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Abstract. This paper presents a simple method to determine dynamic modulus master curve of asphalt layers by con-
ducting Falling Weight Deflectometer (FWD) for use in mechanistic-empirical rehabilitation. Ten new and rehabilitated
in-service asphalt pavements with different physical characteristics were selected in Khuzestan and Kerman provinces in
south of Iran. FWD testing was conducted on these pavements and core samples were taken. Witczak prediction model
was used to predict dynamic modulus master curves from mix volumetric properties as well as the bitumen viscosity
characteristics. Adjustments were made using FWD results and the in-situ dynamic modulus master curves were ob-
tained. In order to evaluate the efficiency of the proposed method, the results were compared with those obtained by us-
ing the developed procedure of the state-of-the-practice, Mechanistic-Empirical Pavement Design Guide (MEPDG). Re-
sults showed the proposed method has several advantages over MEPDG including: (1) simplicity in directly constructing
in-situ dynamic modulus master curve; (2) developing in-situ master curve in the same trend with the main predicted
one; (3) covering the large differences between in-situ and predicted master curve in high frequencies; and (4) the value
obtained for the in-situ dynamic modulus is the same as the value measured by the FWD for a corresponding frequency.

Keywords: dynamic modulus, Witczak prediction model, Falling Weight Deflectometer (FWD), Mechanistic-Empirical
Pavement Design Guide (MEPDGQ), in-service pavements.

Introduction

Structural evaluation of pavements has a major role in any
Pavement Management System (PMS) due to the high
costs of pavement rehabilitation activities. This evalua-
tion is necessary both for estimating remaining life of in-
service pavements and also for overlay design purposes.
Usually nondestructive testing (NDT) is used to evaluate
in-service pavements due to the short time required and
low expenses. On the other hand, the Mechanistic-Empir-
ical Pavement Design Guide (MEPDG) (ARA 2004) uses
dynamic modulus (|E*|) master curve of asphalt layers
as one of the key input parameters in flexible pavement
analysis and design. |[E*| is a fundamental material prop-
erty that can characterize the viscoelastic time and tem-
perature dependent behavior of asphalt materials.

In recent years, many efforts have been made for the
evaluation and calibration of MEPDG proposed methods
in order to implement them in local material, environ-
mental and traffic conditions (Le et al. 2011; Mogawer
et al. 2011; Caliendo 2012; Zilioniené et al. 2013; Mai
et al. 2014; Kim et al. 2014). Dynamic modulus master
curve used in the MEPDG is constructed using dynamic

moduli measured in laboratory uniaxial testing on com-
pacted mix samples according to the standard protocols.
In addition, there are some predictive models such as
Witczak (Andrei et al. 1999), Modified Witczak (Bari,
Witczak 2006) and Hirsch (Christensen et al. 2003) that
determine |[E*| from some properties of the mixture. Lab-
oratory testing for |[E*| requires considerable time and is
very expensive. In these methods, the effect of confine-
ment on the mechanical properties of asphalt concrete is
not considered (Zhao ef al. 2014) and in practice, it is not
usually possible to have asphalt layers with the thickness
required by standard laboratory testing protocols. Hence,
if the |E*| master curve of an in-service asphalt pave-
ment could be derived directly from a routinely in-situ
NDT testing, it would not only save laboratory time and
expenses, but it could also lead to a more accurate predic-
tion of remaining life of the pavement.

Falling Weight Deflectometer (FWD) is mainly used
to determine structural capacity of in-service pavement
layers. Relationship between FWD deflection basin pa-
rameters and road pavement structural condition indica-
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tors, such as fatigue cracking and permanent deformations
were investigated by Talvik and Aavik (2009). Besides,
the structural capacity of pavement layers which is tested
by FWD could be used for the in-situ assessment of pave-
ment subgrade construction quality (Chai et al. 2015). In
addition to FWD, other deflection based equipment such
as Rolling Dynamic Deflectometer (RDD) (Nam, Stokoe
2014) and Traffic-Speed Deflectometer (TSD) (Nasimifar
et al. 2016) are used to continually evaluate the pavement
structural condition at network level PMS. Portable Fall-
ing Weight Deflectometer (PFWD) is also widely used for
the evaluation of pavement unbound layers and quality
control purposes (Kavussi et al. 2010; Rafiei ef al. 2012).
Under real climatic and traffic conditions, pavement in-
strumentation has recently become an important tool for
monitoring the performance of pavement structures and
materials (Cygas et al. 2015). However, the main aim of
this work is to develop a practical and simple method-
ology to determine the dynamic modulus of in-service
asphalt layers to use in pavement mechanistic-empirical
design method.

