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Abstract

This research presents the prediction of pavement performance constructed with base layer consisting of reclaimed asphalt
pavement (RAP)/virgin aggregate blends. The prediction was made by the Multi-Layer Elastic Analysis software (KEN-
LAYER) in terms of horizontal tensile strain at the bottom of AC layer and the vertical resilient strain at critical locations
within the pavement system. The dynamic modulus |E*| for the hot mix asphalt was estimated by using the quality-related
specifications software considering three different climatic conditions and two levels of design speeds. Finally, total pave-
ment rutting and fatigue cracking were determined using the critical strains computed by the Multi-Layer Elastic Analysis
along with the Mechanistic Empirical Pavement Design Guide performance models and transfer functions. In general, the
RAP blends showed superior/comparable performance compared to natural aggregates for the application in base/subbase
layers for the Egyptian conditions. The effect of the rate of loading and climate conditions was significant on both asphalt

concrete layer fatigue cracking and rutting.

Keywords Reclaimed asphalt pavement (RAP) - QRSS - MEPDG - Performance - Rutting - Fatigue

Introduction

Pavement structures are subjected to different levels of traf-
fic loading with variable speeds and environmental changes
that may lead to various distresses. Pavement performance
mainly relies on material properties, traffic levels, climate
conditions, and construction quality [1]. The mechanical
properties of the unbound granular materials (UGMs) are
affected by material type and its characteristics along with
moisture content variations, which depend on the climate
condition.
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In recent years, the waste materials have received more
attention from researchers and practitioners worldwide. The
interest in these materials was necessitated by the population
growth, which led to large consumption of natural resources.
Thus, the use of recycled materials appeared promising from
a wide variety of viewpoints, which increases the aware-
ness to a greener environment. The waste materials include
a wide range of excavated materials such as rock, soil,
reclaimed asphalt pavement (RAP), bricks, concrete, plastic
wastes, scrap tires, foundry sand, oil sand marble dust, and
steel slag [2—4]. A great deal of research effort has been per-
formed in this direction, and still there is ongoing research
along with field studies for better understanding the behav-
ior of these materials and increasing their utilization. Aside
from benefits and encouraging research recommendations
and practical results obtained from recycling waste materi-
als as a substitution to natural materials, the lack of actual
experience and some environmental issues have delayed the
wide applications of such materials [4].

RAP is considered as one of the most recycled materials
widely used in pavement construction. It is produced from the
milling of the aged asphalt layers during rehabilitation, resur-
facing, or pavement reconstruction projects, which increase
every day. RAP has several applications, for example as a
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granular material in the base or subbase layers in paved and
unpaved roadways, gravel roads rehabilitation, shoulders, bicy-
cle paths, driveways, parking areas and as a fill material [5-9].
Extensive laboratory and field studies in the literature were
conducted on the evaluation of RAP performance as unbound
granular material either blended with virgin aggregate (VA) or
alone. Table 1 summarizes different previous literature studies
focused on characterizing properties of blends of RAP and vir-
gin aggregates as base/subbase materials. Based on laboratory
and/or field testing, these studies reported superior properties
of the RAP/VA blends as compared to virgin aggregates. The
studies also reported that RAP is a viable and cost-effective
base/subbase material if blended with VA. Furthermore, some
studies reported that California bearing ratio (CBR) decreases
as the RAP amount increases [9, 11, 13, 17, 19, 22, 25]. How-
ever, the resilient modulus (M) has a opposite trend, which
increases with the increase in RAP amount in the blend [5, 7,
9,11, 12, 14-17, 20, 23, 24]. This is attributed to the binder in
the RAP, which leads to better resilient behavior. The reasons
for the different behaviors of CBR and M, with the increase in
RAP may be the high load applied during the CBR test, which
is a failure test compared to the M, test that facilitates the slid-
ing of the asphalt-coated aggregates over each other leading to
higher deformation. For the M,, the addition of RAP to virgin
aggregate mixes provides some kind of stabilization because
of the presence of asphalt coating in the RAP aggregate, which
makes the mixture stiffer at the low state of stress during the
M, test. Other studies discussed the performance of treated or
untreated RAP/VA blend in terms of CBR, unconfined com-
pressive strength (UCS) and M, [26, 27].

Few studies are available for the prediction of RAP perfor-
mance by the Mechanistic Empirical Pavement Design Guide
(MEPDG) software. Alam et al. [5] evaluated the effect of
RAP amount as subbase (different percentages: 0%, 30%, 50%,
70%, and 100%) on pavement performance. The simulation
results indicated that as RAP amount increased in the blend,
the predicted fatigue cracking of the AC layer decreased. How-
ever, the predicted rutting of the subbase was slightly affected
by the RAP content. The difference in rutting was found to be
less than 0.05 in. (1.4 mm) between 0 and 100% RAP blends.
In a similar study, Schwartz et al. [28] conducted sensitivity
analyses of performance predictions to MEPDG design inputs
under three traffic volume levels and five climatic conditions.
The authors reported that the longitudinal and bottom-up
fatigue cracks are very sensitive to the thickness of base mate-
rial and M, of both layers of subgrade and base.

