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aPavement Technology, Swedish National Road and Transport Research Institute (VTI), Linköping, Sweden;
bFaculty of Civil and Environmental Engineering, University of Iceland, Reykjavik, Iceland

ABSTRACT
An existing permanent deformation (PD) model for the unbound granu-
lar materials (UGMs) in pavements, developed based on multistage (MS)
repeated load triaxial (RLT) tests, was modified to better suit to field condi-
tions and software applications. The model was calibrated for a few UGMs
with a series ofmoisture contents (w) usingMS (to include the stress-history
effect) RLT tests and was validated by predicting the PD under different
sets of stress levels and w’s. Generally, it exhibited improved predictions
over the Mechanistic-Empirical Pavement Design Guide (MEPDG) model.
Themodel was further applied for field conditions andwas implemented in
a pavement design software entitled ERAPave PP, using data from acceler-
ated testing of three structures employing a heavy vehicle simulator (HVS).
Based on additional MS RLT tests, a guideline for the ranges of the material
parameters for different types of UGMs was presented.
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Introduction

Unboundgranularmaterials (UGMs) are commonly used in the base and subbase layers of pavements.
Gradual accumulation of permanent deformation (PD) in theUGM layersmay lead to rutting and even-
tual failure of the structure (Brito et al., 2009; Cerni et al., 2012; Hornych & El Abd, 2004; Puppala et al.,
1999). For pavement design, it is essential to accurately predict the PD of the different layers to con-
trol rutting within limits by adjusting the layer thicknesses and selection of materials in the different
layers (Alnedawi et al., 2019; Hornych et al., 2007; Perez-Gonzalez et al., 2021; Qiao et al., 2014). Effec-
tive prediction of the PD behaviour is also essential for pavementmanage systems (PMS) and life cycle
cost (LCC) analysis of pavements (Di Graziano et al., 2020). Themechanistic-empirical (ME) approach of
pavement design relies on constitutive models for this purpose (ARA, 2004; Chen et al., 2010; Lekarp,
1999; Puppala et al., 1999; Ramos et al., 2020; Tutumluer, 1995).

The PD in UGMs is a function of the number of load cycles and magnitude of stresses and is
influenced by the stress history and material properties such as moisture content (w), particle size
distribution (PSD), particle strength, degree of compaction (DOC), and so on (Brown & Hyde, 1975;
Lekarp, 1999; Ramos et al., 2020). For a specific material, the constitutive models should be able to
reliably predict the PD behaviour considering the major field variables such as expected traffic load
and environmental conditions. The magnitude of the induced stresses in the UGMs may have a large
range due to varying traffic load and lateral wander of traffic as well as due to the location of themate-
rial in the structure and the properties of the other layers (Fladvad & Erlingsson, 2021a). There is also
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the effect of stress history in the material because of the random and repeated application of load-
ing which has a significant influence on the behaviour. Thus, the model should be able to capture the
behaviour of thematerials for the expected range of stresses including the effect of stress history. Fur-
thermore, since the material properties of UGMs varies from season to season due to changes in w,
themodel needs to consider this variability in the calculations (Erlingsson et al., 2017). This is relatively
difficult to achieve because of the complex and nonlinear behaviour of thematerials (Gidel et al., 2001;
Hornych & El Abd, 2004; Uzan, 2004).

Several models have been developed to capture the general PD behaviour of UGMs including
parameters to take into account the above-mentioned factors (Chen et al., 2010; Gidel et al., 2001;
Hornych et al., 2007; Korkiala-Tanttu, 2005; Lekarp, 1999; Ramos et al., 2020). In a study by Rahman
and Erlingsson (2014), the models proposed by Gidel et al. (2001) and Korkiala-Tanttu (2005) showed
satisfactory performance in multi-stage (MS) repeated-load triaxial (RLT) tests where the effect of
stress history was considered in contrast with single-stage (SS) tests. However, these models relate
the amount of permanent strain to the shear strength properties of the material. The shear strength
parameters are determined using static failure triaxial (SFT) tests. At least three SFT tests are required
for each UGM to reliably obtain these parameters. Then the RLT test is used to evaluate the rest of
the parameters of the models. Thus, the application of these models can be quite time consuming
and expensive. Moreover, several researchers have criticised the idea of predicting the behaviour of
UGMs in cyclic loading based on SFT tests, arguing that the behaviour of UGMs is very complex and
the structural response of thematerialsmay not be the same in these two kinds of tests (Lekarp, 1999).
Some other models (Alnedawi et al., 2019; Gu et al., 2016; Hornych et al., 2007; Perez-Gonzalez et al.,
2021; Ramos et al., 2020; Werkmeister, 2003) are quite complex with many fitting parameters. Fur-
thermore, most of these models do not incorporate the effect of seasonal variation of w that has a
significant effect on the PD behaviour. Application of these models becomes a tedious process if the
influence of w needs to be investigated. From the user perspective, specifically for field applications
and application in pavement analysis and design tools, it is convenient to use a simple model with a
relatively small number of stablematerial parameters that can predict the PD behaviour of UGMswith
reasonable accuracy (Alnedawi, et al., 2019; Ramos et al., 2020).