1. Background

There are two main categories of methods for determin-
ing the dynamic modulus master curves of in-service as-
phalt layers: 1) Methods using dynamic backcalculation
of deflection time history data; and 2) Methods using
practical laboratory testing and prediction models.

The first category utilizes dynamic backcalculation
of FWD deflection data and optimization methods. Kutay
et al. (2011) developed a methodology to backcalculate
the |[E*| master curve of the asphalt layers using the time
history of FWD deflections. In this method, a layered vis-
coelastic forward algorithm in an iterative backcalcula-
tion procedure is used in order to determine linear vis-
coelastic characteristics of asphalt pavements. This study
found that by using deflection time history, it is possi-
ble to derive E(t) (relaxation modulus) and |E*| master
curve while requiring some modification of the current
FWD technology. A new inverse analysis is proposed by
Varma et al. (2013a) to backcalculate both linear elastic
and viscoelastic properties of pavement layers as well as
the asphalt mix time-temperature shift factor. A viscoelas-
tic genetic backcalculation algorithm was developed that
uses single FWD drop, time history data, and variation of
temperature with the depth of asphalt layer. In addition,
this study suggested conducting FWD testing in a set of
temperatures to estimate shift factor of asphalt materials
(Varma et al. 2013Db).

Recently a layered viscoelastic-nonlinear forward
model was used to develop a genetic algorithm-based
backcalculation scheme by Varma and Kutay (2016).
This algorithm uses deflection time history at different
test temperatures to backcalculate both the (damaged)
E(t) and |[E*| master curve of asphalt layers and also the
linear and nonlinear (stress dependent) elastic moduli of
unbound layers for in-service pavements. Jamrah and
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Kutay (2015) also investigated the methods of obtaining
asphalt mixture creep compliance (D(t)) for use in flex-
ible pavement analysis and design using the pavement
M-E design software.

In addition to these attempts, data mining tools such
as support vector machines, Artificial Neural Network
(ANN), decision trees, and meta-algorithms like bagging
were also used to predict the non-linear layer moduli of
asphalt pavement structures based on the deflection pro-
files obtained from FWD (Gopalakrishnan et al. 2013).
ANN was used for backcalculation of asphalt concrete
viscoelastic properties from FWD deflection time history
(Gopalakrishnan ef al. 2014, 2015). It was found that al-
though this study demonstrates the potential of ANN to
predict the E(t) and |E*| master curves from single-drop
FWD deflection time history, the current prediction accu-
racies are not sufficient to recommend these models for
practical implementation.

The above mentioned analytical developed methods
are yet in research phase and thus, using them in real pro-
jects is impractical. The second category is more practical
and may be under use by some pavement management
agencies. The most well-known and state-of-the-practice
method in this category was proposed by the MEPDG
(ARA 2004). For rehabilitation projects, MEPDG defines
a “damaged” and an “undamaged” modulus and uses a
combination of field and laboratory tests for structural
evaluation of pavements at three hierarchical levels. At
input Level-1, FWD testing is performed and some core
samples are taken for extraction analysis purposes. The
Witczak or modified Witczak model is used to develop
an undamaged master curve utilizing asphalt layer volu-
metric and bitumen viscosity properties. A damage factor
defined as the ratio of backcalculated FWD modulus to
predicted value at the same temperature and frequency, is
used to distinguish the damaged dynamic modulus mas-
ter curve from the undamaged one. For Level-2 analysis,
instead of FWD testing, the resilient modulus data from
cores is used while for Level-3, the damaged modulus
is estimated from surface condition rating. The MEPDG
method was evaluated by Loulizi ef al. (2007) at nine
flexible and composite pavements in high performance
roads in Virginia, USA. Results showed the ability of this
method in predicting the in-situ |E*| master curve while
some disadvantages were reported for input Level-2 anal-
ysis.