Although the laboratory characterization of RAP as a
pavement material was well investigated, limited studies
are available on the prediction of pavement performance
containing recycled products especially RAP as base mate-
rial and the significance of RAP blends as base/subbase on
rutting and fatigue performance. Furthermore, the license of
MEPDG is too costly at least for developing countries like
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Egypt and it requires many inputs that may not be readily
available at many agencies.

Research objectives

The main objective of this research is to build a framework
for the prediction of field performance of RAP blends by
incorporating the KENLAYER and quality-related specifica-
tions software (QRSS) along with the MEPDG sophisticated
models which consider cost saving. The pavement response
will be determined by designed Excel sheets that solve the
sophisticated models of MEPDG in a simplified method.

Mechanistic Empirical Pavement Design
Guide

The MEPDG is an advanced tool for the design and analysis
of both new and rehabilitated flexible pavement structures
[29]. It predicts the accumulated damage based on monthly/
bimonthly changes of traffic, climate, and consequently con-
struction material properties. After that, damage is converted
into expected smoothness and pavement distresses using
empirical transfer functions calibrated either globally or
locally. For flexible pavements, performance is indicated in
terms of rutting (total pavement rutting and individual layer
rutting), top-down longitudinal cracking, bottom-up fatigue
cracking and transverse (thermal) cracking [29].

MEPDG has three different hierarchical levels of inputs
regarding traffic, materials, and environmental conditions.
For material inputs, level 1 possesses the highest accuracy
and reliability level and lowest error as the input values are
obtained from direct laboratory measurements. In level 2,
the input data are based on correlations with routine engi-
neering tests to calculate material properties. Finally, default
values based on experience are used as inputs for level 3
[29].

MEPDG distress prediction models

The most important pavement structural distresses are rut-
ting, bottom-up fatigue cracking. In the following sections,
MEPDG rutting and fatigue cracking models are detailed.

Rutting models

Total rutting is the summation of the permanent deformation
of each layer of the pavement structure (i.e. hot mix asphalt,
HMA layers, unbound layers, and subgrade soil). Table 2 dis-
plays the models (Egs. 1-3) used in MEPDG for HMA rutting
calculations [29]. Equations (4) and (5) depict the models for
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Table 1 (continued)
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pavements. When such options were to be made, in addi-

tion to considering pavement structure and thickness,

cautions should be exercised (such as interpreting the

resilient modulus, considering the creep and permanent
deformation behaviors of the unbound RAP materials)

75% RAP content achieved the highest resilient modulus

Gradation—compaction-CBR-M,

0/100, 25/75, 50/50, 75/25, 100/0

Luo [14]

in aggregate-RAP blends

Certain combinations of RAP and typical Ontario granular

0/100, 12.5/87.5, 25/75, 37.5/62.5, 50/50 Gradation—compaction—-CBR-M,

Stolle et al. [21]

material can be made to form granular bases that have

strength similar to that of conventional Ontario granular

material

RAP can be used as a granular base for road pavement

0/100, 20/80, 40/60, 60/40, 80/20 Gradation—compaction-CBR-M,

Kolay and Singh [9]

works

RAP is a viable alternative and cost-effective material as a

0/100, 20/80, 40/60, 60/40, 80/20, 100/0 ~ Gradation—compaction-CBR—permeability—X-ray

Mousa [22]

base/subbase layer for paved and unpaved roads

r

M,

CT-

Testing in italic is field testing

Table 2 MEPDG rutting models [29]

Equation Equation

number

A, vy = 4424661 X 1074 (1)
(Cy + CyD) € qpa)n™¥771 T156000.328196°

where A}, a)=rut depth in the HMA layer, in.

€,ama) = vertical resilient strain calculated by the struc-
tural response model (Multi-Layer Elastic Analysis,
KENLAYER, in this study) at the mid-depth of the
HMA layer/sublayer, in/in

n=number of axle load repetitions, 7=mix or pavement
temperature, °F

D =depth below the surface, in

C) = —0.1039(Hypya ) + 2.4868Hyppg — 17.342 @)
where Hypya =total HMA thickness, in.

