently large
number of load cycles.

o Range C, also known as “Progressive plastic collapse”, occurs when
the cumulative permanent deformation rate increases rapidly, and
failure occurs for a relatively small number of load cycles.

Approaches for road pavements based on this theory seek to find the
shakedown limit to ensure that the service loading to which these ma-
terials are subjected to in the pavement will be lower, thus ensuring that
there are no excessive deformations [23,24].

Finally, the ME prediction models are based on the results of labo-
ratory tests, which are mostly triaxial tests. Traditionally, ME prediction
models have been used in soil mechanics, and the choice of the most
suitable one depends on the analysed material. In our case, the models
used in road pavements are those used for granular materials; therefore,
the focus will only be on those models, and not on models for sands or
other cohesive soils. The preliminary models employed were based on
power equations (¢, =a - N %), only dependent on the number of loading
cycles (V) and parameters of the material (a, b), capable of estimating
the deformation of Range A and B materials, but could not predict the
deformation reached by Range C materials, which after a certain number
of cycles significantly increased the strain rate until collapse. Generally,
the material parameters are fitted by regression from a series of triaxial
tests [25,27,29-31]. Additional models of higher complexity were sub-
sequently developed, which considers temperature, loading time, resil-
ient modulus, or the stress state, by including different factors, such as
the deviatoric stress ¢ = 64 = 67 — 03, the mean stress p = (67 + 203)/3,
the stress ratio of the deviator stress expressed as SR = q/qr = 04/64,
or even the shear parameters (internal friction angle and cohesion)
[25,27,31-33]. Some of the most popular permanent deformation
prediction models for granular material used for cold mixtures in road
engineering are summarized in Table 1.

»
L

Range B

Range A

Cumulative permanent strain (&p)

-
L

Number of loading cycles (V)

Fig. 1. Shakedown theory diagram.
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Table 1
Mechanical-empirical models of permanent deformation employed on road
pavements.

Authors Permanent deformation Parameters
models
& = a-blog(N) a, b denote regression
parameters
& = “a. o3b” denotes a relationship
q defining the initial tangent
Barksdale a-c} modulus as a function of o3

(1972) [25] SR indicates the stress ratio

(SR = q/q5 = 64/ 04y)

¢ denotes the internal friction
angle and C represents the
cohesion

1- SR-q-(1 — sing)
2(C-cosg + o3-sing)

Francken
(1977) [26]

N \2 A, B, C, D denote the regression
g = A {(m) + parameters
N
C- (eD'm — 1)

& =ANP+C A, B, and C are regression

parameters

& = £(100) + f(N)-A &p (1 0 0) is the permanent

N\ B deformation after the first 100
fN)=1- (ﬁ) cycles
A can be obtained as a

Paatgse;’all.”@ L* regression parameter or using
[27,28] A= qu the stress-dependent
a-b- pip* expression
B, a, and b are regression
parameters
p*=m/s,whereq=m-p+sis
the failure equation of the
material
Sweere (1990) &= a-N° a, b are regression parameters
[29] L(gy) = a+b-L(N)
Vuong (1994) & = e (E) N¢ a, b, c are regression
[30] b parameters

&, is the resilient deformation

Wolff and & = (cN+a)(l - e*bN) a, b, c are regression
Vissier (1994) parameters
[31]
Lekarp and & (Nref) q b a, b are regression parameters
Dawson Lpo a (E) e Nres
(1998) L= /qz +p?
[32,33] Po = 100 kPa (reference mean
stress)

2. Aims and scope

In this study, monotonic and repeated load permanent deformation
(RLPD) triaxial tests were performed on CIR mixtures with different
binder proportions to expand the current knowledge on the mechanical
behaviour of CRMs. Cylindrical specimens were prepared with a gyra-
tory compactor using three different bituminous emulsion contents,
corresponding to residual binder contents of 2.00%, 2.50%, and 3.00%,
while maintaining a constant optimum fluid content. Thus, it was
possible to evaluate the influence of different dosages on the studied
behaviour.

Monotonic triaxial tests were performed on the uncured and cured
specimens (72 h in an oven at 50 °C) to evaluate the impact of curing.
Four different confining pressures were used (25, 50, 100, and 200 kPa)
to determine the lines of failure and shear parameters (cohesion and
internal friction angle) in each case. From the failure lines, it was
possible to perform RLPD triaxial tests at different percentages of the
failure load (i.e., at different stress ratios), investigating the evolution of
the permanent deformation up to 90,000 load cycles for each mix and
stress level. Besides, two ME prediction models of permanent
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deformation were fitted based on the measured results, obtaining the
characteristic parameters of the studied mixtures, and the goodness-of-
fit was analysed in each case.

3. Materials and manufacturing
3.1. Materials

The solid phase of the specimens prepared in this study consisted
entirely of RAP, which was provided by a local quarry near the city of A
Coruna (Spain). Fig. 2 shows the black gradation of RAP obtained ac-
cording to EN 12697-2 [38]. Combined with the RAP grain sizes, Fig. 2
includes the gradation limits recommended for CIR with bituminous
emulsion from the Spanish specification PG-4 [39], as well as those from
the South African BSM guide TG2 [40].

A slow-setting cationic emulsion with 60% binder content (BC) was
used, named C60B5-REC, in accordance with the European nomencla-
ture specified in the standard EN 13,808 [41], which is commonly used
in CIR. Table 2 summarises the main characteristics of the RAP and its
recovered bitumen, and those of the emulsion and bitumen used in its
production.

