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ABSTRACT
Permanent deformation is one of the failuremodes considered in the analy-
sis and design of flexible pavements. ERAPave performance prediction (PP)
which is a mechanistic empirical (ME) pavement design tool utilises two
distinct models for the prediction of permanent deformation in the bound
and unbound granular layers including subgrade. This paper aims to cali-
brate these models using pavement response and performance data from
accelerated pavement testing (APT) structures. Material properties such
as layer modulus were established through an optimisation that involves
both fallingweight deflectometer (FWD) and pavement responsemeasure-
ments. Based on the predicted performance results, a separate set of cali-
bration was performed for permanent deformation development in moist
and wet moisture conditions. The calibrated models have resulted in pre-
dictions that are in good agreement with observed performances. Further-
more, the model parameters successfully captured the initial densification
behaviour and the associated sensitivity with axle load level.
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Introduction

Permanent deformation is one of the primary failure modes considered in the analysis and design of
flexible pavements. All the layers in a flexible pavement structure exhibit permanent deformation and
contribute to the total observed surface rutting. This failuremode has been recognised and addressed
in pavement performance prediction tools such as Pavement ME, CalME and ERAPave PP, among oth-
ers (Ahmed & Erlingsson, 2013; ARA Inc., 2004; Ullidtz et al., 2008). Several distinct and unique models
are currently available for the prediction of permanent deformation in the asphalt concrete (AC) layer,
unbound granular material (UGM) layers and subgrade (ARA Inc., 2004; Erlingsson & Rahman, 2013b;
Huang et al., 2021; Kenis & Wang, 1997; Korkiala-Tanttu, 2009; Rahman et al., 2022; Tseng & Lytton,
1989). These models were developed using failure mechanisms and material behaviour characterisa-
tions that are appropriate for different analysis conditions. In addition, the models are expected to
provide accurate predictions while capturing the non-linear behaviour of the materials and the con-
stant variation in traffic and environmental conditions (Tutumluer, 2013). As most of thesemodels are
semi-empirical in nature, a continuous evaluation and assessment of the models for circumstances
that are different from the original conditions upon which they were developed is required.

For the prediction of permanent deformation in flexible pavements, ERAPave PP employs the
layer strain approach with unique predictive models for each layer of the pavement structure (Barks-
dale, 1972). The model developed by ARA Inc. (2004) for Pavement ME was adopted for the bound
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layers while a strain-based model that was recently developed by Rahman et al. (2022) was used
for the unbound layers and subgrade. These models have been observed in delivering satisfac-
tory and reliable results for laboratory mixtures and accelerated pavement testing (APT) sections
(Ahmed & Erlingsson, 2015; Dinegdae & Erlingsson, 2020; Rahman & Erlingsson, 2015). Neverthe-
less, as reported by Schwartz et al. (2011), semi-empirical models can exhibit no or low sensitivity
to changes in the analysis condition and as such require a comprehensive evaluation and calibra-
tion to fully assess their capability and sensitivity. These evaluations are crucial as the predictions
from these models control not only the construction phase of the pavement structure but also gov-
ern the maintenance strategy that will be implemented during the service life of the pavement.
This would consequently have a significant impact on the estimated overall life cycle cost (Santos &
Ferreira, 2013).

Empirical models require a thorough calibration and validation before implementation for actual
use. This is intended to guarantee that themodels fully account for the various pavement design con-
ditions that exist in practice. Pavement sections are generally designed and constructed for a service
life of 20 years, making it very difficult to obtain relevant performance data in a timely manner. APT
using heavy vehicle simulator (HVS) can be used instead to compensate for the lack of data fromactual
in-service pavement sections (Gungor et al., 2020; Laurent-Matamoros et al., 2020; Stache & Gonza-
lez, 2020). APT can be an excellent alternative for the evaluation of pavement performance predictive
models as it provides performance data in a short period of time while modelling a full pavement
structure with realistic traffic and environmental conditions (Al-Qadi & Wang, 2012; Ávila-Esquivel
et al., 2020; Chazallon et al., 2009; Harvey & Popescu, 2000). APT using HVS is conducted in a con-
trolled environment, where environmental conditions and traffic factors are continuously monitored
and measured. In addition, it allows for the continuous measurement of pavement responses such as
strains, stress, and deflections along with applied traffic volume, allowing the characterisation and
modelling of key material properties and pavement behaviour. The use of APT is very convenient
for controlling the level of variability associated with inputs such as layer modulus and thickness.
This allows measured pavement response and performance to reflect accurately the actual material
behaviour and failuremechanism (Louw et al., 2020). APT can also be employed to establish the sensi-
tivity of pavement response andperformance towards factors such asmoisture, axle load, tire inflation
pressure andother important inputs (Erlingsson, 2010; Fladvad&Erlingsson, 2022a;Meroni et al., 2020;
Saevarsdottir & Erlingsson, 2013).