Cy = 0.0172(Hygya)* — 1.733Hypya +27.428 )
L\ 4
(e<ﬂ>”'x0.15)+[e(W) ><20] @

soil 2

A

p (soil) = ksl evh

where A ;;y=permanent or plastic deformation for the
layer/sublayer, in

n=number of axle load applications

€, =average vertical resilient or elastic strain in layer/sub-
layer calculated by the structural response model, in/in

h; =thickness of the unbound layer/sublayer, in

ks = global calibration coefficients, which are 1.673 and
1.35 for granular materials and fine-grained materials,
respectively

i
o TC06T9-0017635(We ) 5
— 9 —4.89285
p=10 (],(109)10;.'"(—Uvﬁlll‘?—().l)]7638(wc)))

where W, =water content, percent

computing the rut depth in subgrade soil and unbound pave-
ment layers (refer to Table 2).

Alligator fatigue cracking model

Equation (6) is used for calculating N; (allowable number of
load repetitions) that results in fatigue failure (based on the
tensile strain at the bottom of AC layer) as presented in Table 3
[29]. The damage ratio (DI) is used to represent the amount of
damage. DI is the division of the axle loads actual number by
the allowable number of axle loads to fatigue failure (V;) as dis-
played in Eq. (8). Finally, the empirical transfer function is used
to determine the area of fatigue cracking as displayed in Eq. (9).

Quality-related specifications software
(QRSS)

The quality-related specifications software (QRSS) was
developed under the NCHRP Project 9-22 [30] by Fugro
Consultants, Inc. and Arizona State University (ASU). This
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Table 3 MEPDG alligator fatigue cracking model [29]

Equation Equation
number
Vee _ 3.9492 1.281 6
Nt ma = 0.007566(Cy;) (10(4'84 Tatie 333%)) (l) ( ) ©
& 2TV
where N;_ s =allowable number of axle load repetitions for fatigue failure
g, =tensile strain at the bottom of asphalt layer, in/in
Epnvia =dynamic modulus of the HMA, psi
Ve =effective asphalt content by volume, percent
V,=percent air voids of the HMA mixture
Cy=thickness correction term, dependent on type of cracking
@)
Cy= .
H < 04000398+w+m >
DI = ¥(ADI), 7 = ( " ) ®)
Z( )_/.m.l.p.T z Ni_mma jmlpT
where n=actual number of axle load applications within a specific time period
j=axle load interval
m=axle load type (single, tandem, tridem, quad, or special configuration)
[=truck type using the truck classification groups included in the MEPDG
p=month
T=median temperature for the five temperature intervals or quintiles used to subdivide each month, °F
1 6000 9
FCpoyom = (5)(W) ©)
where FCyg;,,,, =area of alligator cracking that initiates at the bottom of the HMA layers, percent of total lane area,
DIy om =cumulative damage index at the bottom of the HMA layers
C; = —2.40874 — 39.748(1 + Hypgp) > (10)

software is a simplification of the MEPDG. The QRSS pre-
dicts the rutting of HMA layer and fatigue and thermal cracks
for any pavement structure based on the dynamic modulus
of the HMA which is a function of traffic speed, volumet-
ric properties of HMA, and climatic data. The prediction of
the HMA rutting and alligator fatigue cracking in the QRSS
methodology is based on the effective dynamic modulus |E*|
of the HMA as the main property characterizing the HMA
stiffness. Even though there are many models available in
literature for |E*| prediction of the HMA [31], the QRSS
adopted two different models for IE*| prediction. These mod-
els are Witczak NCHRP 1-37A and Witczak NCHRP 1-40D
[30]. In this research, the NCHRP (1-37A) model (Eq. 11,
Table 4) was selected as it was reported by several studies
to yield better predictions compared to the NCHRP (1-40D)
model [31-39]. This is particularly true for the traditional
mixes using Marshall mix design and the binder penetration
grading system, which are still being used in Egypt.

The QRSS relies on the effective E*, which is based on
the effective temperature (7). T, can be defined as the
single temperature where an amount of distress would be
equivalent to that occurs from the temperature fluctuation
throughout the annual cycles of temperature. In QRSS, 7.4
for rutting prediction is determined by the methodology
presented in NCHRP 2011 and shown in Eq. (12), while
for fatigue cracking, Eq. (13) is used as provided in Table 4
[30, 40, 41].

The effective asphalt modulus |E*| is based on the effec-
tive temperature and effective frequency. The effective fre-
quency for fatigue cracking depends on the effective depth,
traffic speed, and layer modulus as shown in Eq. (14) [40,
41]. The effective depth for rutting prediction can be com-
puted by Eq. (15), whereas for fatigue, it is located at the
bottom of the AC layer.

Materials and methodology

The RAP material used in this research was sourced from a
wearing AC surface layer of a major road under rehabilita-
tion located in Port Said Governorate, Egypt. The road has
a medium traffic levels and was constructed nearly 20 years
ago, and the main pavement distress was the asphalt rutting.
The RAP was obtained by a cold milling machine. The RAP
properties were examined in the laboratory, and the aver-
age percentage of bitumen was 5.2% (by total weight of the
mix) based on the extraction results [42]. The asphalt mix-
ture aggregate was crushed dolomite with 19 mm nominal
maximum size, and the binder was 60/70 penetration grade.