Considering all these factors, Rahman and Erlingsson (2015) proposed a simpler model that relates
the accumulation of PD in UGMswith the repeated application of stresses of varyingmagnitudes. This
model canbe calibrated for a specificmaterial usinga single RLT test and showed reliableperformance.
However, for field conditions and for application in a pavement design software, it is more convenient
to use a model that relates the PD to the resilient strain instead of stress levels directly. In this regard,
the Mechanistic-Empirical Pavement Design Guide (MEPDG) model, proposed by Tseng and Lytton
(1989) has certain advantages (ARA, 2004). However, this model showed some limitations in perfor-
mance when used for MS RLT tests of UGMs (Rahman & Erlingsson, 2014) as well as in accelerated
pavement tests (Fladvad & Erlingsson, 2021b).

Objectives andmethodology

Theobjective of this studywas toderive amodel for predicting the PDofUGMs that ismore suitable for
field application andconvenient for implementation in apavementdesign software. The requirements
were that: (a) themodel should be simple and user friendly, (b) contain theminimumnumber of fitting
parameters possible, (c) the values of the parameters should have a reasonable and stable range with
respect to variation in material properties, and (d) should be reasonably accurate and reliable.

The studywas based onMS RLT tests where it is possible to analyse the PD behaviour of UGMs for a
wide range of stress conditions including the effect of stress history. The presented model is a deriva-
tive of themodel proposed by Rahman and Erlingsson (2015), modified to incorporate resilient strains
instead of stress levels to predict the PD. With this modification, the model was conveniently applied
and validated for field conditions and was implemented in a layered elastic theory-based software,
ERAPave PP (Ahmed, 2014; Ahmed & Erlingsson, 2021).
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Permanent deformation properties of UGMs

UGMs are inhomogeneous and anisotropic in nature. The mechanical resistance of UGMs derives
mainly from particle interlocking and friction between the particles (Kolisoja, 1997; Lekarp, 1999;
Ramos et al., 2020). UGMs inpavements are subjected to cyclic stresses of varyingmagnitudes from the
moving traffic load. These stress pulses contain vertical, horizontal and shear components. For UGMs,
the vertical and horizontal stresses can only be compressive. Because of the moving wheel load, a
rotation of the principal stress axes also occurs (Lekarp, 1999). The total deformation due to compres-
sive cyclic stresses in a UGM consists of two parts: (a) elastic or recoverable or resilient deformation
(RD) and (b) irreversible or plastic or permanent deformation (PD). Although small compared to the
RD, the PD accumulates in the material for each load cycle and may end up as a significantly large
value and cause failure of the pavement (Erlingsson & Magnusdottir, 2002; Lekarp, 1999; Ramos et al.,
2020).

The PD in theUGM is causedby compaction, crushing andmaterialmigration (Lekarp, 1999; Tholen,
1980). This develops in three phases. In the initial phase, it increases rapidlywith load applications. This
is the post-compaction phasewhich is accompanied by densification of thematerial, reduction in pore
volume and volumetric change of thematerial (El-Basyouny et al., 2005; Werkmeister et al., 2004). The
second phase is dominated by volume change where the deformation rate becomes almost constant
and shear deformation rises at an increasing rate (Werkmeister et al., 2004). At failure, only shear strain
occurs without any volumetric change (El-Basyouny et al., 2005).

For a specific UGM, the accumulation of PD is dependent on the number of load cycles and the
magnitude of the stresses (Gidel et al., 2001; Lekarp, 1999). The PD is found to be directly related to
deviator stress and inversely related to confining pressure. Several researchers have linked the amount
of PD to some form of stress ratio consisting of both deviator stress and confining pressure. It has also
been reported that reorientation of the principal stresses in pavement structures results in increased
PD (Lekarp, 1999). The PD is also dependent on the stress history of the material. It was found that PD
resulting from a certain stress level may be significantly reduced if the UGM had been subjected to
another stress cycle previously (Brown & Hyde, 1975).

The other factors governing the PD in UGMs are material properties such as PSD, DOC, particle
shape, particle strength and type,w, and so on. Among these factors,w is a seasonal variable while the
others aremorematerial specific andmay not vary somuch with time. The PD is generally reported to
increase with increasing w, where materials with higher fines content are more affected (Erlingsson,
2010; Lekarp, 1999; Rahman & Erlingsson, 2013; Soliman & Shalaby, 2015). This has been attributed to
the lubricating effect of moisture and when close to saturation due to the decrease in the effective
stress by the development of pore water pressure (Lekarp, 1999; Thom & Brown, 1987).

The evolution of PD in UGMs with load applications is dependent on the stress level that can be
classified into three ranges based on the shakedown theory (Dawson & Wellner, 1999; Werkmeister
et al., 2001; Werkmeister et al., 2005). In the order of ascending stress levels, the three shakedown
ranges (SDRs) are defined as:

• RangeA – plastic shakedown range: after a finite number of load applications, the post-compaction
is completed, and the material stabilises with no further permanent strain. Then the response
becomes entirely resilient.

• Range B – intermediate response (plastic creep): the permanent strain rate (per cycle) decreases
fromhigh to a low and nearly constant level during the first load cycles. Then the permanent strains
continue to accumulate at a very slow rate.

• RangeC– incremental collapse: thepermanent strain ratedecreases very slowly compared to range
A or B or not at all, or even accelerates. Accumulation of permanent strain continues with load
applications, leading to failure.
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Figure 1. Typical PD behaviour of UGMs in different SDR classes, depending on the stress level.

A typical example of the three SDR behaviours of UGMs is shown in Figure 1. In a pavement struc-
ture, range A behaviour can be permitted, range B behaviour may be permitted for a limited number
of load cycles, and range C behaviour should not appear at all (Werkmeister et al., 2001).