3.2. Mix design

In accordance with the current Spanish PG-4 specification for the
design of CIR mixes [39], the calculation of the proportions of bitumen
emulsion and added water used were based on the optimum fluid con-
tent (OFC) resulting from the modified Proctor test (MPT) [47]. To
maintain the OFC, Equation (1) included in PG-4 [39] was used to
determine the added water content (AWC) for the different BCs
considered.

AWC(%) = OFC(%) — 0.5 % — BC(%) @

The OFC obtained from the MPT was 5.75%. According to previous
experiences with the same RAP [8,16], the binder and water contents
used in the three mixtures studied are listed in Table 3, together with
their equivalent emulsion contents (EC).

3.3. Specimen preparation

An automatic mixer was used to prepare all mixtures studied. The
mixing procedure involves two phases. First, the RAP was mixed with
the corresponding AWC for 60 s. The emulsion was then added and
mixed for 90 s. Once the mixtures were prepared, the compaction was
performed using a gyratory compactor according to the standard EN
12697-31 [48]. The gyratory compaction parameters were as follows:
an internal rotation angle of 0.82°, rotatory speed of 30 rpm, and 600
kPa of compaction pressure. The specimens were compacted such that
the contents of air voids (V) in all specimens were the same. This was
possible by compacting in each case to the desired density, based on the
maximum specific gravities (p,;,) previously calculated according to EN
12697-5 [49] (Table 3). Since the V, is one of the most influential pa-
rameters in the stiffness and shear behaviour of the mixes [50], fixing it
allowed the determination of the influence of the binder content be-
tween two mixtures. Thus, based on a previous study on the compaction
of these CIR mixtures [51], the compaction was performed with a
standard number of gyrations between 100 and 130 [39], so that the V,
of the cured specimens was fixed at 18.0 + 0.3%. The purpose of
ensuring the same V,, for all specimens was to facilitate the study of the
influence of the dosage of each mixture on the results obtained.

In accordance with EN 13286-7 [22], the height of triaxial specimens
must be twice the diameter. Therefore, as in previous experiences with
this test [16], specimens were manufactured by stacking two specimens
of 100 mm height and 100 mm diameter, successively compacted, one
on top of the other, yielding specimens with a height of 200 mm. This
fabrication method has been adopted by other scholars [14,52-54], and
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Table 2
Properties of RAP and bitumen emulsion.

European sieve sizes (mm)

Fig. 2. RAP gradation compared with limits in PG-4 and TG2 specifications.

were stressed in three perpendicular directions. The major principal
stress (07) was applied in the direction of the specimen axis, perpen-
dicular to the bases, simulating the vertical stress caused by the passage

RAP and recovered bitumen Standard Unit  Value of a vehicle on the road. The lower principal stress (¢3) or confining
Binder content NLT-164/90 [42] % 4.45 stress was applied perpendicular to the sides of the specimen, simulating
Nominal maximum particle dimension EN 12697-2 [38] mm 22.4 the resistance exerted by the adjacent material within the pavement
Maximum specific gravity EN 1097-6 [43] kg/m?® 2425 layers, opposing the generated deformations.

Softening point EN 1427 [41] c 70-2 The triaxial equipment used for these tests comprised a removable
Penetration (25 °C) EN 1426 [45] dmm 3215 xlal equipment s P oV
Bitumen emulsion and residual binder sealed chamber and a vertical pneumatic press capable of handling the
Residue content (bitumen) EN 1429 [46] % 60 axial load (Fig. 3b). An air compression system was also utilized to apply
Softening point EN 1427 [44] °C 36.5 a confining pressure inside the chamber (up to 10 bar). It was possible to
Penetration (25 °C) EN 1426 [45] dmm 170

Table 3
Proportions of binder and water used, and maximum densities of the studied
mixtures.

Mixtures BC (%) EC (%) AWC (%) OFC (%) Pm (kg/m®)
2B_3.25W 2.00 3.33 3.25 5.75 2431.51
2.5B_2.75W 2.50 4.17 2.75 5.75 2404.21
3B_2.25W 3.00 5.00 2.25 5.75 2394.60

the resulting triaxial specimens behaved as a single specimen when
tested under principal axis stresses.

In this study, specimens subjected to accelerated curing and uncured
specimens were tested. Accelerated curing was performed in an oven at
50 °C for 72 h, until a constant weight of the specimens was reached. The
specimens that were tested without curing were maintained at room
temperature under laboratory conditions for 4 h after preparation.
Subsequently, the uncured specimens were subjected to the tests. The
objective of testing the uncured specimens was to simulate the behav-
iour of a CIR immediately following its on-site implementation. The
same procedure for triaxial testing of uncured specimens was followed
in the study of the evolution of the resilient modulus of the same mix-
tures in the short term [16]. Importantly, at younger ages after
compaction, the specimens must be manipulated with special caution to
avoid any damage to the specimens.

4. Methods

Triaxial tests were employed to assess the shear behaviour and per-
manent deformation response. During the triaxial tests, the specimens

register axial deformations using two linear variable deformation
transducers (LVDT) positioned on the upper plate of the chamber
(Fig. 3b).

The specimens were isolated by placing them inside an elastic rubber
membrane that was connected to porous plates at the top and bottom
using O-rings (Fig. 3a). Thus, pressurised air was prevented from
entering the membrane, thereby achieving effective confinement of the
specimens during the test. All triaxial tests performed in this investiga-
tion were performed under laboratory conditions (temperature, 22 +
2 °C; relative humidity, 50 + 5%).