A crushed dolomite virgin aggregate (VA) was supplied
from the Ataqa quarry located in Suez governorate, Egypt.
This is a typical aggregate type usually used for the base
layer construction in Egypt. Table 5 presents the engineering

@ Springer
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Table 4 Models used in QRSS

Equation

Equation
number

3.871977-0.0021P4+0.003958P33—0.000017(P3g) > +0.00547P34

log E* = —1.249937 + 0.029232P — 0.001767(P30)* — 0.002841P, — 0.058097V,, — 0.802208 (Vb::?fva)
where E*=dynamic modulus of asphalt mix, in 105 psi

f=loading frequency, in Hz

V,=air voids in the mix, by volume, %

Vieir = effective bitumen content, by volume, %

P3,=cumulative % retained on the 3/4-inch sieve

Psg=cumulative % retained on the 3/8-inch sieve

P,=cumulative % retained on the No. 4 sieve

Pyyo="% passing the No. 200 sieve

1+¢e—0.603313—(0.31335log /)—(0.393532 log 1)

an

T, =14.620 — 3.361 In (f) — 10.940(2) + 1.121(MAAT) + 1.718 (oppyar) — 0.431(Wind) + 0.333(Sunshine) + 0.080(Rain) (12)

eff - rutting —
where T _ yying = modified Witczak effective temperature for rutting, °F
z=critical depth, in
f=loading frequency, Hz
MAAT =mean annual air temperature, °F
ommar = standard deviation of the mean monthly air temperature, °F
Rain=annual cumulative rainfall depth, inches
Sunshine=mean annual sunshine percentage (%)
Wind =mean annual wind speed (mph)

T,

eff - fatigue

where T, =modified Witczak effective temperature for fatigue, °F

ff - fatigue

fr = 17.6v
eff 2zqtr

where f.=effective frequency, Hz

v=design speed (mph)

z.¢ =effective depth

r=tire contact radius (4.886 inch for the standard wheel)

! E, h E,
where n=number of subdivided layers
h;=subdivided layer thickness (inch)
E;=subdivided HMA layer modulus (psi)

E,, =subgrade modulus (psi)
h,=last subdivided HMA layer thickness (inch)
E,=last subdivided HMA layer modulus (psi)

= —13.9551 — 2.3316(/)"5 + 1.0056(MAAT) + 0.8755 (6yppar) — 1.1861(Wind) + 0.5489(Sunshine) + 0.0706(Rain) (13)

14)

15)

Table 5 Engineering properties of the virgin aggregate and RAP materials

Experimental test Test standard

100% VA

100% RAP

Specification
limits for the base
layer®

P200, % AASHTO T 27-99 [43]
Los Angeles Abrasion (LAA), % AASHTO T 96-99 [44]
Liquid limit (LL), % AASHTO T 89-96 [45]
Plasticity index (PI), % AASHTO T 90-00 [46]
Material classification AASHTO M 145-91 [47]
Modified Proctor test AASHTO T 180-97 [48]
Maximum dry density (MDD), g/cm?

Optimum moisture content (OMC), %

6.40
25.5
244
53
A-l-a

2.245
1.5

0.90
31.6

NP®
A-l-a

1.990
6.0

5-15

50 Max.
25 Max.
6 Max.

#According to ECP-104 [49]

"Nonplastic

@ Springer
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Pavement Layers
Rutting Prediction

(Eq. 1to 5)

—

AC Fatigue Prediction
(Eq. 6 to 10)

P i it
: Material Properties L.
(Design Volumetrics - Traffic Characteristics
! Binder Properties - Mix (ESALs)
: Aggregate Gradation)
1
1
1
1
1
g : AASHTO 1993 Design Method]
(= |
S
1
1
1 \
: limate Characteristics Pavement Structure
1 (MAAT - cMMAT - Wind (Layers' Thickness - Base
| Speed - Sunshine - Rain) and Subgrade Modulus)
1
S e S R R
e il il L e
1 \
: Quality-Related Specifications
1 e Software (QRSS)
: [NCHRP Project 9-22]
1
1
1
1
1
: Y Y
1
w1 Tes Rutting Tes Fatigue
2 : (Eq. 12,14,15) (Eq. 13,14,15)
s
2 I
1
1
1
: E* Rutting (Eq. 11) E* Fatigue (Eq. 11)
| [NCHRP 1-37A] [NCHRP 1-37A]
1
1
1
1
1
: Multi-Layer Elastic Analysis
: (KENLAYER)
1
F::::::::::::::::::::::::::::*::::4:::::::::::::::::::
1
. v Y
! Vertical Resilient Horizontal Tensile
. Strain at Critical Strain at Critical
1 Locations Locations
1
1
; ¥ i
j22l
% : MEPDG Performance Models and
g ! Transfer Functions
&~ : [NCHRP 1-37A, NCHRP 1-40D]
|}
1
1
1
1
1
1
1

Fig. 1 Flowchart of performance analysis process
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properties of the 100% RAP and virgin aggregate materials
compared with the Egyptian specifications [49].