The following criteriamay be used to identify the SDR of a PD curve obtained from an RLT test (CEN,
2004a; Werkmeister, 2003):

Range A :
(
ε̂5000p − ε̂3000p

)
< 0.045 × 10−3

Range B : 0.045 × 10−3 <
(
ε̂5000p − ε̂3000p

)
< 0.4 × 10−3

Range C :
(
ε̂5000p − ε̂3000p

)
> 0.4 × 10−3 (1)

where ε̂3000p and ε̂5000p are accumulated permanent strains at 3000th and 5000th load cycles,
respectively, in an RLT test.

Oneof themost cited PDmodels is the one from theMechanistic-Empirical PavementDesignGuide
(MEPDG) (ARA, 2004), originally proposed by Tseng and Lytton (1989). This model implicitly considers
the influence of the stress level, assuming a direct relationship between the resilient strain (εr) and
applied stresses and combines the influence of the number of load cycles (N). This model is expressed
as:

ε̂p(N) = εrε0e
−(

ρ
N )

β

(2)

where ε0, ρ and β are material parameters and εr = εr (N) is the resilient strain at Nth load cycle. The
parameter β is estimated using thew (%) as:

logβ = −0.61119 − 0.017638w (3)

It should be noted that all the w’s reported in this article are gravimetric w’s (% by weight).
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Experimental procedure

The model proposed in this article is based on RLT tests in the laboratory. The widely used RLT test is
generally regarded as the most appropriate and convenient method to study the mechanical proper-
ties of UGMs (Jing et al., 2018; Lekarp, 1999; Uthus, 2007). In an RLT test, cyclic stresses corresponding
to thoseobserved in real pavements are appliedonaprepared cylindrical specimenand the associated
deformations are registered. By analysing the data, the stiffness and the PD properties of the material
are evaluated (Rahman, 2015).

Most of the models available in the literature were developed based on single-stage (SS) RLT tests
(Ramos et al., 2020). The SSRLT test refers to the approachwhere a single test specimen is used to study
the effect of a single stress path. For analysing the effect of several stress paths, the test is repeated
with a new specimen for each stress path. Thus, this approach becomes labour intensive and time-
consuming even though it avoids the effect of stress history on the specimens. On the other hand, the
MS RLT test applies several stress paths to the same specimen. For this reason, time and effort required
for the testing are significantly reduced, enabling the application of a large range of stress paths in a
relatively short time. Although the analysis of the data becomesmore complex because of the effect of
the stress history, it is still overweighed by the effort required for SS RLT tests. Indeed, the inclusion of
the stress history effect in the MS RLT test is more realistic and the variability in tests is reduced since
the same specimen is used for all the stress paths. Moreover, the fitted material parameters cover a
large range of applied stresses. Considering these benefits, theMS RLT test was chosen for developing
the model presented here.

Themodel was developed by conductingMS RLT tests on different kinds ofmaterials having differ-
ent PSDs and by varying theirw’s. Some of the materials were tested using two different sets of stress
levels. One set of stress levels was used for fitting themodel and the other set was used to validate the
model by comparing the prediction obtained using the fitted model with the measured PD. Also, the
influence of moisture on the model parameters was evaluated and used in the predictions.

TheMS RLT testmethod

The MS RLT tests were performed following the European standard EN-13286-7 (CEN, 2004a). For the
MS loading approach, this standard presents two sets of stress levels, designated as ‘high stress level’
(HSL) and ‘low stress level’ (LSL). Each set is divided into five sequences. Each of these sequences con-
tains several stress paths with a constant confining pressure and different deviator stresses (total 28
stress paths for theHSL and 30 stress paths for the LSL), as presented in Tables 1 and 2. Each stress path
is applied for 10,000 cycles. For the tests carried out here, the sequences were applied consecutively.

Cylindrical specimens of 150mm in diameter and 300mm in height were used for the tests. The
vibro-compression method (according to the European standard EN 13286-52) was used to prepare
each specimenwith a givenw and dry density (ρd). The axial deformationsweremeasured using three
linear variable displacement transducers (LVDTs), placed 120° apart and anchored to the middle third
of the specimen. Average readings from the LVDTswere used in the analyses. Haversine loadingpulses
with a frequency of 10Hz with no rest period were applied. The tests were carried out under free
drainage conditions. The confining pressure was applied using compressed air. The tests were repli-
cated for better reliability and to account for the experimental dispersions usually encountered in RLT
tests on UGMs. Here, the mean values of the measurements are reported. Further details of the test
procedure can be found in Rahman (2015).

Testedmaterials

The materials used for this study are commonly used UGMs for different types of road constructions.
The PSDs and relevant properties of thesematerials are presented in Figure 2 and Table 3, respectively.
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Table 1. Stress levels for MS RLT tests, prescribed by the European Standard (HSL).

High stress level

Sequence 1 Sequence 2 Sequence 3 Sequence 4 Sequence 5

Confining Deviator Confining Deviator Confining Deviator Confining Deviator Confining Deviator
stress, σ 3 stress, σ d stress, σ 3 stress, σ d stress, σ 3 stress, σ d stress, σ 3 stress, σ d stress, σ 3 stress, σ d
kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa

Constant Min Max Constant Min Max Constant Min Max Constant Min Max Constant Min Max

20 0 50 45 0 100 70 0 120 100 0 200 150 0 200
20 0 80 45 0 180 70 0 240 100 0 300 150 0 300
20 0 110 45 0 240 70 0 320 100 0 400 150 0 400
20 0 140 45 0 300 70 0 400 100 0 500 150 0 500
20 0 170 45 0 360 70 0 480 100 0 600 150 0 600
20 0 200 45 0 420 70 0 560
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Table 2. Stress levels for MS RLT tests, prescribed by the European Standard (LSL).