Objectives

The main objective of this paper is to evaluate and calibrate the models that are incorporated in ERA-
Pave PP for the prediction of permanent deformation in the AC layer, unbound granular material
(UGM) layers and subgrade. Furthermore, the study investigates the impact of factors such as axle
load level and moisture content on the rate and overall evolution of permanent deformation. For this
purpose, several APT structures that were tested using HVS and which are representative of actual
in-service conditions were used. The APT sections were originally constructed and tested to study
the influence of factors such as load level, moisture content, mixture type, traffic volume and struc-
tural layout on the permanent deformation behaviour of flexible pavements. The calibration of the
models using these sections allows the models to incorporate and capture the influence of these fac-
tors on predicted results. The material properties used in the performance predictions were obtained
throughanoptimisation that involveboth fallingweightdeflectometer (FWD) andpavement response
measurements. The calibration of the predictive models was achieved by carefully examining the
correlation between the predicted and measured values of each layer. For this, model coefficients
that are unique for each layer and analysis condition were established and incorporated into the
models.
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ERAPave PP

The ERAPave PP tool, which employs a mechanistic-empirical design approach for the prediction
of distresses in flexible pavements, is currently under consideration by the Swedish and Norwegian
Transport Administrations as a possible successor to existing pavement design methods. ERAPave
PP primarily optimises pavement sections for fatigue cracking and permanent deformation perfor-
mances. It can also be used to analyse pavement structures for conditions that are typical of cold
climate such as frost heave and studded tires wear. The tool has so far been implemented for the
performance evaluation of a number of asphaltmixtures, unboundgranularmaterials (UGMs) andAPT
sections, andwas observed in delivering results that are generally satisfactory and acceptable (Ahmed
& Erlingsson, 2013; Fladvad & Erlingsson, 2022b; Saevarsdottir & Erlingsson, 2015).

Figure 1 presents the flowchart of ERAPave PP. ERAPave PP, as can be seen in Figure 1, consists
of two components: a mechanistic-based pavement response analysis and an empirically calibrated
performancepredictivemodel. Amulti-layered linear elastic theory (MLET) based analysis is utilised for
pavement response prediction, which is in essence the determination of the field variables (i. e., strain,
stress, and deflection) for the prevailing environmental and traffic conditions (Erlingsson & Ahmed,
2013a; Huang, 2004). The calibrated model component, on the other hand, computes the design life
of the pavement.

Flexible pavement structures are made of layers that are unique in their material make up. This
makes it practically impossible to formulate a unique mathematical equation that can capture the
permanent deformation behaviour of the whole flexible pavement structure. To overcome this prob-
lem, ERAPave PP in similar fashion as othermechanistic-empirical pavement design tools employs the
layer stain approach for the estimation of permanent deformation. This approach determines the total

Figure 1. ERAPave PP flow chart.
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observed surface rut depth by adding together the permanent deformation exhibited by each layer
of the pavement structure. For predicting the permanent deformation of each layer, the approach
uses models that take into account the respective material properties of each layer (Barksdale, 1972).
The mathematical formulation of the (Barksdale, 1972) approach is presented in Equation 1. In the
equation, the total rut depth (RDtot) is calculatedby integrating thepermanent deformation (εp) exhib-
ited by an infinitesimal element (dz) over the specified lower and upper limits. In the case when the
pavement structure is divided into a number of sublayers (n) with depth (�zi), the total rut depth is
calculated by adding together the permanent deformation (εp,i) exhibited by each sublayer.