4.1. Shear strength assessment

4.1.1. Monotonic triaxial testing

The shear strength of the CIR mixtures was studied by performing
monotonic triaxial tests until failure with a constant confining pressure
(CCP). In each case, the tests commenced from a state of tensional
equilibrium (67 = 62 = 03), and the deviatoric stress 64, was increased
until the failure of the specimen. The rate of increase of 64 was constant
at 2.60% strain per minute (because all specimens were 200 mm in
height, this strain was equivalent to 5.30 mm/min) until fracture
occurred. For each mix, four different confining pressures, o3, were used
(25, 50, 100, and 200 kPa) to obtain four associated principal and
deviatoric stresses of failure (61,rand o4), resulting in four points of the
Mohr-Coulomb failure envelope. Figure 4 illustrates a schematic of the
results of a CCP monotonic triaxial test performed on one of the tested
specimens. Monotonic triaxial tests were performed on the three studied
mixtures (Table 3), for both cured and uncured cases, and six failure
lines were obtained.
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Fig. 3. Details of the sealed triaxial chamber, containing a specimen previously to be tested: (a) chamber disassembled to facilitate placement of the specimen; (b)

chamber closed and ready to start the triaxial test.

4.1.2. Mohr—Coulomb failure criterion

The Mohr-Coulomb failure criterion is used extensively in soil me-
chanics. Since CIR mixtures have a similar composition to that of
granular materials, with stress-dependent behaviour, such asphalt
mixtures can be modelled as Mohr—Coulomb materials with cohesive
properties.

The Mohr-Coulomb circle was constructed from the major and minor
principal stresses of the specimen at failure (637 and o3, respectively),
with (61,5 + 63)/2 being the centre of the circle and (c1,s— 03)/2 being the
radius (Fig. 4). When at least three Mohr circles are plotted (each of
which corresponds to a different value of the confining stress), a tangent
to these circles, known as the failure envelope, can be plotted (Fig. 4).
Any combination of principal and shear stresses above the line causes
failure of the test specimen and therefore of the pavement layer con-
structed with the studied material. The Mohr—Coulomb failure-line
equation can be expressed mathematically using Equation (2).

15 = tang-oy + C 2)

Constant o3

o, normal stress

ol

- - -od

(@

Specimen deformation

Fig. 4. (a) Scheme of a monotonic triaxial test result with a constant 3; (b) Mohr—Coulomb circle plotted from the result of the test.

4

where 74 and oy represent the shear and normal stresses when failure
occurs, respectively, C denotes the cohesion of the material, and ¢ de-
notes the internal friction angle.

Furthermore, the maximum principal and maximum deviatoric
stresses resisted by the specimen at the time of collapse, o1,rand o4y, are
linear functions of the confining pressure o3 [10,55], and their re-
lationships are described in Equations (3)-(5).

O1f :A~0'3 +B (3)
A = (1+sing) /(1 — sing) @
B = (2C-cosp)/(1 — sing) (5)

From the experimental results of the monotonic triaxial tests (c3, o1,
), it was possible to determine parameters A and B using a linear
regression. Subsequently, C and ¢ were calculated for each mix.

Py
P d
P4
P d
©n o @
§ e\OQ s
@ @ S <
= LA r'd
3 o>
<=
wn
& o Vo,
Pd
4
C
(b) 03 o, normal stress oLf
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4.2. Permanent deformation response

4.2.1. Dynamic triaxial testing

The permanent deformation behaviour of the CIR mixtures was
studied according to standard EN 13286-7 [22] using RLPD triaxial tests
with CCP and sinusoidal variation of 64 (Fig. 5a). The specimens were
manufactured in the same method as those previously used in mono-
tonic triaxial tests, with a height of 200 mm and diameter of 100 mm,
and placed inside a sealing membrane.

In accordance with the followed standard [22], the testing
commenced with the application of an initial 63 of 20 kPa and o4 of 5 kPa
(the latter was chosen to be greater than 0 to ensure continuous contact
between the specimen and actuator). Subsequently, 64 was applied for
up to 90,000 load cycles, recording the deformation of 10 consecutive
cycles when the following numbers of cycles were completed: 1, 10, 50,
100, 200, 400, 1000, 2500, 5000, 7500, 10000, 12500, 15000, 20000,
30000, 40000, 50000, 60000, 70000, 80000, and 90000.

A CCP of 50 kPa was used for all RLPD triaxial tests. For each mix
examined, tests were repeated for different specimens using different
stress ratios, determined as SR = 64/04f, where 64 = 01,5 —03. For each
mix, the respective 645 values were obtained from the failure envelopes
derived from monotonic triaxial tests. Fig. 5b illustrates the typical
relationship between the number of load cycles and the permanent
deformation resulting from tests of this type. The permanent deforma-
tion response curve is divided into three stages or zones: primary (or
transient), secondary (or steady-state), and tertiary. The cycle number at
which the tertiary stage commences is known as flow number (Fy). Six
different SRs were used (20%, 30%, 40%, 50%, 60%, and 80%) to
demonstrate the difference between curves that completed the 90,000
cycles with a deformation that tended to stabilise and curves that
reached the tertiary flow stage (Fig. 5b). Thus, it was possible to
determine the critical SR value at which the tertiary flow stage was
reached before 90,000 cycles in each mixture. Once tertiary flow was
achieved, the slope of the deformation curve increased rapidly until
failure of the specimen without completing the examined number of
cycles.