Low stress level

Sequence 1 Sequence 2 Sequence 3 Sequence 4 Sequence 5

Confining Deviator Confining Deviator Confining Deviator Confining Deviator Confining Deviator
stress, σ 3 stress, σ d stress, σ 3 stress, σ d stress, σ 3 stress, σ d stress, σ 3 stress, d stress, σ 3 stress, σ d
kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa

Constant Min Max Constant Min Max Constant Min Max Constant Min Max Constant Min Max

20 0 20 45 0 60 70 0 80 100 0 100 150 0 100
20 0 40 45 0 90 70 0 120 100 0 150 150 0 200
20 0 60 45 0 120 70 0 160 100 0 200 150 0 300
20 0 80 45 0 150 70 0 200 100 0 250 150 0 400
20 0 100 45 0 180 70 0 240 100 0 300 150 0 500
20 0 120 45 0 210 70 0 280 100 0 350 150 0 600
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Figure 2. PSDs of the UGMs used for this study.

Table 3. Material properties.

Material Type D10 (mm) Cu(–) Cc(–) Fc (%) Gs(–) ρdmax (ton/m3) wopt(%)

M1 Crushed rock 6.00 2.0 0.2 2.4 2.64 2.11 5.5
M2 Crushed rock 0.13 69.2 5.3 6.5 2.64 2.26 6.0
M3 Crushed rock 0.06 128.0 2.0 12.0 2.64 2.22 6.5
M4 Crushed rock 0.65 20.0 2.4 2.2 2.63 2.08 5.5
M5 Crushed rock 0.06 208.0 0.6 10.2 2.54 2.21 6.0
M6 Crushed rock 0.70 10.0 0.2 8.6 2.68 2.35 6.9
M7 Crushed natural gravel 0.33 25.8 0.9 3.8 2.49 2.13 7.5
M8 Crushed natural gravel 0.43 37.2 5.2 1.4 2.61 2.16 5.0

Notes: D10is the effective particle size (10% of the particles are finer than D10); Cu is the uniformity coefficient; Cc is the gradation
coefficient; Fc is the fine content (< 0.075mm); Gs is the specific gravity.

A range of different PSDs was chosen to investigate the applicability of the proposed model for a
relatively broad range of materials. Thematerials M1, M2 andM3were crushed rock aggregates of the
same origin with different PSDs. M4, M5 and M6 were also crushed rock aggregates collected from
different road construction sites. M7 and M8 were natural aggregates dug out of gravel pits where
the fractions of crushed material were produced by crushing the oversized particles. The maximum
particle size (dmax) used for the tests was 31.5mm. The optimum moisture contents (wopt) and the
maximum dry densities (ρdmax) were determined using the modified Proctor method according to
the European standard EN 13286–2 (CEN, 2004b). For each material, the RLT tests were performed for
a series ofw’s. The initialρd‘s of the specimenswere targetedbetween 95%and97%of their respective
ρdmax values. The specific test conditions are summarised in Table 4. It should be noted that the same
value ofwmay have a very different meaning for different UGMs and thus it does not represent much
information about the moisture condition of the specimen. In this regard, the degree of saturation
(S), which represents the amount of moisture in a specimen in relation to the amount required for
full saturation, is a better indicator (Erlingsson et al., 2017). Hence, for better comprehensibility of the
moisture situation, Swas calculated and later used in the modelling. Furthermore, the void ratio (e) is
given in Table 4.
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Table 4. Test conditions.

Material ρd(Ton/m3) e (–) w (%) S (%) Stress level Samples tested

M1 2.05 0.29 1.0 9.1 HSL 2
3.0 27.3 LSL 2
3.0 27.3 HSL 2
5.0 45.5 HSL 2
7.0 63.8 HSL 2

M2 2.19 0.20 1.0 12.9 HSL 2
3.0 38.8 HSL 2
5.0 64.6 HSL 2
6.5 84.0 HSL 2

M3 2.15 0.23 1.0 11.7 LSL 2
1.0 11.7 HSL 2
2.0 23.4 HSL 3
3.5 40.9 HSL 2
5.0 58.4 HSL 2
6.0 70.1 HSL 2

M4 2.01 0.31 1.0 8.6 LSL 1
3.5 30.0 LSL 2
5.5 47.2 LSL 2
6.5 55.7 LSL 2

M5 2.19 0.16 2.0 31.6 LSL 2
4.5 71.0 LSL 3
6.0 94.7 LSL 2

M6 2.23 0.20 2.0 26.7 LSL 2
4.0 53.5 LSL 2
7.0 93.6 LSL 2

M7 2.02 0.23 3.5 37.8 HSL 2
5.5 59.4 LSL 1
5.5 59.4 HSL 2
7.5 81.0 HSL 2
8.5 91.8 HSL 2
9.2 99.4 HSL 2

M8 2.10 0.25 1.0 10.6 LSL 2
3.5 37.2 LSL 2
5.0 53.1 LSL 2
7.0 74.4 LSL 2

Proposedmodel

In a previous study, based on theMS RLT tests, the following regression-based empirical model for the
PD behaviour of UGMs was proposed by the authors (Rahman and Erlingsson 2015):

ε̂p(N) = aNbSf Sf (4)

where ε̂p(N) is the accumulated permanent strain afterN number of load cycles and a and b are regres-
sion parameters related to the material. The term Sf describes the effect of the stress condition on the
development of PD, which is expressed as:

Sf =
(

q
pa

)
(

p
pa

)α (5)

where q is the deviator stress, p is the hydrostatic stress (one-third of the sumof the principal stresses),
and α is a parameter determined using regression analysis. The term pa = 100 kPa (reference stress
taken equal to the atmospheric pressure) was used to make the expression non-dimensional.