RDtot =
∫ ∞

0
εp(z)dz =

n∑
i=1

εp,i�zi (1)

For computing the evolution of permanent deformation in each layer of the pavement structure,
ERAPave PP employs a strain hardening approach that considers the stress history of the material
(Erlingsson & Rahman, 2013b; Lytton et al., 1993).

Permanent deformationmodelling in asphalt concrete

The permanent deformation behaviour of the AC layer is affected by factors such as temperature,
binder type and content, loading rate and aggregate gradation. Factors such as traffic volume, tire
pressure and axle load level are also observed in increasing the propensity of the asphalt mixture
towards permanent deformation failure (Kim, 2009). For the prediction of permanent deformation in
the AC layer, ERAPave PP adopts the model that was originally developed for Pavement ME (ARA Inc.,
2004). Equation (2) presents themathematical formulation of this model. Themodel captures the per-
manent deformation behaviour of AC layers through factors such as traffic volume (N), temperature
(T) and applied load level.

εP(N, T) = aTbNcεr (2)

where εr and εp are resilient and accumulated permanent strains, respectively, while a, b, and c are
model coefficients.

Permanent deformationmodelling in unbound granularmaterials

UGM layers are highly susceptible to failures related to permanent deformation or rutting (Epps et al.,
2014). Several models that are suitable for various analysis conditions are currently available for the
prediction of permanent deformation in UGM layers and subgrade (Korkiala-Tanttu, 2009; Rahman &
Erlingsson, 2015; Tseng & Lytton, 1989). These models attempt with the implementation of various
theories and assumptions to capture the permanent deformation behaviour of the material, which is
primarily governed by factors such as number of load applications, stress level, stress history, mois-
ture content and aggregate gradation (Erlingsson, 2010; Lekarp & Dawson, 1998). For the prediction
of permanent deformation in UGM layers and subgrade, ERAPave PP employs a strain-based model
that was recently developed by Rahman et al. (2022). The model was developed using data that was
obtained from a multi-stage repeated load triaxial (MS-RLT) test and considers resilient strain (εr) and
number of applied traffic cycles (N) as inputs. A time-hardening approach is utilised in the model to
take into account the stress-history behaviour of UGMs, which is induced as a result of either lateral
wheel wander or change in axle load level (Rahman et al., 2022). Equation 3 presents themathematical
formulation of the model.

εP(N) = aNb(εr)cεr (3)

where εp is accumulated permanent strain while a, b, and c are model coefficients.
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Experimental plan

Accelerated pavement testing

The Swedish Road and Transport Research Institute (VTI) employs APT for the performance evaluation
of pavement structures for various analysis and design conditions. Traffic loading is simulated using a
mobileHVS (Mark IV), which is capable of applyingdifferent load levels andwheel configurationswhile
movingbi-directionally at a speedof 12 km/h (Wiman&Erlingsson, 2008). Inmost testing, threephases
of traffic loadings with distinct unique features are applied. In the first phase, for post compacting
the structure, traffic loadings of different magnitude in terms of load level and tire inflation pressure
are applied. A total of around 20,000 cycles of loading are expected during this phase. In the second
phase, for pavement responsemeasurement, the structure is subjected on average between 2000 and
3000 cycles of loadings with different magnitudes. In the third stage, which is referred as the main
accelerated loading phase, the traffic loading of interest is applied. Depending on the purpose of the
testing, the structure is subjected to various combinations of traffic loadings. For the traffic application,
a dual wheel single axle with rubber tires of type 295/80R22.5 is mainly used. Traffic wander or the
application of the traffic in lateral directions is simulated during this phase, which is usually limited to a
maximum distance of 25 cm in either direction. The traffic wander locations, which are discreet points
with a 5 cm gap, are mainly determined using a normal distribution. This approach was adopted as
field measurements of wheel wander closely resemble a normal distribution (Erlingsson et al., 2012).