Other researchers have developed some improved
and simple methods based on MEPDG proposed proce-
dure. Biswas and Pellinen (2007) developed a practical
methodology for determination of the in-situ dynamic
moduli for engineering analysis. They considered the
mixture stiffness values measured from simple shear test-
ing (SST) to develop stiffness master curve comparable
to the uniaxial dynamic modulus testing. Seo et al. (2013)
used experimental tests and numerical simulations to pro-
pose a framework to estimate the |[E*| from field stiffness
and different depth temperature data. The emphasis of
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this research was on the loading frequency-vehicle speed
relationship and was capable of predicting asphalt pave-
ment behavior with varying vehicle speeds. It proposed
a converting factor that could estimate the in-situ |[E¥|
from the undamaged |E*| using FWD modulus. Finally,
Georgouli et al. (2015) focused on the feasibility of back-
calculation procedures to access the |E*|, by investigating
the relationship between the backcalculated in-situ mod-
uli and the laboratory determined |E*|, using a genetic
algorithm. To achieve this goal, FWD testing was applied
at several locations along a newly constructed pavement
section. Results demonstrated the capability of relation-
ship between field and laboratory data in determining the
in-situ |E*| of asphalt pavements.

2. Methodology development
2.1. Dynamic modulus sigmoidal function

Dynamic modulus master curve can be presented by the
sigmoidal function described by Eqn (1):
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where ‘E*‘ — asphalt dynamic modulus, psi; & — re-
gression parameter (10‘5 — minimum modulus value);

a — specified range from minimum (10°*% — maximum
modulus value); S and y — regression parameters; ¢, —
reduced time (time of loading at the reference tempera-
ture), sec. The fitting parameters 0 and « depend on
aggregate gradation, binder and air void contents. The
parameters  and y depend on the characteristics of
the asphalt binder and the magnitude of & and « . The
sigmoidal function describes the time dependency of the
modulus at the reference temperature; while the shift fac-
tor (Section 2.3) describes the temperature dependency of
the asphalt modulus (ARA 2004).

2.2. Witczak dynamic modulus prediction model

This model was developed in 1999 based on 2750 data
points from 205 asphalt mixtures, including modified and
unmodified bitumen grades (Andrei et al. 1999). It pre-
dicts |[E*| at different temperatures as a function of aggre-
gate gradation, mix air voids, effective bitumen content,
loading frequency and bitumen stiffness. The bitumen
stiffness in the model is expressed in terms of viscosity,
which is a function of the temperature. A sigmoidal func-
tion can be fitted to this model as expressed in Eqn (2):
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where ‘E*‘ — asphalt dynamic modulus, psi; 77— bitumen
viscosity, 10 Poise; f — loading frequency, Hz; p,y, —
% passing the #200 sieve, %; p, — cumulative % re-
tained on the #4 sieve, %; p34 — cumulative % retained
on the #3/4 sieve, %; psg— cumulative % retained on the
#3/8 sieve, %; V, — air void content, %; and, Vbeff —ef-
fective bitumen content, % by volume. This equation has
a similar master curve shape corresponding with Eqn (1)
for which the parameters are considered as shown below:

8 =3.750063+0.02932 9509 —0.001767( pag ) —

Voe .
0.002841p, —0.058097V, —0.802208| ——— |;
Vbeﬂ +V,

a =3.871977-0.0021p, +0.003958 p35 —
0.000017( psg )’ +0.005470 ps;

B =-0.603313-0.393532l0g(7) ; and y =0.313351.

Having mix volumetric properties and bitumen vis-
cosity parameters, Witczak model is widely used in pre-
dicting dynamic modulus of asphalt materials.

2.3. Bitumen characterization — shift factor

Bitumen viscosity and shift factor can be determined at
various temperatures and at minimum of one frequency
using Dynamic Shear Rheometer (DSR) test method, in
the following manner (ARA 2004):

Using Eqn (3) for determining the bitumen viscosity
at any G" and associated & from DSR:

. 4.8628
p=S ! : 3)
10 \ sino

where 77 — asphalt bitumen viscosity, Pa.s; G" - com-
plex shear modulus of bitumen, Pa; and 6 — bitumen
phase angle, degree (°). Then, it would be possible to
define two viscosity parameters, A and VTS (ASTM
D2493M-09:2009):

loglog(n7) = A+VTSlog(Ty), “)

where 77 — asphalt bitumen viscosity, cP; T, — tempera-
ture, Rankine; A — regression intercept; and VTS — re-
gression slope of viscosity temperature susceptibility.
For calculation of shift factor and also reduced time (or
frequency) to be used in development of master curve,
Eqns (5) to (7) were proposed:

10g(aT):1.255882(10g(77)—10g(77, )), ®)
log(#,.) =log(7)-log(ar); 6)

log( f,)=log(f)+log(ar), 7
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where @ — shift factor as a function of temperature, cP;
17 — viscosity at temperature of interest, cP; 7, — viscos-
ity at the reference temperature, cP; ¢ — time of loading,
sec; ¢, — reduced time, sec; f — frequency of loading,
Hz; and f, —reduced frequency, Hz. Eqns (5) to (7) uti-
lize time-temperature superposition principle to trans-
form time (or frequency) to temperature, and vice versa
in analysis.