For a series of MS RLT tests with different UGMs with different w’s and DOCs, the model showed
reliable and satisfactory performance (Rahman and Erlingsson 2015). However, for application of the
model for field conditions using a layered elastic theory-based pavement analysis software ERAPave
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Figure 3. Accumulation of permanent strain with the number of load cycles for M7 withw = 5.5% during MS RLT test with LSL.

PP (Ahmed & Erlingsson, 2021), it may become problematic if any of the calculated lateral stresses
turns out to be negative (Tutumluer & Thompson, 1997). For these kinds of applications, it is more
convenient and appropriate to use an εr-basedmodel since the calculated vertical εr is never negative.
Thus, Equation (4) was modified by simply replacing Sf with εr as follows:

ε̂p(N) = aNbεrεr (6)

Note that the resilient strain εr is related to the state of stress or p/q ratio and therefore Equation (6)
can be seen as the same model as presented in Equation (4) but with different material parameters a
and b.

For the MS RLT tests conducted in this study, the simple power law equation is given by Sweere
(1990)workedbetter compared to someother functions, such as the hyperbolic equation. The amount
of permanent strain was related to εr bymultiplying it with thematerial parameter a. The εr was again
incorporated as the exponent of Nwith parameter b to better simulate the different SDR slopes of the
PD curve, shown in Figure 1. To justify the inclusion of εr as the exponent, an example of the various
SDRs that may occur during anMS RLT test is shown in Figure 3. These SDRs were evaluated using the
criteria given in Equation (1). From this, it is obvious that themodel must be able to represent all these
SDRs reliably. SDR A occurs when the stress level is relatively low, so the value of εr would be low and
thus for the model, the exponent of N will be low as well. As a result, the slope of the PD curve will be
minimal corresponding to SDR A. With increased loading, εr will increase, leading to increased value
of the exponent of themodel. This will make the slope of the PD curve steeper corresponding to SDR B
and SDR C. In this way, the model is suitable for a broad range of stress levels in MS RLT tests where all
the SDRs are expected to occur in a single test. The number of material parameters in this model was
two, which can be evaluated using a single RLT test. The values of these parameters are likely to be
dependent on material characteristics such as PSD, DOC, w, mineral and surface characteristics, and
so on. Based on observations of the data presented in the following sections, it may be noted that
the parameter b is probably dependent mostly on the initial DOC. For the relatively narrow range of
DOC used in this study, a common value of b provided good results. Parameter b tends to be lower for
the lower DOC. The parameter a is highly dependent on w and DOC, among other factors. Moreover,
parameters a and b showed a reciprocal relationship, meaning that if the b value tends to be lower,
the a value tends to be higher.

The model presented in Equation (6) is for one stress path only. To use this model for MS RLT test
conditions where several stress paths are consecutively applied to a single specimen (thus the effect
of stress history becomes important), the time hardening approach (Erlingsson & Rahman, 2013) was
adopted. According to this method, Equation (6) can be reconstructed for MS RLT tests as:

ε̂pi(N) = a(N − Ni−1 + Neq
i )b(εr)i(εr)i (7)
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where

Neq
i =

[
ε̂pi−1

a(εr)i

]b−1(εr)i
−1

(8)

where the suffix i refers to the ith stress path, ε̂pi−1 is the accumulated permanent strain at the end of
(i–1)th stress path.

Validation of themodel

The model proposed in section ‘Proposed model’ was validated in three steps. First, it was tested to
fit the data from the MS RLT tests conducted. In the second step, the fitted model was used to predict
the accumulation of PD in the MS RLT tests. Finally, the model was used to capture the PD behaviour
of UGMs in a pavement structure. Details of the procedures are given in the following sub-sections.

Model fitting

The model, as presented in Equation (7), was fitted to the data from the MS RLT tests of the UGMs for
a range of w’s using the least square curve fitting method. The initial values of the parameters were
estimated based on boundary conditions and engineering judgement. For the parameter a, the initial
value was set equal to the accumulated permanent strain times 1000 at the end of the first stress path
and was restricted to be positive. The value of the parameter b was restricted between 100 and 500.
The model with the initial parameters was then used to estimate the accumulated permanent strain
and the square of error (the difference between the measured and the modelled value) for each data
pointwas calculated. The sumof the errors squaredwas thenminimisedbyoptimizing theparameters.
For each stress path, data were collected in accordance with the European standard. For the optimiza-
tion, accumulated PD after the following cycle numbers were used: 10, 20, 50, 100, 200, 400, 1000,
2500, 5000, 7500 and 10,000. The quality of fit was evaluated by the coefficient of determination R2.
Also, the correct matching of the SDR between the modelled and the measured data for each stress
path was evaluated and expressed as a percentage. For most of the cases, a value of b close to 250
provided reasonably good fit. Thus, to avoid complications due to multiple possible combinations of
parametric values, b was fixed to 250. Using this approach, reasonable qualities of fits were achieved
by only optimising the parameter a. An example of the model fitting to the MS RLT test data as well
as the SDRs of the different stress paths as calculated based on the fitted model versus the test data
is shown in Figure 4. Figure 5 shows the plots of the measured versus modelled accumulated perma-
nent strain as a functionN for some of thematerials for differentw’s. The values of the parameters and
the estimates of R2 and SDR matching are presented in Table 5. The plots in Figure 5 show that the
model fitted reasonably well with satisfactory values of R2 (mostly > 0.85) and SDRmatching (mostly
> 85%). Themissing data for some of the tests are because of termination of the tests due to excessive
deformations.