The APT facility at VTI is an insulated systemwhere environmental factors such as temperature and
moisture are fully controlled and continuously measured. In addition, pavement test structures are
instrumentedwith various sensors, gauges and laser beams for themeasurement of the field variables
and surface rutting. The type, number and location of the sensors and gauges is dependent on factors
such as the type of testing performed and the required level of accuracy and precision. For guarantee-
ing the accuracy and repeatability of the measurements, multiple gauges and sensors are provided. It
is customary to perform a thorough evaluation and calibration of the instruments before any testing
commences. The data acquisition system is also assessed on regular basis to improve the accuracy and
reliability of themeasured data. More information regarding the instrumentation and the testing pro-
cedure can be obtained from the following articles: Erlingsson (2010), Ahmed and Erlingsson (2013)
and Saevarsdottir et al. (2016).

Pavement sections

The evaluation and calibration of the models was achieved using five APT structures. These sections
represent design features that are representative of Swedish in-service conditions. The evaluation and
calibration of the models using these APT sections, which were originally constructed to study the
influence of various factors on pavement performance, will allow the models to capture satisfactorily
and reliably the design features that exist in practice. The construction of the sections was carried out
using workmanships, techniques and equipment that are typically employed for the construction of
actual field pavement sections. Extra efforts were also made during construction to reduce variability
and structural flaws. A schematic representation of the sections is presented in Figure 2.

The APT sections used in this study, as can be seen in Figure 2, were all embedded with sensors
and gauges of various kinds. Instrumentation was provided in the longitudinal direction, along the
main loading path or centre line of the road. For the whole testing period, the instruments provided a
continuous measurement of the field variables and the environmental factors such as moisture and
temperature. The field variables included the horizontal strains at the bottom of the AC layer, the
vertical pressures at different locations within the UGM layers and subgrade, and the vertical strains
along full depth. Accordingly, longitudinal, and transverse asphalt strain gauges (ASG), soil pressure
cells (SPC), vertical strain gauges (eMU coils) and temperature and moisture measuring sensors were
installed at locations of interest. For each variable of interest, amultiple set of gauges and sensorswere
installed.
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Figure 2. Schematic representation of the APT structures with a cross section view of the installed instruments.

Table 1. Layer thickness and applied loading of the studied structures.

Thickness (cm) Traffic axle repetitions (103)

APT sections Asphalt Base Subbase 80 kN 100 kN 120 kN

SE-10 12 8 42 - - 1,117
SE-14 12 8 42 580 600 -
SE-18 10 10 15 481 434 300
SE-20 6 11 13 367 170 188
SE-22 10 12 14 358 351 307

The development and accumulation of surface rutting with traffic cycle repetitions was measured
at five different locations along the longitudinal path. The measurements cover the full transverse
direction and can be used to identify defects and flaws in the pavement structure. In addition, sur-
face elevationmeasurements that characterise the homogeneity of the structural thickness and falling
weigh deflectometer (FWD) measurements that assess the integrity of the pavement structure were
performed on regular intervals. The FWDmeasurements were conducted before, during and after the
main accelerated loading testing phase, providing valuable insights into damage accumulation.

The layer thickness and applied axle loading of the studied APT sections is provided in Table 1. As
can be seen in Figure 2 and Table 1, the studied APT sections comprise structures of various layouts
with mixtures and thickness dimensions that are appropriate for various analysis conditions. Further-
more, during testing, the sections were subjected to traffic conditions that comprise axle loads of
different magnitudes and volumes. All the sections except SE-10 were tested at a constant pavement
temperature of 10°C and at amoisture condition that represent a ‘moist’ state in all theUGM layers and
subgrade. However, for SE-10, after the structure was subjected to almost half of the expected traffic
volume, the moisture level in the subgrade was changed from ‘moist’ to ‘wet’ condition by raising the
ground water level.

Results and discussion

Falling weight deflectometermeasurements

For each APT section, themodulus of each individual layer was determined through a back calculation
that involves an average of several FWD measurements and a MLET based analysis tool (Irwin, 2002).
The estimation of each layermechanical property using average FWDmeasurements allows estimated
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Table 2. RMSEofbackcalculateddeflections.