A control section (containing 0% RAP) was structurally
designed according to the AASHTO 1993 guide [50] for
comparing the effect of the base material properties con-
taining different RAP percentages on the field performance

Table 6 Input and output parameters for the AASHTO 1993 design
method

Input Design parameters

Reliability level (R), % 95

Combined standard error (S,) 0.5
Serviceability

Change in serviceability (APSI) 1.5
Traffic data

Total design ESALs (W,g) 3,000,000

Design period, years 20
Asphalt layer

Structural layer coefficient (a;) 0.44
Base layer

Structural layer coefficient (a,) 0.180

Drainage coefficient () 1.0

Resilient modulus (My), psi 44,465
Subgrade layer

Resilient modulus (My), psi 6,000

15,000°
Output Structural number (SN)
SN, in. 2.40
SN,, in. 5.05%
3.70°

SN, structural number required above the base layer, SN, structural
number required above the subgrade layer

*Weak subgrade case

bStrong subgrade case

Asphalt Layer a1=0.44

)
—y——

Loy A\ Lss A\ SN [N s 'I‘v 55
‘Base Layer Ez=44,465 psi a,=10.18 m,=1.0 15"
D22 0/ 2 2 /4 M & L S ST S

rad

Subgrade Layer Mr = 6000 psi

Weak Subgrade Case

Fig.2 Pavement structures used for analysis
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over the service life. The laboratory resilient moduli of the
base materials, which were used to predict the performance,
are available in [24, 51]. The HMA dynamic modulus was
predicted by the QRSS. Three different Egyptian climatic
conditions of Alexandria, Cairo, and Aswan and two levels
of design speeds of 10 and 50 mph (16 and 80 km/h) were
chosen for the analysis. Climate data for the three different
cities were taken from Elshaeb et al. [52].

The predicted dynamic moduli of the HMA layer |E*|
along with a typical flexible pavement structure were
used for the pavement structural analysis model using the
Multi-Layer Elastic Analysis (MLEA) software (KEN-
LAYER). The horizontal tensile strain at the bottom of
the asphalt layer and the vertical resilient strain at the
critical locations within the pavement structure were
calculated.

The pavement performance in terms of total pavement
rutting and HMA fatigue cracking was predicted using
MLEA along with the MEPDG performance models and
transfer functions. The same analysis methodology was
followed previously by Arisha et al. [53]. Figure 1 outlines
the performance analysis process. It should be emphasized
that the predicted performance in this research is only
valid for comparison purposes because of the simplifica-
tions made and also the lack of local calibration of the
transfer functions.

Pavement analysis and performance
prediction

Control section (0% RAP) was designed for two cases:
weak and strong subgrade, following the AASHTO 1993
design method for flexible pavements [50]. The input param-
eters for the AASHTO 1993 are reliability level (R)=95%,

wn
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Table 7 QRSS input parameters for all investigated cases

Traffic input group
Design speed (mph)

Design life (years)
Total ESALs

Structure input group
AC surface thickness (inch)
Base layer thickness (inch)
M. of base layer (psi)
M., of subgrade (psi)

10
50
20
3,000,000

As illustrated in Fig. 2

As illustrated in Fig. 2

Climate input group

Climate case MAAT (°F) opmar (CF) Wind speed (mph) Sunshine (%) Rain (inch)

Alexandria 71.34 8.33 10.68 88.89 9.15

Cairo 74.42 11.60 6.39 90.09 2.75

Aswan 76.06 12.39 5.36 96.08 0.38

o 0% RAP [24, 51]. The pavement layers’ thickness is shown

Table 8 Asphalt layer mix inputs [54] A

in Fig. 2.

Design volumetric properties inputs Two levels of design speeds were chosen to evaluate the
Air voids, V, (%) 43 effect of traffic loading frequency on the effective |E*| and
Asphalt content by weight, P, (%) 5.2 hence on the predicted pavement performance. The slow

Binder characteristics inputs speed of 16 km/h (10 mph) simulates the traffic speeds
A-RTFO* 9.599 at intersections and toll stations, while the high speed of
VTS-RTFOP —-3.158 80 km/h (50 mph) simulates the typical speed level for rural
Binder specific gravity, Gy, 1.030 roads in Egypt. Finally, three different climatic datasets for

Target in situ volumetric properties inputs three Egyptian cities: Alexandria, Cairo, and Aswan, were
Target in situ air voids (%) 7.0 used to assess the effect of climate on predicted perfor-
Aggregate bulk specific gravity, Gs,, 2.610 mance. Tables 7 and 8 summarize the inputs for the QRSS
Mix theoretical bulk specific gravity, G, 2.447 for the investigated cases. The HMA properties were taken

Mix aggregate gradation inputs from Amin [54], and the mix is typically used for wear-
Percentage passing sieve 1” 100 ing surface layers in pavement projects in Egypt. The per-
Percentage passing sieve 3/4" 95 formance grade (PG) of the binder is compatible with the
Percentage passing sieve 3/8" 76.5 climatic location.