4.3. Computational modelling of permanent deformation behaviour

Based on the results obtained in the RLPD triaxial tests, two of the
predictive models of permanent deformation from Table 1 were used for
fitting. Most of the models listed in Table 1 are only dependent on the
number of load cycles (N), and their parameters must be adjusted for
each stress state considered. Pérez et al. [56,57] successfully fitted this
type of simple models when studying the permanent deformation of
granular materials in roads. Moreover, other authors have also fitted
similar models to predict the permanent deformation of bitumen

(@)

0. normal stress

time
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stabilised materials (BSM), as a function of N and also the stress state
[10,14,59]. In the present study, the selected models also included the
dependence on the existing stress level, obtaining regression parameters
that are characteristic of the material and independent of the stress state.
In each case, the goodness of fit of each model was also compared to
determine the model that best predicted the measured permanent
deformation.

The first of the fitted models was the model proposed in 1994 by
Paute, Hornych, and Benaben [28], known as Paute’s model, or Hor-
nych’s model (6), depending on the literature consulted. The model
predicts the permanent deformation starting from the deformation
measured at 100 loading cycles &, (1 0 0), as the product of a function of
N (7) and a function of the stress state A (8), as shown below:

& = £,(100) +f(N)-A 6)
. N\’
f(N):1—<m> )
S
Ao PT ®
b

where a, b, and B denote the only regression parameters, q and p
represent the deviatoric and mean stresses, respectively, and p*=m /s,
where g =m - p + s corresponds to the failure equation of the material in
terms of p and q.

The second model was proposed by Huurman [35], which is a vari-
ation of the Francken model (9), in which the regression parameters are
a function of the stress level in terms of 64 and SR, as described in Egs.
(10)-(13), independent of the confining pressure o3.

A=ay-(64/04s)" 10)
B=b-(04/0ur)" (an
C=ci-(04)04s)" (12)
D =dy-(64/04;)" (13)

where aj, ag, by, ba, 1, 2, dj, and dz denote the regression parameter
characteristics of the material and (64/64) denotes the considered SRs.
A particular feature of the Huurman model that differentiates it from the
previous one and makes it particularly interesting is that the second
summand is an exponential term, producing rapid growth in the

’ (®) Tertiary

stage

Steady-state
stage

Transient
stage

Q
&, permanent deformation

Fn

any

number of load cycles

Fig. 5. Scheme of the stresses applied during an RLPD triaxial test, and the results obtained: (a) sinusoidal variation of the vertical stress and CCP; (b) shape of the

cumulative permanent deformation curve.
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predicted permanent deformations for high numbers of load cycles.

5. Results and discussion
5.1. Shear strength assessment

Monotonic triaxial tests were performed until the failure of the three
studied CIR mixtures, cured and uncured, using four different confining
pressures. For each confining pressure, o3, the normal principal stress at
failure, 03,5, was obtained. These pairs of points are shown in the plots of
Fig. 6a and 6b. It was also possible to plot the p—q diagrams, which are
represented in the plots of Fig. 6¢c and 6d. Linear regressions were per-
formed to establish the stress relationships in each case for the three
mixes, both cured and uncured.

Because all the mixtures were manufactured with a similar air void
content (Table 4), and since the OFC was kept constant in all of them
(Table 3), it is worth noting that the differences shown in their shear
behaviour results were primarily owing to the different BCs used. Thus,
the first result highlighted in Fig. 6 is that the results for the uncured
mixtures are very similar in all three cases. It was because at such early
ages, the water in the mixture had not yet evaporated and the binder in
the emulsion had not yet developed its cohesive function. As for the
results after 3 d of curing at 50 °C, a general increase in 6 values was
observed for the same o3 compared to the uncured case, as observed
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Table 4

Shear parameters and air void contents of the studied mixtures.
Mixture Va (%) C (kPa) 9 () R?
2B_3.25W. cured 18.29 364.82 42.70 90.06%
2B_3.25W. uncured 15.05 167.07 40.24 99.50%
2.5B_2.75W. cured 17.82 373.60 30.60 99.01%
2.5B_2.75W. uncured 15.03 176.93 38.38 99.13%
3B_2.25W. cured 17.79 426.52 27.05 96.63%
3B_2.25W. uncured 15.15 187.23 36.58 95.33%

when comparing the plots in Fig. 6. The highest increment was observed
in the mix with 2.00% BC, which increased its 61,¢ by 61.13% for o3 of
200 kPa, whereas the mixes with 2.50% and 3.00% BC increased it by
21.84% and 28.31%, respectively. Furthermore, also the mix with the
lowest BC exhibited the highest slope in the linear regression. This result
was caused by the greater influence of its mineral skeleton, which also
led to a greater angle of internal friction (Table 4), revealing the major
significant stress-dependent behaviour of the CIR when the binder
content was reduced.

The relationships established between 63 and o1 5, obtained from the
results of the monotonic triaxial tests (Fig. 6) also enabled the calcula-
tion of parameters A and B (3) and determination of the Mohr-Coulomb
diagrams. Hence, for each mixture, both uncured and cured four
different Mohr-Coulomb circles were plotted (one for each confining
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stress), as shown in Fig. 7.

Collectively, the Mohr-Coulomb diagrams and Equations (2) to (5)
were used to obtain the shear parameters, C and ¢, as well as the failure
envelopes for each of the cured and uncured mixtures. The six different
failure envelopes are also plotted tangentially to the respective
Mohr-Coulomb circles in Fig. 7. These results are summarised in
Table 4, together with the average air void content (V,) in each case and
the coefficients of determination, R%.