2.4. Procedure for proposed method to develop in-situ
|E*| master curve

The principle of proposed method is the modification of
the Witczak predicted master curve using FWD deflec-
tion data. In this method, predicted modulus is adjusted
to the corresponding backcalculated value at the same
frequency of FWD loading. The procedure is presented
in following steps (Fig. 1):

1. Developing predicted master curve by using volu-
metric properties and bitumen viscosity data (from
the core samples taken from the site) at a reference
temperature;

2. Determining reduced frequency of FWD loading
(fo_rwp ) at the reference temperature by using
Eqn (7) and the field depth temperature of FWD
testing;

3. Calculating predicted dynamic modulus for cor-
responding reduced frequency of FWD loading
(Ep-rwp )

4. Adjusting predicted dynamic modulus to the meas-
ured FWD modulus (E,,_gpp );

5. Generalizing this adjustment to all the other frequen-
cies and constructing the in-situ dynamic modulus
master curve for the mentioned reference tempera-
ture.

The proposed method assumes that the ratio of FWD
backcalculated modulus and the corresponding predicted
value is the same in all loading frequencies. This assump-
tion could not be wrong due to the fact that a typical
FWD testing applies a load at a fixed duration of about
30 milliseconds. This loading duration is designed in such

N. Solatifar et al. Application of FWD data in developing dynamic modulus master curves of in-service asphalt layers

a way to simulate the effect of a moving load at normal
traffic speed (Chatti, Kim 2000). According to previous
works (Loulizi et al. 2002; Al-Qadi et al. 2004), this cov-
ers normal speeds of the heavy vehicles. Eqn (8) can be
used to construct the final in-situ dynamic modulus mas-
ter curve by fitting the sigmoidal function:

% E

log(EA_ y ):5+ +log| —m=EWD | " (8)
in—situ 1+eﬁ—710g(fr) o FWD

where ‘E:‘n_sim‘ — in-situ dynamic modulus of asphalt

layer, PSi; E,._rwp — FWD backcalculated modulus,
psi; E,_pyp — predicted dynamic modulus at the cor-
responding reduced frequency of FWD loading, psi; and
6, a, B, y and f, are as previously defined in
Eqns (2) and (7). This equation may be directly used in
determination of asphalt dynamic modulus at any fre-
quency of interest. Afterwards, the dynamic modulus
master curve for in-service asphalt layers is developed to
be used in MEPDG design procedure.

3. Testing program

Ten flexible pavement sites were selected in Khuzestan
and Kerman provinces in south of Iran to determine in-
situ dynamic modulus of asphalt layers. All these sites
suffer from severe summer temperatures. According to
the last sixty years climate records from Iranian Meteoro-
logical Organization, in Khuzestan, the highest air tem-
perature varied from 28 °C in January to 54 °C in July. In
Kerman, it varied from 21 °C in January to 42 °C in July
(IRIMO 2016). Figure 2 shows the site locations and their
general climatic conditions.

General characteristics of the sites are reported in
Table 1. The sites were selected from different roads so
that they would include pavements with different charac-
teristics with regard to their thickness, number of layers,
age and types of base and subbase layers. As it can be
seen in this table, for both of the new and rehabilitated
pavements, the thickness of their asphalt layers varies
from 75 to 400 mm. The base and subbase layers are

1E+5

Em-rwp .
F oI e
€ | e
P - ®
§ 1E+1 === Witczak Predicted
f. = Proposed Method
E @
=
B
a 1E+0
1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Reduced Frequency (Hz)

Fig. 1. Procedure of proposed method for development of in-situ [E*| master curve
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3.1. FWD testing

In this work a Dynatest 8000 FWD device was used to
apply loading on pavements and to measure deflections
at various locations. In order to accurately determine field