The values of a for the different specimens were plotted against S in Figure 6, showing that a can
be expressed as a linear function of S (within the range used in this study) as follows:

a = c1(S) + c2 (9)

where c1 and c2 are the regression parameters specific to each specimen and S is expressed as a per-
centage. The values of these parameters for the different materials and the corresponding R2 values
are given in Table 6.

Among M1, M2 and M3, it was observed that for M3 with finer PSD moisture had the strongest
impact. This is represented by a steeper slope (higher value of c1) of the a versus w line in Figure 6.
Also, the UGMs with the lower amounts of fines (M1, M4 and M8), tended to show lower values of c1,
indicating less sensitivity to moisture. Generally, it is hard to compare the impact of moisture (thus c1
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Figure 4. Typical model fitting and SDR matching.

Figure 5. Measured and modelled accumulation of permanent strains for different w’s.
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Table 5. Calibrated material parameters of the model.

Model parameters (–)
Material W (%) S (%) (b = 250) R2 (–) SDR matching (%)

a
M1 1.0 9 3.8 0.88 61

3.0 27 5.2 0.94 71
5.0 46 7.8 0.91 86
7.0 64 8.9 0.84 89

M2 1.0 13 2.6 0.99 93
3.0 39 4.4 0.99 89
5.0 65 4.8 0.98 75
6.5 84 7.6 0.84 93

M3 1.0 12 6.7 0.98 93
2.0 23 10.7 0.93 79
3.5 41 17.7 −1.15 86
5.0 58 23.2 0.98 100
6.0 70 29.0 0.90 100

M4 1.0 9 2.6 0.99 89
3.5 30 2.6 0.93 89
5.5 47 2.8 0.99 93
6.5 56 3.1 0.98 71

M5 2.0 32 4.2 0.73 68
4.5 71 4.7 0.95 82
6.0 95 9.7 0.90 82

M6 2.0 27 4.1 0.99 82
4.0 53 7.1 0.95 68
7.0 94 12.6 0.97 79

M7 3.5 38 1.6 0.88 82
5.5 59 3.8 0.97 75
7.5 81 6.7 0.97 89
8.5 92 7.8 0.98 75
9.2 99 8.1 0.87 100

M8 1.0 11 1.4 0.99 93
3.5 37 1.9 0.94 89
5.0 53 2.9 0.97 93
7.0 74 3.9 0.92 71

Table 6. Parameters of Equation (9).

Material M1 M2 M3 M4 M5 M6 M7 M8

Parameters c1 0.098 0.063 0.375 0.010 0.080 0.127 0.079 0.039
c2 2.8 1.7 2.1 2.4 0.9 0.6 0.0 0.8

R2 0.98 0.89 0.99 0.76 0.69 0.99 0.98 0.94

values) among thedifferentUGMsbecause of thedifferences in aggregate types anddifferent dry den-
sities used for the tests. Different packing arrangements of the particles in the different materials may
also have had some impact (Yideti et al., 2012, 2013). The distribution of c2 values here is quite random,
which may be attributed to the same reasons as well. However, this needs further investigation.

Predicting PD using the fittedmodels

For validation, the fitted models for the different UGMs in section ‘Model fitting’ were used to predict
the accumulation of PD in different combinations of stress levels other than those used for the fittings.
Thus, if HSL was used for the fitting, LSL was used for the validation and vice versa. The predicted PD
were then compared to the actual measurements from the MS RLT tests. The quality of predictions
was evaluated using the R2 values and SDRmatching. For comparison, the MEPDGmodel was used in
the same manner. Additionally, the parameter a was calculated for the specific w’s using Equation 9
and Table 6 and used in the model during validation, which is represented here as ‘proposed model
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Figure 6. Parameter a as a function ofw for the different materials.

Table 7. Statistical evaluation of the quality of prediction by the models.

R2 SDR matching [%]

Proposed Proposed
Stress level model model

w S used for Proposed (moisture MEPDG Proposed (moisture MEPDG
Material (%) (%) validation model based) model model based) model

M1 3 27 LSL 0.98 0.96 0.97 82 82 61
M3 1 12 LSL 0.98 0.97 0.89 96 96 64
M7 5.5 59 LSL 0.98 0.96 0.96 100 100 79

(moisture based)’. Some examples of the test data and the predictions by the models are shown in
Figure 7. The R2 values and SDRmatching for themodels are presented in Table 7. These indicate that
all threemodelsworked reasonablywell for predicting the PDof theseUGMs inMSRLT tests. However,
the proposedmodel showed better agreement with themeasurements, especially during the last two
stress paths (sequence 5) for all cases. Themoisture-based version of themodel alsoworkedwell. Thus,
using this approach, the model may be used reliably to predict the PD behaviour of UGMs for a range
of stress levels and w’s.