The failure envelopes of the three mixes, uncured and cured, are
plotted in Fig. 8 to better compare one mix with another. Again, it can be
seen that the uncured mixes exhibited smaller differences, although the
influence of the binder could already be perceived, albeit to a minor
degree, in both Fig. 8a and Table 4. Hence, the cohesion results were
slightly higher for the mixtures with higher BCs, whereas the opposite
occurred with the internal friction angle, which was reduced. The dif-
ference was only 12.07% between the major and minor cohesion results
and a 10% difference was observed in terms of the internal friction
angle.

After curing, the binder in each mixture plays a fundamental role,
and the differences between the mixtures become more noticeable. As
expected, there was a considerable general increase in cohesion results
(Table 4), with a more than twice increment in all cases. Thus, the
cohesion values increased by 118.36%, 111.16%, and 127.81% for the
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mixtures with 2.00%, 2.50%, and 3.00% BC, respectively. However, the
internal friction angle only increased in the mixture with the lowest BC
by 6.11% and decreased by 20.27% to 26.05% in the other two cases.
Other researchers have already reported the greater influence of the
moisture content in the mixture on the cohesion than on the internal
friction in the BSM [58,59]; hence, the main differences occurred in the
cohesion results. A higher BC provided greater cohesion, while acting as
a lubricant between the mineral skeletons and reducing friction. A
similar conclusion for the BSM was also described by Jenkins [9].

The cured mixture with the lowest BC (i.e., 2.00%) exhibited the
highest ¢ value, as predicted from the highest slope in the Fig. 8b. The ¢
of the cured mix 2B 3.25 W was 39.54% higher than that of mix
2.5B_2.75 W, and 57.86% higher than that of mix 3B_2.25 W. However,
the opposite occurred in the cohesion results, and it was the mix with the
highest BC (i.e., 3.00%) the one that exhibited the highest value of C. In
this case, the cohesion of the cured mix 3B_2.25 W was 14.16% higher
than that of mix 2.5B_2.75 W, and 16.91% higher than that of mix
2B_3.25 W. As expected, after the curing period, when the mixtures
developed their properties, the C values increased more sharply with the
increase in BC than for the uncured mixtures, which, however, led to a
decrease in the internal friction between the aggregates.

It was concluded that for all the BCs used, there was a considerable
increment in the C of all the studied mixtures after curing, obtaining
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Fig. 7. Mohr—Coulomb diagrams for uncured and cured mixtures.
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Fig. 8. Mohr—Coulomb failure envelopes corresponding to the studied mixtures: (a) uncured specimens; (b) specimens cured for 3 d at 50 °C.

values that were not significantly different. However, the ¢ results were
more variable with dosage, and the highest ¢ was obtained for the mix
with the lowest BC. Therefore, mixtures with higher BC values exhibited
slightly higher cohesion. However, the influence of BC was the most
noticeable in terms of internal friction. A higher BC led to a reduction in
the internal friction owing to the side effect of lubrication between the
aggregates.

Fig. 9 illustrates the typical shape of CIR specimens subjected to
monotonic triaxial testing until failure. According to the soil mechanics
theory, this failure plane angle is related to the internal friction angle (¢)
through the expression® = 45 + ¢/2. From the images in Fig. 9, it can be
seen that this approach was reasonably accurate because the failure
plane was inclined at approximately 60°. The fact that the failure plane
was continuous between the upper and lower specimens confirmed the
correct behaviour of triaxial specimens manufactured by stacking two
specimens when tested under vertical axis stresses, behaving as a single
specimen.

5.2. Permanent deformation response

The stress relationships obtained in the previous section between o3
and o3 ¢ allowed the values of 675 and o4 to be obtained by fixing the
value of o3 (Fig. 6). The RLPD triaxial tests were performed with a CCP
03 = 50 kPa on the cured mixtures, for which the corresponding values
of 67 pand 64 are listed in Table 5. Based on these values and according
to the SR (o4 / 04y) considered for each test, deviatoric stresses were
obtained.

For each of the three cured CIR mixtures, the results obtained from

Table 5

Major principal stress and deviator stress at failure for 63 = 50 kPa. Critical stress
ratio, and applied deviator stress (6q,,) from which tertiary flow is produced
before 90,000 cycles.

Mixture o3 (kPa) 61,¢ (kPa) 64,¢ (kPa) SR (%) 64,2 (kPa)
2B_3.25W 50 1927 1877 30 563
2.5B_2.75W 50 1464 1414 30 424
3B_2.25W 50 1527 1477 20 295

Fig. 9. Shape of CIR specimens after monotonic triaxial test. Failure plane at approximately 60°.
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the RLPD triaxial tests are presented in Fig. 10 for different SRs. The
cumulative plastic deformations over the cycles are plotted on the left in
Fig. 10a, 10b, and 10c, and are expressed in rates per thousand over the
total height of the specimens. The cumulative permanent deformation
rates (g, / N) versus the cumulative permanent deformations are plotted
on the right in Fig. 10d, 10e, and 10f.