R e e moduli of various layers, four different stress levels were
Daiy Mean Temp._| 254°C | , applied. More geophones were located near the center of
A;’:;"’;:’:‘:::::: == ) loading plate in order to measure responses of asphalt
hq PR UX Ty B \an i layers more accurately. The testing setup conditions are
2N o B v reported in Table 2.
vz 503 3 > i S\
So4 pr—— Table 2. FWD testing setup conditions
# Ah Daily Mean Temp. | 17.4°C
vaz = Average High Temp. | 25.3°C Parameter Value
LI : & e TR S 15kt Stress (kPa) 600, 900, 1300 and 1900
& {
ng K .. . Plate Diameter (mm) 300
. . L . f h
Fig. 2. Location and general climatic conditions of the Number of Geophones o
selected sites in Khuzestan and Kerman . 0, 20, 30, 40, 50, 60, 90,
Geophone Position (cm) 120 and 150
. . Every 30 min from 6:00
either granular layers or layers stabilized with bitumen Number of Testing at Each Site a. m. to 6:00 p. m.

emulsion (Site S05). Site S10 was on a bridge deck and
had no base and subbase layers. This site contained 400
mm of asphalt layers on the concrete bridge deck. In sites
S09 and S10 that were about 50 meters apart from each
other, asphalt mixes and pavement temperatures were the
same, while the thickness of their asphalt layers was dif-
ferent and one of them had no unbound layers. The age
of the pavement sites varied from 2 weeks to 25 years.

Table 1. General characteristics of the pavement sites

FWD testing and temperature measurements at each
testing site were conducted at half an hour intervals dur-
ing a full working day. In addition, temperatures were
measured at depths of half and one third of asphalt layers.
Air and surface temperatures were automatically recorded
by FWD device every half an hour. Hence, FWD meas-
ured data were obtained where the asphalt layer depth

Total . Total
.5 Site Pavement | Pavement Thickness Thé(i(brizsifsf(ﬁf I[r)ll)lalt Thickness | Bitumen | Type of
§ D Road Name Type Ace of Asphalt Y of Base and | Grade | Base &
3 P & Layers Subbase (Pen) | Subbase
(mm) 1 213 4 | Layers (mm)
Ahvaz — 300 60/70
S01 Shirin Shahr New 2 Weeks 75 75 | - | - - Granular
S02 Ahvaz - New 4 Years 95 SOl I B 345 60/70 Granular
g Shush
81503 Ahvaz — Rehabilitated | 5 Years 115 5= - B 215 40/50 Granular
5 Hamidiyeh (1)
S04 | Abvaz - Rehabilitated | 10 Years 190 401701 80 1 - 200 60/70 | Granular
Hamidiyeh (2)
s05 | Ahvaz - Rehabilitated | 25 Years 220 60 1401120 — 120 60770 | stabilized
Khorramshahr
S06 | Sirjan — Baft | New 6 Months 120 60 [ 60| — - 250 60/70 | Granular
g07 | Sirian New 2 Years 120 60 [60| — | - 320 60/70 | Granular
Expressway
Sirjan — New
g S08 Shahr-e Babak | Overlaid 1 Years 145 45 [ 50| 50 - 305 60/70 | Granular
E Sirjan —
M S09 | Bandar Abbas | Rehabilitated | 15 Years 300 60 |60 | 80 | 100 220 60/70 | Granular
1)
Sirjan —
S10 | Bandar Abbas | Rehabilitated | 15 Years 400 60 | 60| 80 | 200 | Bridge Deck | 60/70 | Concrete
(2)
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temperature ranged from 30 °C to 50 °C for each pave-
ment site. Figure 3 shows a typical FWD testing site and
the drilled holes for measurement of asphalt layer tem-
peratures with digital thermometers. As it can be seen in
this figure, FWD loading was conducted in outer wheel
path with no cracking (according to the MEPDG instruc-
tion) and temperatures were measured just near the load-
ing area.

Fig. 3. FWD testing and depth temperature measurements of
asphalt layers on a pavement site

3.2. Laboratory mixture volumetric properties and
bitumen DSR testing

Mix volumetric properties and bitumen viscosity charac-
terization were used to estimate the undamaged dynamic
modulus master curve using the Witczak model. Core
samples taken from the field were extracted and their
bitumen was separated. Since some sample cores were
made up of several asphalt layers, they were cut before
extraction. Aggregate gradation was done and the mix
volumetric parameters were determined. In addition, DSR
testing was conducted on the extracted bitumen. For ac-
curate characterization of bitumen viscosity parameters,
DSR testing was done at varying temperatures from 5 to
60 °C with 1 °C intervals and at a standard frequency of
1.59 Hz (10 rad/s).