APT section 30 kN 50 kN 65 kN

SE-10, ‘Moist’ 8.0 11.1 15.0
SE-10, ‘Wet’ 10.1 7.1 25.0
SE-14 5.9 11.4 13.5
SE-18 8.4 9.9 24.2
SE-20 43.8 75.6 99.5
SE-22 22.9 27.3 33.9

moduli to capture the variability associated with each layer. In addition, the backcalculation analyses
were performed considering the expected bearing capacity of each layer material constituent, allow-
ing predicted pavement response and performance to reflect the actual pavement condition. This is
achieved by bounding the modulus of each layer with an upper and lower limit moduli value. Table
2 presents for each impact load the root mean squared error (RMSE) of the estimated backcalculated
deflections.

As can be seen in Table 2, the RMSE of SE-14 and SE-18 backcalculated deflections are lower than
sections SE-20 and SE-22. The FWD measurements of the four sections, SE-14, SE-18, SE-20 and SE-
22 were carried out at constant moisture conditions and at pavement temperatures of 14°C, 11°C,
22°C and 20°C, respectively. The higher RMSE observed for sections SE-20 and SE-22 might be due to
the higher testing temperatures. At higher temperatures, the viscoelastic behaviour of the AC layer
will be more pronounced and using a MLET based analysis might introduce a discrepancy between
measured and backcalculated deflections. It can also be seen in Table 2 that for most sections as the
impact load increases the RMSE also increases. This is mainly due to the fact that higher impact loads
induce higher deflections which in turn increase in most likelihood the difference between observed
and backcalculated values.

RMSE values were also computed for section SE-10 using FWD measurements that were carried
out ‘before’ and ‘after’ the moisture condition in the subgrade was altered. The ‘before’ FWD testing
was conducted at a moisture condition in the UGM layers and subgrade that represent a ‘moist’ state,
representing a state where the ground water table is at a greater depth. The ‘after’ FWD testing was
conducted after the ground water table was raised to a level which was 30 cm below the surface of
the subgrade, altering the moisture content for most of the subgrade material from ‘moist’ to ‘wet’
condition. As can be seen in Table 2, the RMSE values for both cases are relatively lower. As the testing
temperature for the ‘before’ and ‘after’ testing were 12°C and 9°C, respectively, this allowed the MLET
basedanalysis to capture the actual behaviour of thepavement structure for bothmoisture conditions.

The material properties obtained from the FWD testing needed to be adjusted so as to reflect the
analysis conditions of the APT structures. The FWD measurements and the APT testing were con-
ducted utilising different loading rates and in some instances at different temperatures, requiring a
two-level adjustment. The temperature difference adjustment was performed using the procedure
which was originally proposed by Kim et al. (1995) for correcting moduli to a reference temperature.
The adjustment for the loading rate difference between the FWD and APT measurements were per-
formed using the full- depth vertical strain response. Table 3 presents the optimised moduli of each
layer after temperature and loading rate difference adjustments.

The two-level adjustment has reduced the FWD back-calculated AC stiffness by a substantial mar-
gin while the effect on the moduli of the UGM layers was insignificant. As a viscoelastic material, it
is expected that a change in testing temperature and loading rate will affect more the AC layer than
the UGM layers or subgrade. For SE-10, the AC stiffness exhibited a further reduction in value after the
moisture condition in the subgrade was changed frommoist to wet condition. As testing was paused
for 30 days after the ground water table was raised, it is expected that through capillary action and
moisture migration the moisture condition in the base and subbase layers to be affected as well.
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Table 3. Layer’s properties after temperature and loading rate adjustments.