Field application

In addition to the RLT test environment, the model was employed to capture the PD behaviour of
UGMs in a real pavement structure. For this, data from an accelerated pavement testing (APT) of an
instrumented pavement test section were used. The APT was conducted in a controlled environment
using a heavy vehicle simulator (HVS). The schematic of the test section and instrumentations is shown
in Figure 8(a). During the test, the groundwater table (GWT)was raised after 486,750 load cycles, which
is shown in this figure. Details of the structure and the test canbe found in Saevarsdottir and Erlingsson
(2014). The required εr values as inputs for calibrating the model and the actual accumulated PD of
the different layers were obtained from the readings of the instrumentations. The parameters of the
model were adjusted to match the measured data with the predictions. In this case, the values of the
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Figure 7. Measured versus predicted accumulation of permanent strain using the fitted models.

parameter a close to those for the RLT tests workedwell. Like the RLT tests, the values of the parameter
b as 250 worked here too except for the base layer where a value of 60 provided the best fit (possible
reasons are lower DOC or lower confining pressure due to closer position to the surface). The values of
a were different for the moist and wet conditions (i.e. before and after raising the GWT, respectively)
for the base and subgrade. Themeasured andmodelled accumulated PD of the different layers of the
test structure are shown in Figure 8(b). The values of the model parameters are presented in Table
8. Generally, good agreements between the measured and modelled responses were observed. The
ranges of the model parameters were stable as well indicating reliability of the model. It should be
noted that since the RLT test environment is not totally identical to field conditions, the parameters
obtained using RLT tests may need to be adjusted for field applications. Further implementation of
this model for field conditions can be found in Fladvad and Erlingsson (2021b).
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Figure 8. (a) Schematic of the test structure (Saevarsdottir & Erlingsson, 2014). (b) Measured vs. modelled PD in different layers.

Table 8. Model parameters for the different layers of
the pavement section.

Model parameters

Moist Wet

Layer a b a b

Base 2.2 60 2.5 60
Subbase (upper part) 2.5 250 2.5 250
Subbase (lower part) 4.0 250 4.0 250
Subgrade (upper part) 2.0 250 9.5 250

Implementation of themodel in ERAPave PP

The model has been implemented for the UGM layers of pavement structures in the layered elastic
theory-based pavement design software ERAPave PP. To investigate the performance of ERAPave PP
using this model, two heavy vehicle simulator (HVS) test structures were analysed. For this study, con-
crete block pavement (CBP) structures were chosen so that all layers could be treated as UGM layers,
thus avoiding the use of other models and their influence on the calculations. This helped better eval-
uation of the proposedmodel. Structure 1 is a permeable type and structure 2 is a non-permeable type
ofCBP. Thematerial properties andmodel parameterswere estimatedbasedonRLT testing,with some
adjustments to match the calculated values to the measured ones. Here, the concrete blocks and the
bedding layer were assumed to be acting as a system with a single elastic modulus value (estimated
based on literature data and trial and error procedure). All the unbound layers were treated as linear
elastic. For the HVS test conditions of these structures, variation of moisture was neglected. Details
of the HVS testing and the structures can be found in Hellman (2017) and Rahman et al. (2020). The
essential properties of the structures as well as the values of the model parameter a are presented in
Table 9. Again, the parameter b was taken as 250. The total surface rutting predicted by ERAPave PP
and the measured rutting from the HVS test are shown in Figure 9. In this case, the data were nor-
malised by neglecting the post-compaction phase both for the ERAPave PP calculations and the HVS
testing. Figure 9 indicates that the predictions by ERAPave PP closely matched the HVS test results.
This implies that the model can be reliably incorporated in ERAPave PP. With the proper calibration of
material properties and model parameters, this model can contribute to the prediction of structural
performance of pavements in the field.
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Figure 9. Rut development in the two test structures: ERAPave PP predictions versus HVS test data.

Table 9. Properties of the test structures.

Structure 1 Structure 2

Parameter Stiffness Parameter Stiffness
Thickness a modulus Thickness a modulus

Layer Material (mm) (b = 250) (–) (MPa) Material (mm) (b = 250) (–) (MPa)

Concrete
block

Permeable
blocks

80 15 500 Non-
permeable
blocks

100 18 600

Bedding
layer

2–5mm
crushed
rock

30 0–4mm
crushed
rock

88

Base
layer

4–32mm
crushed
rock

80 10 300 0–32mm
crushed
rock

205 15 350

Subbase
layer

4–90mm
crushed
rock

685 12 200 0–90mm
crushed
rock

666 15 350

Subgrade Sand 2125 20 80 Sand 1941 20 80

Table 10. Properties and test conditions of the additional materials.