4. Results and discussion
4.1. FWD backcalculated moduli

Backcalculated moduli of asphalt layers (considered as a
single layer) were determined from FWD deflection data

Table 3. FWD backcalculated moduli results (MPa)
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using ELMOD backcalculation software (Dynatest Inter-
national A/S 2014). For this purpose, the pavement was
modeled as a system of three layers. All asphalt layers
were grouped into one layer. The base and subbase lay-
ers were combined into the second layer and the subgrade
was defined as the third layer with infinite thickness. The
backcalculated moduli of asphalt layers in all testing sites
at the temperatures of 30, 35, 40 and 45 °C are presented
in Table 3. The maximum moduli were obtained for Site
S05 (a site with stabilized base) which had the oldest
pavement section. Hence, the effect of aging and asphalt
stiffening has been reflected on backcalculation modulus
from FWD testing. The minimum moduli were obtained
for Site SO1 which was just two weeks old and consisted
of a 75-mm thickness of asphalt layer.

4.2. Witczak predicted dynamic modulus master
curves

Due to the high temperature of testing areas, reference
temperature was selected to be 35 °C for constructing
dynamic modulus master curves. Predicted (undamaged)
dynamic modulus master curves were developed at this
temperature for all pavement sites using Witczak model
based on mix volumetric properties and bitumen viscos-
ity parameters. Table 4 reports these volumetric proper-
ties and bitumen characterization values for all testing
samples. In this case, some sites consisted of a single as-
phalt layer while others consisted of several layers. Since
a single FWD modulus was determined for each site, the
dynamic moduli obtained from Witczak prediction model
for sites with multiple asphalt layers were combined to
calculate a single modulus using Eqn (9) (Ullidtz 1998):
>l JE
Ecy = (,,—) 5
Zizlhi

where E), — combined modulus of all asphalt layers,
MPa; E; —modulus of layer i, MPa; h; — thickness of
layer i, mm; and, n — number of asphalt layers. As an
example, dynamic modulus master curves of individual
layers and the combined one for Site SO5 are shown in
Figure 4. For all frequencies, the maximum predicted dy-
namic moduli were obtained for Site S05; while mini-
mum values were obtained for Site SO1 due to their as-
phalt layer characteristics explained earlier.

(€]

Layer Depth Pavement Site ID

Temperature (°C) g1 S02  S03 S04  SO5  S06  SO7  SO8  S09  S10
30 1608 6998 4511 6780 15615 6043 4538 4502 4015 11375
35 1425 6112 3948 5688 12430 5150 3633 3994 3134 8023
40 1243 5225 3385 4596 9244 4258 2729 3487 2252 4672
45 1060 4338 2822 3504 6058 3365 1824 2979 N/A  N/A
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Table 4. Mix volumetric properties and asphalt bitumen viscosity parameters for all samples

Mix Volumetric Properties Bitumen Viscosity Parameters
Sample ID
200 P4 P3s P34 Va Voerr A VTS
SOIL1 5.0 52.0 22.0 0.0 6.2 8.5 7.8108 -2.5217
S02L1 7.9 33.0 11.0 1.0 5.7 7.1 7.0816 -2.2418
SO3L1 6.4 49.0 27.0 0.0 6.6 7.0 5.9842 —1.8270
S04L1 4.1 479 28.9 3.7 6.3 6.2 5.5108 -1.6526
S04L2 3.7 40.6 18.9 4.8 5.9 6.4 5.6345 —-1.6993
S04L3 6.2 60.3 37.8 13.0 5.2 7.7 6.1744 —1.9060
SO5L1 8.7 41.0 19.7 0.8 5.7 8.2 6.4522 —-1.9826
S05L2 8.7 36.8 15.2 0.0 3.0 8.8 6.0357 -1.8300
SO5L3 4.9 55.5 343 7.0 32 8.2 6.2332 -1.9116
SO6L1 12.0 32.0 19.0 5.0 5.5 9.4 7.7897 —-2.5004
SO06L2 7.2 32.0 11.0 0.0 4.5 11.0 8.7667 -2.8616
SO7L1 8.5 32.0 7.0 0.0 6.9 7.6 8.3994 —2.7266
S07L2 7.6 35.1 19.9 6.6 6.3 7.5 7.2200 -2.2918
SO8L1 7.7 34.4 53 0.0 4.0 7.1 7.7827 -2.5041
SO8L2 7.8 46.0 30.0 5.0 7.1 53 8.3506 —2.7099
SOSL3 8.2 35.0 19.0 2.0 8.2 6.4 8.6255 —2.8089
SO09L1 7.0 34.2 15.1 0.0 2.1 9.5 6.2579 -1.9171
S09L2 8.7 37.8 243 0.0 2.1 10.6 6.2400 -1.9175
SO09L3 4.4 37.0 20.0 1.0 42 7.3 8.0928 -2.6159
S09L4 6.2 41.0 31.0 3.0 5.5 6.4 7.3857 -2.3610
S10L1 7.0 342 15.1 0.0 2.1 9.5 6.2579 -1.9171
S10L2 8.7 37.8 243 0.0 2.1 10.6 6.2400 -1.9175
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Fig. 4. Predicted dynamic modulus master curves of individual layers and