Modulus (MPa)

APT sections Moisture condition Asphalt Base Subbase Subgrade

SE-10 Moist 2500 210 170 60
Wet 1600 185 145 45

SE-14 Moist 1800 210 180 60
SE-18 Moist 3000 200 180 70
SE-20 Moist 2000 200 150 80
SE-22 Moist 3100 200 120 50

Pavement response comparisons

Pavement responses at different locations within the pavement structure were calculated and com-
pared with the corresponding measured values to further validate the optimised material properties.
Pavement responsewas calculated using a dualwheel single axle configurationwith an axle loadmag-
nitudes of 80 and 100 kN, which were the primary loadings for most of the structures during the main
accelerated loadingphase. The loadingswere applied using tire inflationpressure of 800 kPa. Variables
of interest were the full depth vertical strain, the horizontal strains at the bottom of the AC layer and
the vertical stresses at different locations within the unbound layers and subgrade.

The response comparison was performed for all the sections listed in Table 1 and shown in Figure
2, resulting in comparisons that are generally acceptable. For illustrating and presenting the compari-
son between the measured and predicted responses, section SE-18 was selected. Accordingly, Figure
3 presents the comparison between the full-depth measured and predicted vertical strains for SE-18.
As can be seen in Figure 3, for both axle loads and for the depths under consideration, a good agree-
ment between themeasured andpredicted responseswas observed. The vertical strains in the asphalt
and base layers were omitted from the comparison as those measurements were characterised by a
considerable amount of noise.

A close-up comparison using time-series values was also performed between the predicted and
measured vertical strains. Figure 4 presents the comparison between the two values for single axle
loads of 80 and 100 kN. Figure 4(a), (c) and (e) present the comparison for 80 kN load while Figure

Figure 3. Comparison between predicted and measured vertical strains for single axle loads of (a) 80 kN and (b) 100 kN.



ROADMATERIALS AND PAVEMENT DESIGN 9

Figure 4. Comparison between predicted and measured vertical strains for depth ranges of [21–35] cm (a) and (b); [35–50] cm (c)
and (d) and [50–65] cm (e) and (f ).

4(b), (d) and (f) present the comparison for 100 kN. The comparison includesmeasurements that were
taken at upper and lower parts of subbase and upper part of subgrade. For all the cases considered,
a good agreement between the two values was observed. Generally, the quality of measured values
was fairly high, but in some instances noisy, requiring an approximation using the moving average
approach. To further examine the relationship between the two values, a close examination of the
results was performed using statistical tools such as the coefficient of determination (R2) and the one-
way analysis of variance (ANOVA). For all the considered cases, the ANOVA analyses have shown that
there is no statistically significant difference between the two values. For the R2 analysis, values in the
range of 0.70–0.99 were obtained. The lowest R2 value was obtained for the comparison in Figure 4(a)
while the highest was attained for the comparison in Figure 4(e).

Responses such as horizontal strains at the bottom of the AC layer and vertical stresses in the UGM
layers were used to further validate the optimised material properties. The horizontal strain measure-
ments were taken at a pavement temperature of 10°C. Figure 5 compares for SE-18 the predicted
and measured longitudinal and transverse strains at the bottom of the AC layer. Figure 5(a) and (c)
present the comparison for 80 kN loadwhile Figure 5(b) and (d) present the comparison for 100 kN. For



10 Y. DINEGDAE ET AL.

Figure 5. Comparison between predicted and measured horizontal strains at the bottom of the AC layer (a) and (b) longitudinal
and (c) and (d) transvers.

both loading cases, a good agreement between the measured and predicted longitudinal strains was
observed. A statistical analysis using R2 results values that are in the range of 0.73–0.83. The R2 results
have shown that predicted longitudinal strains fit observed values better than predicted transverse
strains. This is further corroborated by the ANOVA results where a statistically significant difference
between predicted and observed transvers strains was observed. This discrepancy might be due to
the viscoelastic nature of the AC layer.

For the vertical stress comparison, measurements taken at the bottom of the base layer and at dif-
ferent locations within the subgrade were used. Figure 6 presents for SE-18 the comparison between
the predicted and measured vertical stress values. Figure 6(a), (c) and (e) present the comparison for
80 kN load while Figure 6(b), (d) and (f) present the comparison for 100 kN. For measurements taken
at the bottom of the base layer, as can be seen in Figure 6(a) and (b), a good agreement between
the two values were observed. For measurements taken in the subgrade, there was a discrepancy
between the two values, especially in the lower part of the subgrade. Even if some of the compar-
isons exhibit discrepancies that can easily be noticed visually, the R2 analyses results values that are
in the range of 0.92–0.98. The lower R2 values correspond for comparisons depicted in Figure 6(d), (e)
and (f). For all the cases, the ANOVA results have also shown that there is no statistically significant
difference between the two values. Moving average values were used for somemeasurements as the
data featured some noise.