Percentage passing sieve #4 49.1

Percentage passing sieve #8 45.3 Dynamic modulus |E*| prediction

Percentage passing sieve #30 28.9

Percentage passing sieve #50 21.5 Six QRSS simulation runs were conducted for the differ-
Percentage passing sieve #100 12.7 ent traffic speeds and climate conditions. Table 9 shows
Percentage passing sieve #200 4.8 the effective frequency, temperature, and AC dynamic

*The intercept of the viscosity—temperature relationship of the rolling
thin-film oven (RTFO) aged binder

The viscosity—temperature susceptibility (VTS) which is the slope of
the viscosity—temperature relationship of the RTFO aged binder

overall standard deviation (S,) =0.50, change in serviceabil-
ity (APSI)=1.5 listed in Table 6. A traffic level of three mil-
lion ESALs and a design life of 20 years were chosen, and
the base material moduli were based on the testing results for

modulus for rutting and fatigue. One may surmise from
the results that the effective temperature for rutting is
higher and hence the effective |[E*| is lower compared to
fatigue. Also, as the speed increases, the effective |E*| also
increases due to the viscous nature of the binder. Moreo-
ver, |[E*| is lower at the hot climate condition (Aswan)
compared to the moderate climate (Alexandria). Finally,
the influence of the climate conditions and traffic speed
level is more pronounced on the effective |E*| for rutting
as compared to fatigue.
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Table 9 QRSS outputs for
rutting and fatigue

Speed (mph) Climate case Rutting

Fatigue

feﬁ'ective (HZ) Teffeclive (OF) E* (pSI)

feffective (HZ) Teffective (OF) E* (PSl)

10 Alex
Cairo
Aswan

50 Alex
Cairo

Aswan

7.64
10.57
10.80
34.29
36.48
37.59

106.71
127.63
133.15
101.66
112.53
118.01

370,600
207,500
176,200
616,000
453,600
388,500

8.47
8.47
8.47
42.36
42.36
42.36

95.02
106.27
112.96

86.63

97.88
104.57

553,500
385,700
311,000
983,200
718,500
592,800

4500 Ib 4500 Ib

3.45” 13" 3.45"

Y v 0.5h

Asphalt Layer

E* Varies by

—

~O
IJ()
«®
O

Base Layer h,
Mr = K1 (0°K,)

-®
@
-@
-®

Subgrade Layer 6
Mr Varies

L3457,

4.975"
6.5"

X Rutting Critical Points
O Fatigue Critical Points

Fig.3 Cross section used for performance analysis

KENLAYER

KENLAYER is a Multi-Layer Elastic Analysis software
designed to analyze flexible pavement stresses and strains.
The pavement section used in the simulation runs along
with the loading characteristics is demonstrated in Fig. 3.
KENLAYER was used for the prediction of vertical resil-
ient strain at different locations within the pavement sec-
tion [mid-depth of each layer, subgrade surface, and 6 in.
(15.24 cm) below subgrade surface]. The vertical resilient
strain was used for the calculation of pavement rutting by
transfer functions and MEPDG performance models [29].
In addition, the horizontal tensile strain (at the bottom of
the AC layer) was also calculated for the determination of
fatigue cracking.

The input parameters are material properties and traffic
loading. The engineering properties of the base materials
are summarized in Table 10. These properties were based
on experimental testing results conducted by Mousa et al.
[24] and Mousa [51] on different granular base materials
blended with different percentages of RAP. A total of 144
runs were conducted.

Traffic repetitions of 3,000,000 18-kips (80-kN) ESALs
per the design life, with tire pressure of 120 psi (0.827 MPa)
and spacing between the dual tire of 13 in. (33 cm) were
applied to the pavement structural sections as displayed in
Fig. 3. The nonlinear analysis module was applied for the

Table 10 Material properties for

; %RAP in base MZ, psi (MPa) Unit weight  k,, psi (MPa) k, Angle of internal
performance analysis [24, 51] layer (pch) friction () (°)
0 44,465.2 (306.8) 140 7651.0 (567.0) 0.48 56
20 54,551.6 (376.3) 137 8734.7 (713.3) 0.50 51
40 64,656.3 (446.1) 137 13,065.8 (779.5) 0.43 53
60 71,210.9 (491.3) 134 16,409.0 (820.1) 0.40 49
80 92,227.3 (636.3) 131 32,368.9 (917.1) 0.28 42
100 105,356.8 (726.9) 124 33,965.3 (1079.2) 0.31 39

M, values at the anticipated field stresses [}, =24 psi (0.166 MPa), 6;=28 psi (0.055 MPa)]

@ Springer
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(c) Predicted rut depth for all investigated cases at speed of 10
mph (Aswan).
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(f) Predicted rut depth for all investigated cases at speed of 50
mph (Aswan).