combined one for Site SO5

4.3. In-situ dynamic modulus master curves

In-situ |E*| master curves were developed using Eqn (8)
according to the proposed procedure in Section 2.4. Ref-
erence temperature was selected to be 35 °C and equiva-
lent frequency of FWD was obtained from its loading
time histories. An average loading time of 0.030s was
considered and the frequency which was calculated us-

ing Equation * frpp =1/2At > (Lytton et al. 1990) was
16.67 Hz. Predicted dynamic modulus master curves
were adjusted to FWD moduli and the in-situ dynamic
modulus master curves were obtained. Figure 5 shows
the in-situ |E*| master curve for Site SO1 using proposed
methodology. FWD measured moduli at mentioned tem-
peratures, predicted Witczak dynamic modulus and in-
situ MEPDG Level-1 master curves are also shown in
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this figure. In addition, in-situ |E*| master curves for all
pavement sites are shown in Figure 6.

4.4. Evaluation of proposed method and comparison
with MEPDG

For evaluating efficiency of the proposed method, a com-
parison was made using the MEPDG as a state-of-the-
practice method. Level-1 analysis of MEPDG was select-
ed for comparison due to its high accuracy. This level
uses FWD deflection data to calculate damage and then
by substituting one of the fitting parameters (' instead
of « ) in the sigmoidal function, damaged master curve
is derived. Dynamic modulus master curve developed by
MEPDG procedure is shown in Figure 5 together with
predicted (undamaged) and proposed master curves. As
it can be seen in this figure, in-situ |[E*| values resulted
by these two methods are different in all frequencies. Al-
though in very low frequencies they are approximately
close to each other, these differences are increased ex-
tremely in high frequencies (note that the curves are
drawn in logarithmic scale).

This comparison was made in all pavement sites and
similar results were obtained. Table 5 shows the compari-
son results between the proposed and the MEPDG meth-
ods. For this comparison, measured FWD backcalculated
moduli obtained in different temperatures were consid-
ered and corresponding reduced frequency of loading

temperatures were calculated. In-situ dynamic moduli us-
ing both the MEPDG and the proposed methods are pre-
sented in reduced frequencies in this table. Comparison
of results showed that average error between measured
FWD moduli and those determined by MEPDG method
is about 77.2% while this average error is only 8.9% for
in-situ moduli determined from proposed method in this
study. This issue can be seen for Site SO1 in Figure 5.

In all pavements, proposed method had the same
trend with the main predicted master curves and showed
closer values in comparison with MEPDG in all frequen-
cies. Whereas the MEPDG values in extremely high fre-
quencies were very far from the Witczak predicted mas-
ter curves. This is one of the disadvantages of MEPDG
method especially in evaluation of new pavements. An-
other point to notice is that the final determined dynamic
modulus for corresponding frequency of FWD, is signif-
icantly different from the measured value in MEPDG;
whereas the proposed method for which the determined
in-situ dynamic modulus is equal to the measured val-
ue, does not suffer from such a problem. In addition, in
MEPDG method it is necessary to first calculate the
damage factor and then constructing the damaged master
curve; while in this proposed method, final in-situ mas-
ter curve can be developed directly without any need for
damage factor or substituting any other parameter in the
final master curve sigmoidal function.
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Table 5. Comparison between the proposed and MEPDG methods at different layer temperatures