The critical SRs (Shakedown limits) from which the tertiary flow was
produced before the 90,000 cycles were determined by analysing and
comparing the evolution of the deformation curves in Fig. 10a to 10c
with the number of load cycles, and the permanent deformation rates in
Fig. 10d to 10f for each mixture. It can be observed in Fig. 10a to 10c
that although the deformation curves started at different points, owing

—O0—SR =280% —O—SR=60%
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to the different deformations in the initial cycle, the slopes after
reaching the second stage (“steady-state”) became practically constant
for each mixture, and the deformation rates were practically vertical
lines. Upon reaching the tertiary stage, the deformation slopes increased
rapidly again, and the deformation rates stopped decreasing. Thus,
when the curves of the permanent deformation rates in Fig. 10d-10f
were more vertical, the permanent deformations tended to stabilise
(range A or B according to the Shakedown theory). In the case of the
mixtures with 2.00% and 2.50% BC, for SRs of 20% and 30%, the lines
were quite vertical and the permanent deformation rates decreased
(Fig. 10d and 10e); therefore, the deformations tended to stabilise
(Fig. 10a and 10b). However, for the remaining higher SRs, the

SR =50% —O0—SR =40% —O0—SR =30% —O0—SR=20%
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deformation versus the number of load cycles; (d, e, and f) cumulative permanent deformation rate versus cumulative permanent deformation.
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deformation rate lines were no longer vertical, indicating that the per-
manent deformation continued to increase without decreasing in the
deformation rate. In these cases, there was no stabilisation of the de-
formations and the tertiary stage was reached (range C). The critical SR
for mixes 2B_3.25 W and 2.5B_2.75 W was 30%. As for the mixture with
3.00% BC, Fig. 10f shows that only the line corresponding to 20% SR
was vertical. Compared to the previous mixtures, the permanent
deformation curve corresponding to SR = 30% in Fig. 10c and 10f did
not exhibit a tendency to stabilise; therefore, the critical SR of the
2B_2.25 W mixture was considered to be 20%.

In each case, the critical SRs and the corresponding deviatoric
stresses are summarised in Table 5. When there are stress levels above
the critical SR in the CIR layer, failure by rutting of the pavement section
is considered to occur. It was observed that for increasing BCs, the
critical SR values tended to decrease in line with the decrease in the
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deviatoric stress at failure (in absolute terms). The critical SR results
were lower than those obtained by other researchers in previous studies
on the permanent deformation of BSM, obtaining values of SR ranging
from 40% to 50% [9,10,14]. The worse permanent deformation
behaviour could be related to the volumetric properties of the prepared
mixtures, as compaction is known to be closely related to the shear and
permanent deformation responses in BSM [59]. The studied mixtures
exhibited some compactability difficulties [51], presenting a relatively
high content of air voids compared to other studies on CIR; therefore, a
weaker response to permanent deformation was expected.

The three mixtures are represented together in graphs corresponding
to each of the SRs considered (Fig. 11) to facilitate a more accurate
analysis of the response to permanent deformation of the mixtures.
Moreover, two horizontal dotted lines indicating permanent de-
formations of 2.00% and 4.00% were added to each graph in Fig. 11.
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Fig. 11. Comparison of the permanent deformation curves of the three mixtures studied for the same SRs.
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Permanent deformation values greater than 2.00% are considered
excessive according to the followed standard [39]: However, other re-
searchers who used triaxial tests to study the permanent deformation of
the BSM considered the limit of excessive deformation to be 4.00%
[9,10]. In the present study, both limits were considered to determine
these differences.

When the mixtures were subjected to RLPD triaxial testing with 20%
SR (Fig. 11a), the strains were usually stabilised before reaching the
tertiary stage in any case. It is worth noting that, in Fig. 11a, the per-
manent deformation at which the three mixtures stabilised was very
similar, between 1.20 and 1.25%. As shown in Fig. 11b, when the SR was
increased to 30%, the differences between the mixtures became more
noticeable. Mixtures 2B_3.25 W and 2.5B_2.75 W exhibited similar de-
formations after 90,000 cycles, both close to 2.00%, at the limit
considered. However, mixture 3B_2.25 W experienced a slightly higher
deformation after 90,000 cycles, approximately 2.63%, surpassing the
first considered deformation limit. As mentioned previously, 20% was
considered to be the critical SR of this mixture (Table 5). A clear stabi-
lisation of the deformation was not achieved, resulting in higher de-
formations than those of the other two mixes after completing all the
cycles.

For the remaining cases in Fig. 11, because the critical SRs were
already exceeded in all cases, the deformations surpassed the limit of
2.00% before 90,000 cycles. Indeed, with increasing SR, such excessive
deformations occurred before for a lower number of cycles in all cases.
However, it is imperative to highlight that mixture 2.5B_2.75 W
exhibited a better permanent deformation response than the other
mixtures. Even considering SR = 40%, it is evident that the mixture
2.5_2.75 W is the only one that continually strain below the 4.00% limit
after 90,000 cycles. In all cases, when the SR was higher than the critical
value, the deformation curves entered the tertiary phase (Fig. 11).
However, mixture 2.5B_2.75 W required a higher N to reach the same
deformations as the rest of the mixtures.

The RLPD triaxial tests were performed on cured specimens with the
same volumetric properties as those listed in Table 4, with similar air
void contents in all the mixtures. Therefore, the key differences between
the mixtures were the proportions of binder, which was the reason for
the differences in the results. A high BC provides greater flexibility while
worsening the behaviour under permanent deformation (mixture
3B_2.25 W). Jenkins et al. reported the same conclusion in their studies
[9]. Meanwhile, a low BC provided greater internal friction, but in cases
of high SR, creep occurred earlier (mixture 2B_3.25 W). The BC of 2.50%
proved to be the best in terms of permanent deformation response.
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Moreover, it was the one with the best results in terms of resilient
modulus and evolution with curing time in previous investigations [16].

It should be noted that RLPD triaxial tests are particularly time-
consuming, and given the volume of dosages and SRs studied, it was
practically not feasible to perform replicate tests to obtain average re-
sults. Each line in the graphs in Figs. 10 and 11 represents the test results
for one specimen. The fact that these lines of permanent deformation
were fairly parallel indicates a certain degree of accuracy in the results
and conclusions. However, it is planned to continue this line of research
and verify the repeatability of the results.