Fig.4 Predicted rut depth for the investigated blends (weak subgrade case)

base layer which is based on the k — @ model (M, = K,6%).
The pavement system was simulated in the KENLAYER
program as three-layered system with the previous traffic
characteristic. The resulted values of the horizontal tensile

strains and the vertical resilient strains were used as input
parameters in the MEPDG performance models and transfer
functions for performance predictions, which are presented
in the following sections.
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(c) Predicted rut depth for all investigated cases at speed of 10
mph (Aswan).

Fig.5 Predicted rut depth for investigated blends (strong subgrade case)

Rutting prediction

The predicted rutting against the RAP percentage for all
investigated climate cases at the design speed of 10 and 50
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(f) Predicted rut depth for all investigated cases at speed of 50
mph (Aswan).

mph is presented in Figs. 4 and 5, respectively. It is obvi-
ous from the figures that the RAP percentage has a sig-
nificant effect on the total rutting. The predicted base rut
depth was found to increase with the decrease in the RAP
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Table 11 Reduction in rut depth

; Speed (mph) Climate case RAP (%) Reduction in rut depth (%)
due to use RAP in road base:
weak-subgrade case HMA Base Subgrade Total depth
10 Alex 0 0.2 0.0 0.0 0.0
20 14.1 5.8 5.8
40 27.8 13.0 11.8
60 36.8 18.8 15.7
80 54.3 325 23.5
100 58.8 36.6 25.5
Cairo 0 0.0 0.0 0.0 0.0
20 15.2 6.8 37
40 29.2 14.4 7.1
60 38.4 20.3 9.3
80 55.9 33.6 13.0
100 60.7 37.8 139
Aswan 0 0.0 0.0 0.0 0.0
20 15.6 7.0 3.1
40 29.6 14.6 5.8
60 38.8 20.5 7.5
80 56.3 33.6 10.1
100 61.1 37.8 10.7
50 Alex 0 1.7 0.0 0.0 0.0
20 13.0 4.5 6.5
40 26.6 11.0 13.7
60 352 16.3 18.5
80 52.6 30.0 28.7
100 56.8 34.0 31.3
Cairo 0 0.7 0.0 0.0 0.0
20 13.7 53 59
40 27.3 12.3 12.1
60 36.2 17.9 16.2
80 53.6 31.7 24.6
100 58.0 35.8 26.7
Aswan 0 0.3 0.0 0.0 0.0
20 14.0 5.7 5.5
40 27.8 12.9 11.1
60 36.6 18.6 14.8
80 54.1 323 22.2
100 58.6 36.4 24.0

amount in the blend for all investigated cases. It should
be noted that the rutting of foundation layers (subgrade
and granular base layers) does not affect the rutting of the
AC layer.

The effect of the climatic condition on rutting predic-
tion is also clear in the figures. As the temperature gets
higher (moving from Alexandria to Aswan), the predicted
rut depths become higher for all sections at design speed
levels of 10 and 50 mph. This observation confirms that the
change in asphalt concrete modulus due to the change in
temperature has a significant effect on the rutting prediction.

Moreover, at high traffic speed level, the values of predicted
total rut depths were lower compared to slow traffic speed,
which is due to the viscous nature of the asphalt. Thus, the
slower the traffic speed (low rate of loading), the larger the
rutting in the HMA layer.

Tables 11 and 12 show the reduction in rut depth of each
layer due to the use of different RAP amounts in road base
for weak- and strong-subgrade soil, respectively. Data show
a significant decrease of up to 61% in the base layer rutting
and 38% in the subgrade layer rutting when the 100% RAP
is used as a base layer compared to the virgin aggregate for
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Table 12 Reduction in rut depth