Material properties are expected to remain unaffected during APT testing as environmental factors
such as temperature and moisture are closely monitored. Nevertheless, the repeated application of
traffic loading is expected to deteriorate the structural integrity of the pavement structure. This dete-
rioration in material properties should be considered in the estimation of layer properties. It has been
observed that, measured responses of the APT sections show a slight increase in value as number of
repetitions increase.
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Figure 6. Comparison between predicted and measured vertical stresses at a depth of 20 cm (a) and (b); 42 cm (c) and (d) and
58 cm (e) and (f ).

Model calibration

The calibration of the models was achieved by matching as closely as possible the predicted per-
manent deformation curves with the corresponding observed values. Model parameters that were
initially established through engineering judgement and experience were experimented with for
establishing the unique optimised model values. For the strain-based model, model parameters that
are unique for each layer and which distinguish between moist and wet moisture conditions were
established. Table 4 presents the optimised model parameters. Theses parameters are expected
to deliver reasonable and acceptable permanent deformation predictions while accounting for the
various design features that exist in practice.

The optimisedmodel parameters for theARA Inc. (2004) predictivemodel are nearly identical to the
ones obtained by Ahmed and Erlingsson (2015). This shows the effectiveness and robustness of the
ARA Inc. (2004)model for thepredictionof permanent deformation in theAC layer. For the strain based
UGMmodel, it canbeassumed that themodel coefficients ‘a’ and ‘b’ define themoisture sensitivity and
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Table 4. Optimised model parameters.

Model parameters

Layer Moisture condition Model Equation a b c

Asphalt concrete – (1) 0.03 1.85 0.27
Base Moist (2) 3.0 100.0 1.0
Subbase Moist (2) 3.0 200.0 1.0
Subgrade Moist (2) 3.0 250.0 1.0

Wet (2) 12.0 250.0 1.0

the strain tolerance level of each layer, respectively. The strain tolerance level is the amount of strain
a layer is subjected to as defined by its distance from the load application point. These assumptions
are made based on observations of the model calibration result. From Table 4, it can be seen that
model parameter ‘a’ has the same value for all the layers except for the wet moisture condition in the
subgrade. Parameter ‘b’, on the other hand, has different values for each layer and for the subgrade its
value remains unchanged irrespective of the moisture condition in the subgrade. The same has also
been observed during a MS-RLT testing of UGMs. It was also observed that the model coefficient ‘c’
might be a redundant parameter as its influence on predicted performance is insignificant. The lack of
anexponential termassociatedwith the resilient strainparameter hasgreatly facilitated the calibration
process of the strain based UGM model. As a result, the model is more sensitive to changes in the
analysis condition such as moisture and axle load level when compared with other similar models.

The calibrated models were used to compute the permanent deformation performance of each
APT section. Figure 7 presents the comparison between the predicted and observed total surface per-
manent deformations for sections SE-14, SE-18, SE-20, and SE-22. As can be seen in the figure, for all
the sections considered, there is a good agreement between the two values. A statistical analysis using
ANOVA has shown that for the comparisons depicted in Figure 7 there is no statistically significant dif-
ference between the two values. Nevertheless, for section SE-22, the comparison between predicted
and observed rut-depths which is depicted in Figure 7(d) resulted in a value of R2 that is less than
0.5. The results are a confirmation to the ability of the optimised model parameters as these sections
have different structural profiles and also during testing were subjected to different traffic volumes
and loadings. A closer look at each section permanent deformation prediction reveals that the pre-
dictions have managed to capture the expected trend in permanent deformation evolution with a
clear distinction between primary and secondary stages. In addition, the predictions havemanaged to
systematically distinguish between different load levels with higher load levels causing a faster accu-
mulation of permanent deformation. In the case when a lower axle load is applied after a higher axle
load, as can be seen in Figure 7(d), the change in permanent deformation is minimal. It should also be
mentioned that somemeasurements like the one depicted in Figure 7(d) have exhibited some anoma-
lies that cannot be explained by traditional permanent deformation failure mechanisms. This is the
main reasonwhy the optimisedmodel parameters failed to deliver predictions that are in good agree-
ment with measured values. Post compaction has been cited as a possible cause, but issues related to
instrument installation and calibration, and human error cannot be ruled out as well.