5.3. Computational predictive models of permanent deformation

Both Paute’s and Huurman’s models were fitted to the permanent
deformation results obtained from RLPD triaxial tests using Excel’s
optimisation solver function and minimising the squared errors. Paute’s
model parameters for each mixture (a, b, and B) are presented in Table 6.
Also indicated in the same Table 6 are the p and g parameters of the
stress state and the m and s parameters obtained from the failure lines of
the cured mixes (Fig. 6), all of them used in the model. Lastly, the co-
efficient of determination R? was used to determine the goodness of fit
for each case.

Interestingly, during the adjustment of Paute’s model, there were
some problems with the stress-dependent term, A (8). For higher SRs,
the denominator term a — b- }%pi eventually changes its sign, causing the
sign of the predicted deformation to change as well, making it difficult to
fit the overall behaviour of the material. This was considered to be one of
the reasons why there was no clear trend when the differences between
the parameters obtained for the different mixtures was analysed.

The fitted parameters of Huurman’s model (A, B, C, and D) and the
coefficient of determination R? are listed in Table 7 for each SR.

The second summand of Huurman’s model (9) (the exponential
term) predicts the deformation once the tertiary stage of creep is
reached. Thus, it is logical to see that parameters C and D for the lowest
SR were practically zero and increased with increasing SR for each
mixture. Parameter A primarily influences the prediction of the starting
point of deformation; therefore, this parameter had a tendency to
slightly increase with SR, similar to the measured deformations. The
parameter B is responsible for the slope of the curve. As mentioned
previously, the permanent deformation curves obtained for each
mixture were parallel for different SRs during the steady-state stage
(Fig. 10). Accordingly, the increase in parameter B with SR was smaller
than that of parameter A, resulting in B being a significantly more stable

Table 6
Fitted Paute’s parameters (a, b, B) as a function of the stress state (p, q, m, s), from the results at the different SRs of the studied mixtures.
Stress ratio (%) p q m s a b B R?
2B_3.25W
20 175.15 375.44 1.8208 639.71 —367.330 —202.530 —0.233 98.34%
30 237.72 563.16 99.93%
40 300.29 750.88 95.00%
50 362.87 938.60 88.95%
60 425.44 1126.32 86.52%
80 550.59 1501.76 94.25%
2.5B_2.75W
20 144.25 282.76 1.233 770.70 —1009.347 —847.506 —0.451 93.28%
30 191.38 424.14 96.59%
40 238.51 565.52 99.81%
50 285.64 706.91 98.08%
60 332.76 848.29 94.65%
80 427.02 1131.05 97.92%
3B_2.25W
20 148.46 295.39 1.094 882.17 —212.310 —189.050 —0.323 98.21%
30 197.69 443.08 99.89%
40 246.92 590.77 98.54%
50 296.16 738.47 92.71%
60 345.39 886.16 89.52%
80 443.85 1181.54 92.84%
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Table 7
Fitted Huurman’s parameters (A, B, C, D) as a function of the SR for the studied
mixtures.

Stress ratio (%) A B C D R?
2B_3.25W
20 0.005755 0.144539 0.002434 0.000510 99.06%
30 0.008644 0.176183 0.003125 0.005541 99.93%
40 0.011537 0.202753 0.003731 0.030092 99.80%
50 0.014432 0.226093 0.004281 0.111810 99.43%
60 0.017329 0.247143 0.004790 0.326756 99.63%
80 0.023129 0.284415 0.005719 1.774660 99.52%
2.5B_2.75W
20 0.005093 0.210172 0.001730 0.000023 98.93%
30 0.007389 0.226598 0.002731 0.000431 99.71%
40 0.009622 0.239025 0.003777 0.003499 98.55%
50 0.011809 0.249132 0.004857 0.017757 99.43%
60 0.013960 0.257706 0.005964 0.066950 99.58%
80 0.018179 0.271839 0.008248 0.543533 99.65%
3B_2.25W
20 0.005738 0.135982 0.000269 0.001100 99.94%
30 0.008907 0.203956 0.000445 0.007948 99.03%
40 0.012168 0.271926 0.000636 0.032332 99.81%
50 0.015499 0.339891 0.000839 0.096012 98.46%
60 0.018888 0.407854 0.001052 0.233634 99.44%
80 0.025804 0.543773 0.001503 0.950463 99.47%

parameter within each mixture.

Considering its applicability for the simulation of material behaviour
in numerical models, the characteristic parameters of each mixture (aj,
ag, by, by, c1, ¢z, dj, and d) adjusted in Huurman’s model are presented
in Table 8.

As an example, Fig. 12 illustrates the graph of the two predictive
models adjusted to the permanent deformation of mixture 2.5B_2.75 W,
which proved to have the best permanent deformation behaviour. Since
Paute’s model only predicts deformation based on the measured defor-
mation on cycle number 100, it is represented starting from this cycle. It
was observed that the fitting, particularly in the tertiary stage, was much
better using Huurman’s model, defining the increasing slope of the
deformation for high SR accurately owing to the exponential term.

Fig. 13 presents graphs related to the results of the measured de-
formations from the RLPD triaxial tests versus the predicted de-
formations obtained from the fitted models. Similar to the previous
figures, the colours used in the markers indicate the SRs, and the diag-
onal line corresponds to the complete equality between the measured
and predicted values. Fig. 13a shows that the Huurman model provided
a good adjustment for all SRs, even for high deformations. However, in
the case of the Paute model (Fig. 13b), for higher deformations, the
model tended to underestimate the actual deformation values. As pre-
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mixtures layers. As an additional result, the authors are currently per-
forming such simulations with the adjusted parameters.