Material Type D10 (mm) Cu(–) Cc(–) Fc(%) Gs(–) ρd (ton/m3) w(%) S(%)

M9 Crushed rock 0.14 59.3 1.8 7.1 2.72 2.18 5.7 62.6
M10 Crushed natural gravel 0.25 32.0 0.3 4.5 2.49 2.10 3.5 32.2
M11 Incinerated bottom ash 0.14 75.0 13.8 5.0 2.30 1.74 11.9 57.5
M12 Incinerated bottom ash 3.00 3.7 0.9 1.5 2.30 1.52 4.1 14.1
M13 Crushed natural gravel 3.00 5.3 1.0 1.2 2.61 1.89 3.5 21.7
M14 Crushed natural gravel 4.00 5.0 2.5 0.9 2.61 1.85 3.5 20.2
M15 Incinerated bottom ash 0.06 64.5 2.0 12.0 2.35 1.65 8.0 33.6
M16 Incinerated bottom ash 0.06 10.5 1.6 16.0 2.35 1.42 25.6 76.1

Ranges of themodel parameters

To study the possible range of material parameters, the model was fitted to MS RLT test data on sev-
eral other UGMs in addition to those presented above. Inmost of the cases, a value of b = 250worked
well. In those cases, the values of awere also within the range observed in Table 5. However, in certain
cases the value of b needed to be altered to get acceptable quality of fit. Some of these cases are pre-
sented in this section. The PSDs of these materials are presented in Figure 10. Here, M9 was a crushed
rock aggregate. M10, M13 and M14 were blends of natural and crushed rock aggregates. M11, M12,
M15 and M16 were incinerated bottom ash (IBA) materials. The tests were conducted on specimens
with their respectivewopt ’s. The specimen densities for all the tests ranged from 95 to 97% of themax-
imum dry densities determined using the modified Proctor method. The LSL was used for all the tests
(Table 10).
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Figure 10. PSDs of some additional materials tested.

Table 11. Model parameters determined for some additional materials.

Model parameter M9 M10 M11 M12 M13 M14 M15 M16

a 4.8 3.1 9.9 6.2 6.7 9.1 1.1 4.2
b 122 155 106 176 177 156 307 214
R2 0.95 0.95 0.91 0.98 0.97 0.95 0.99 0.99

Table 12. Suggested range of model parameters for UGMs with
dmax = 31.5mm, DOC: 95–97% (modified Proctor method).

Parameter Well-graded Coarse and open graded Fine graded

a 1–15 1–10 1–30
b 100–250 150–250 200–350

From Tables 5 and 11, it is observed that within a certain range of values of the parameters, satis-
factory quality of fit (for most cases, R2 > 0.85) can be achieved with the model. The variation of the
parameters appears to bemore for the finer PSDs depending on thematerial type. It is also noted that
when the value ofb is higher, the value ofa tend tobe relatively lower (e.g.M15). Basedon these obser-
vations the expected ranges of the model parameters for MS RLT test condition have been suggested
in Table 12. Besides material type, the values will depend on the w and the DOC.

Conclusions

Amodel to predict the accumulation of PD in UGMswith the number of load applications and variable
stress conditions was derived based on an existing model. The objective was to better suit the pre-
existingmodel for field and software applications. The study was based onMS RLT tests since it allows
for a controlled and comprehensive study of thematerial behaviour with minimal effort. The idea was
to develop a simple and reliable model for MS loading conditions that can be calibrated with reduced
effort compared to some of the existing models.

The model can be calibrated for a specific material by using a single RLT test without the require-
ments of SFT tests. It was validated with MS RLT test data by applying the time hardening approach.
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Despite its simplicity, this model showed reliable results. Some deviations in predictions compared
to measured values are acceptable since experimental scatters are commonly encountered in MS RLT
testswithUGMs. In this study, for simplicity, the parameter bwas restricted to 250, leaving only param-
eter a to be regressed for different UGM specimens. Yet the model provided good quality of fit (both
in terms of R2 values and SDR prediction matching). With this approach, it was possible to investigate
the impact of S (or w) on parameter a. It was found that the parameter a can be considered (with
reasonable accuracy) as a linear function of S (or w).

To study the range of values of the model parameters, additional data from RLT tests on different
kinds of UGMs were used. It was found that the parameters were quite stable falling within a certain
range. Formost of the cases, b close to 250workedwell, probably because of the narrow range of DOC
investigated. Outside that range, optimumb valuesmaybedifferent. Basedon all these data, expected
ranges of the parameter values were suggested.

TheMS RLT test according to the European standard is a constant confining pressure (CCP)method
since the confining pressure remains constant during the application of cyclic deviator stresses. In
reality, the confiningpressure inpavements is also cyclic or variable.However, RLT testingwith variable
confining pressure (VCP) is muchmore complicated to conduct and is not widely available. In fact, the
proposed model can also be used for VCP method applying the time hardening approach. As shown
in this study, themodel parameters evaluated using the CCPMS RLT test can be used for predicting PD
of UGMs in pavementswith reasonable accuracy. For application in pavements, the initial values of the
model parameters need to be estimated using RLT tests. Then those parameters may require further
adjustments to fit the in-situ behaviour of thematerials because of thedifferent stress conditions. After
successful calibration, the model may be further used for the samematerial in other structures. This is
identical to introducing field calibration factor β according to the MEPDG (ARA, 2004). Thus, for field
applications, the use of CCP or VCP method does not make much of a difference.

Since this was a limited study, the parameters of the model should be evaluated for a wider range
of materials with varied w’s and DOC. With further studies, it should be possible to incorporate the
influence of w, PSD and DOC into the model. The model might as well be used for subgrade mate-
rials when matric suction is properly incorporated (Cary & Zapata, 2011; Salour et al., 2016; Vanapalli
et al., 1996). Hence, the study shouldbeextended tomore comprehensive investigationswithdifferent
types of structures and a database of material parameters should be created. Further work is currently
underway to extend the applicability and reliability of this model and account for the various factors
involved.
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