For section SE10, the permanent deformation accumulation in the subgrade was calculated using
the moisture sensitive model parameters. Figure 8 presents the comparison between the predicted
and observed surface deformation values. As the case with the other APT sections, a generally good
agreement between the two values was observed. For both ‘moist’ and ‘wet’ moisture conditions, a
statistical analyses using ANOVA have also shown that there is no statistically significant difference
between the two values. For the R2 analyses, satisfactory R2 values of 0.65 and 0.72 are obtained for
the ‘moist’ and ‘wet’ moisture conditions, respectively. Furthermore, as can be seen in Figure 8, the
prediction has managed to capture the moisture sensitivity of the structure, especially the behaviour
expected during the primary stage. The two values, however, diverge during the secondary stage of
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Figure 7. Comparison between predicted and measured permanent deformations for (a) SE-14, (b) SE-18, (c) SE-20 and (d) SE-22.
The dashed vertical lines indicate change in axle load levels.

Figure 8. Comparison between predicted and measured permanent deformations for SE-10. The dashed vertical line indicates
change in moisture content.

the evolution where the prediction increases at a steady rate while the measured rutting increases
without any substantial loss of rate.

Pavement design tools are primarily tasked with determining the total accumulated permanent
deformation at the endof the design period. A comparison between the totalmeasured andpredicted
permanentdeformation values at the endof the analysis periodwasperformed for the studied fiveAPT
sections. The measured values represent average surface rut depths. These rut depths are obtained
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Figure 9. Comparison between predicted and observed total surface rutting.

by averaging five measurements that are taken at different locations along the longitudinal direction.
Figure 9 presents the comparison between these two values. As can be seen in Figure 9, there is a good
agreement between themeasured and predicted values, which is further supported by the computed
coefficient of determination, R2.

Conclusions and recommendations

This paper presents a preliminary calibration of the models that are incorporated in ERAPave PP tool
for the prediction of permanent deformation in the AC layer, UGM layers and subgrade. The prelimi-
nary calibrationwas achieved using pavement response and performance data fromAPT sections that
are representative of actual field conditions. The determination of each layer’s mechanical property
by optimising both FWDmeasurements and pavement responses have resulted in values that reflect
actual pavement conditions. The good agreement between predicted and observed responses is also
a good indication that the determined mechanical properties have captured the actual pavement
behaviour for the prevailing traffic and environmental conditions. This also demonstrates the effec-
tiveness of APT in providing response values that are precise and accurate when proper construction,
instrumentation, and testing are employed.

The use of unique model parameters for each layer of the pavement structure allows the estab-
lishment of each layer permanent deformation contribution to the total observed surface rut depth.
The optimised model parameters were observed in delivering permanent deformations that are gen-
erally in good agreementwith correspondingmeasured values. Themodel parameters have also been
observed in capturing the primary and secondary stages of permanent deformation development and
evolution. In addition, the model parameters were observed to be sensitive enough to factors such as
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moisture level and axle load level. Nevertheless, the model parameters have failed to capture accu-
rately the rate of evolution in permanent deformation when there is a change in axle load level or
moisture condition.

Even if the preliminary calibration results are promising, further investigations using either APT
sections or actual in-service pavements are required in order to fully assess the capability and limita-
tions of the models. When selecting pavement sections for future model calibration and validation, it
is important to consider the various design features that exist in practice and the expected range in
design inputs and factors. In addition, the quality of the data that is required for pavement response
and performance calculation is important and as such, should be given a priority during the selection
of prospective pavements.
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