6. Conclusions

In this study, triaxial tests were performed to mechanically charac-
terise three cold recycled mixtures containing 100% RAP and different
proportions of bituminous emulsion and water. Binder contents of
2.00%, 2.50%, and 3.00% were selected, and a gyratory compactor was
used to prepare the specimens.

Monotonic triaxial tests to failure were performed on the cured and
uncured specimens at different confining pressures (25, 50, 100, and
200 kPa). From these results, the Mohr-Coulomb diagrams, failure en-
velopes, and shear parameters (cohesion and internal friction angle)
were determined. Repeated load permanent deformation (RLPD) triaxial
tests were performed with different stress ratios (SR), obtaining the
cumulative permanent deformation curves and the critical SRs in each
case. Based on the results of the RLPD triaxial tests, two mechani-
stic-empirical (ME) prediction models were adjusted. With the adjusted
parameters of these models, it is possible to perform numerical simu-
lations of pavement behaviour assuming the realisation of a CIR, which
is planned for future research.

The main conclusions drawn from the results of the study are as
follows:

From the monotonic triaxial test

(1) The failure lines and shear parameters of the uncured mixtures
did not exhibit significant differences.

(2) In cured mixtures, the effect of the binder is more decisive. The
cohesion increased in all cases by more than twice the value
obtained without curing. A higher binder content provided
greater cohesion. However, the differences between the mixtures
were not very high.

After curing, the angle of internal friction increased slightly in the
mix with less binder content. However, the effect was detrimental for
mixtures with a higher binder content, acting as a lubricant and
reducing the internal friction between the aggregates.

From the RLPD triaxial tests

(3) Mixtures prepared with 2.00% and 2.50% BC presented a critical
SR above 30%, while in the mix with 3.00% BC, it was lower
(approximately 20 %). If these critical SRs (shakedown limits) are
exceeded in the CRM layer, the pavement section is considered to
fail by rutting.

viously discussed, Paute’s model does not accurately estimate the high (4) Mixtures prepared w1t1.1 2.50% BC required a gre:elter numbe.r of
deformations when the material reaches the tertiary stage because it cy(;les t.o reach th.e Fertlary stage than the other mlxtyres studle('i.
does not contain an exponential term like in Huurman’s model. There- T}.us mlxtL;re exhlblt.ec.i a lower permanent defor.rnatlon. The mix
fore, the Huurman model, best predicts the deformation of the CIR with 2.00% BC exhibited the greatest defoormatlo.n, even at low
mixtures studied at all stress levels. Therefore, it is recommended for this cycles. Meanwhile, the rfnxture W_lth 3.00% BC did not stabilise
type of analysis in BSM. By combining these predictive models with FEM the permanent deformations for high cycles.
software, it is possible to simulate the behaviour of pavements with CIR
Table 8
Parameters relating Huurman’s model parameters (A, B, C, D) to the stress ratio.
a, a, b, ¢ s d; da
2B_3.25W 0.028933 1.003429 0.317155 0.488271 0.006561 0.616090 6.593879 5.882011
2.5B_2.75W 0.022310 0.917860 0.283333 0.185589 0.010606 1.126797 2.758488 7.279381
3B_2.25W 0.032869 1.084525 0.679685 0.999792 0.001982 1.240646 2.822416 4.877576

The model proposed by Francken in 1977 [26] was modified by researchers in subsequent years [34-37]. This model comprises two distinguished summands. The first
one is analogous to the classical power model, which can predict the permanent deformation in the first and second stages, and a second exponential term is used to
better adjust the deformation shape corresponding to the tertiary stage. Huurman [34] related parameters A, B, C, and D to the major principal stresses. Van Niekerk
[35] modified Huurman’s model by following the same approach, which makes its parameters a function of the deviatoric stress, 64, and stress ratio, and independent
of the confinement pressure, 63. Once the model has been adjusted, stress dependence on only SR makes the model application particularly versatile.

BC, binder content; EC, emulsion content; AWC, added water content; OFC, optimum fluid content; p,,,, maximum specific gravity.
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Fig. 13. Predicted versus measured permanent deformation: (a) Huurman’s model; (b) Paute’s model.

(5) Paute’s model fitted the deformations well for low-load cycles
and low deformations within the primary and secondary stages.
When higher deformations were reached (tertiary stage), the
measured results were underestimated.

Huurman’s model proved to be the model that best fit the
permanent deformation of the mixes studied. It indicated decent
adjustment even in the tertiary stage owing to the exponential
term included in the model.

In general, during the design of a mixture and the selection of its
optimum dosage, the type of stress to which the pavement will be sub-
jected must be considered. When the mixes were stressed to failure
rapidly (monotonic triaxial), excess bitumen was found to be detri-
mental by reducing internal friction. However, the intermediate binder
dosage yielded the best results when the response to permanent defor-
mation was evaluated. Generally, a large amount of binder produces soft
mixtures that can be deformed more easily. However, lower binder
contents produce mixtures with more internal friction but with less
flexibility, resulting in creep when the stress ratio increases. Therefore,
it is important to gain a good understanding of cold paving technologies,
particularly the design of cold in-place recycled mixtures is a funda-
mental topic that warrants further analysis. Accordingly, it is expected
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to be addressed in more detail in future research.
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