Site Layer Depth Reduced Witc;ak Model Measured MEPDG Level-1 Pr(()gc})lsi:dsi\l/llg;})lod
D Tem}zerature Freq(l)lency @  Predicted [E*| FWD Modulus Frror
°C) 35°C (Hz) (MPa) (MPa) |[E*| (MPa)  Error (%) | |[E*| (MPa) %)

30 43.01 3551 1608 140 91.3 1790 11.3

35 16.67 2827 1425 125 91.2 1425 0.0

501 40 6.81 2253 1243 112 91.0 1136 8.6
45 2.92 1801 1060 100 90.6 908 14.4

30 41.81 7481 6998 6974 0.3 7406 5.8

35 16.67 6174 6112 5767 5.6 6112 0.0

502 40 6.97 5083 5225 4757 8.9 5032 3.7
45 3.04 4182 4338 3921 9.6 4140 4.6

30 37.86 9938 4511 174 96.1 4547 0.8

35 16.67 8629 3948 164 95.9 3948 0.0

503 40 7.62 7466 3385 153 95.5 3416 0.9
45 3.60 6443 2822 143 94.9 2948 4.5

30 36.31 9855 6780 830 87.8 6560 32

35 16.67 8544 5688 755 86.7 5688 0.0

S04 40 7.92 7388 4596 685 85.1 4919 7.0
45 3.89 6377 3504 622 82.3 4246 21.2

30 41.81 14478 15615 12468 20.2 14200 9.1

35 16.67 12674 12430 10941 12.0 12431 0.0

505 40 6.94 11036 9244 9552 33 10824 17.1
45 3.01 9567 6058 8303 37.1 9383 54.9

30 49.15 6335 6043 7632 26.3 6504 7.6

35 16.67 5016 5150 6006 16.6 5150 0.0

506 40 6.03 3960 4258 4713 10.7 4066 4.5
45 2.31 3125 3365 3697 9.9 3208 4.7

30 46.13 6826 4538 640 85.9 4513 0.5

35 16.67 5495 3633 554 84.7 3633 0.0

507 40 6.38 4412 2729 479 82.4 2917 6.9
45 2.58 3541 1824 414 77.3 2341 28.3

30 48.40 6441 4502 1477 67.2 5060 12.4

35 16.67 5084 3994 1227 69.3 3994 0.0

S08 40 6.11 4004 3487 1017 70.8 3145 9.8
45 2.38 3154 2979 844 71.7 2478 16.8

30 42.78 8793 4015 143 96.4 3763 6.3

35 16.67 7323 3134 133 95.8 3134 0.0

509 40 6.83 6084 2252 122 94.6 2604 15.6
45 N/A N/A N/A N/A N/A N/A N/A

30 42.53 8100 11375 33669 196.0 9701 14.7

35 16.67 6698 8023 26906 235.4 8024 0.0

S10 40 6.87 5529 4672 21450 359.1 6625 41.8
45 N/A N/A N/A N/A N/A N/A N/A

Average Error (%) 77.2 8.9
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Conclusions

A new simple and practical methodology was proposed
to develop dynamic modulus master curves of in-service
asphalt layers for use in pavement mechanistic-empirical
rehabilitation procedure. Ten asphalt pavement sites were
selected and results of using proposed method were com-
pared with state-of-the-practice MEPDG procedure. Fol-
lowing conclusions were obtained:

- Using proposed method, it is possible to simply de-
velop dynamic modulus master curves of in-service
asphalt layers by conducting a routinely FWD test-
ing in any environmental temperature.

- Proposed in-situ dynamic modulus master curve had
the same trend with the main predicted master curve
and showed closer values in comparison with ME-
PDG in all frequencies.

- In-situ |[E*| values resulted by both proposed and
MEPDG methods are different in all frequencies.
Although in very low frequencies they are approxi-
mately close to each other, but these differences are
extremely increased in high frequencies.

- The final determined dynamic modulus for corre-
sponding frequency of FWD by MEPDG, is signifi-
cantly different from the measured value; while this
problem doesn’t exist in the proposed method and
the determined in-situ dynamic modulus is the same
as the measured one.

- Final in-situ dynamic modulus master curve can be
developed directly without the need for calculating
any damage factor or substituting any other param-
eter in the master curve sigmoidal function.
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