. Speed (mph) Climate case RAP (%) Reduction in rut depth (%)
due to the use of RAP in road
base: strong-subgrade case HMA Base Subgrade Total depth
10 Alex 0 0.1 0.0 0.0 0.0
20 13.2 14 34
40 24.8 3.8 6.6
60 32.6 6.2 8.9
80 47.7 13.3 135
100 52.3 16.3 15.1
Cairo 0 0.0 0.0 0.0 0.0
20 14.1 2.6 2.1
40 25.6 5.7 38
60 33.6 8.6 5.0
80 49.1 16.2 7.2
100 54.2 19.4 7.9
Aswan 0 0.0 0.0 0.0 0.0
20 144 2.8 1.7
40 25.9 6.0 3.0
60 34.0 9.0 39
80 49.6 16.8 5.6
100 54.9 20.1 6.1
50 Alex 0 1.4 0.0 0.0 0.0
20 12.6 0.3 4.0
40 24.0 1.6 7.9
60 31.8 34 10.7
80 46.6 9.4 16.7
100 50.8 12.0 18.6
Cairo 0 0.4 0.0 0.0 0.0
20 13.0 1.0 3.5
40 24.3 2.9 6.8
60 322 5.1 9.2
80 47.2 11.9 14.1
100 51.7 14.7 15.6
Aswan 0 0.1 0.0 0.0 0.0
20 13.2 1.3 32
40 24.7 3.6 6.1
60 32.5 6.0 8.2
80 47.5 13.0 12.6
100 52.2 15.9 14.0

Aswan at the design speed of 10 mph. The data in Table 11
clearly show that for all practical purposes, the rutting of
foundation layers (granular base and subgrade layers) does
not affect the rutting of the AC layer. The increase in rut
depth reduction is due to the increase in stiffness (resilient
modulus) of base layer with the increase in RAP amount
in the blend as indicated previously. A maximum decrease
of up to 25% in rutting was achieved with the use of 100%
RAP relative to 0% RAP (virgin aggregate only) for Alex
at a speed of 50 mph. More reduction in total rutting was
evident in the case of weak subgrade as compared to the
strong subgrade.
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Fatigue cracking prediction

Excel sheets were designed for the prediction of fatigue
cracking distress using the KENLAYER outputs along with
the MEPDG performance models and transfer functions
based on the effective temperature calculation for fatigue.
Figure 6 presents the predicted fatigue cracking against
the RAP percentage for all investigated climate cases at a
design speed of 10 and 50 mph. It can be observed from
the figures that the fatigue cracking is strongly dependent
on the base layer stiffness. As the stiffness of the base layer
underneath the AC layer(s) increases (by increasing the RAP
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(c) Predicted fatigue cracking at 10 mph design speed for 3
million ESALSs — strong subgrade case.

Fig.6 Predicted fatigue cracking for all investigated cases

amount in the blend), the tensile strain at the bottom of the
HMA layer decreases, and consequently, fatigue cracking
decreases. Alam et al. [5] reported the same observation for
the decrease in fatigue cracking with the increase in RAP
amount. Also as seen from the figure, the fatigue cracking
for strong-subgrade cases is lower than weak-subgrade soil
at the same speed and climate condition. The reason for
this is that as the subgrade stiffness increases, the tensile
strain (at the bottom of the HMA layer) decreases, and hence
fatigue cracking decreases.

The effect of the climatic condition on fatigue crack-
ing is also obvious in figures. In general, as the tempera-
ture gets higher (moving from Alexandria to Aswan), the
fatigue cracking gets higher. The significance of climatic
conditions on fatigue cracking agrees with the findings of
Ezzat et al. [55], Tarbay et al. [56] and Azam et al. [57]
studies.
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(b) Predicted fatigue cracking at 50 mph design speed for 3
million ESALs — weak subgrade case.
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(d) Predicted fatigue cracking at 50 mph design speed for 3
million ESALs — strong subgrade case.

The effect of traffic speed is presented in the same figure;
at slow speed, the predicted fatigue cracking values were
higher compared to fast speed due to the viscous behav-
ior of the asphalt material. The significance of the selected
climates on the values of the predicted fatigue cracking is
minor as the Egyptian climate is mostly hot and moderate
and.

Table 13 summarizes the reduction in fatigue cracking
for the different percentages of RAP in road base for weak-
and strong-subgrade soil. A maximum decrease of up to
92% and 88% was observed in the fatigue cracking when
the 100% RAP was used as a base layer compared to the
virgin aggregate for Aswan at the design speed of 10 mph
for weak and strong subgrade, respectively. The increase in
fatigue cracking reduction is due to the increase in resilient
modulus of the base layer material with the increase in
RAP amount as indicated previously.
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Table 13 Reduction in fatigue cracking due to the use of RAP in road
base for all investigated cases

Speed (mph) Climate case RAP (%) Reduction in fatigue
cracking (%)
Weak subgrade Strong
subgrade
10 Alex 0 0.0 0.0
20 21.8 18.5
40 454 36.6
60 59.8 49.8
80 83.9 74.0
100 88.3 80.1
Cairo 0 0.0 0.0
20 23.7 21.1
40 48.1 41.1
60 63.1 54.9
80 86.7 79.0
100 90.8 84.9
Aswan 0 0.0 0.0
20 24.8 23.3
40 49.8 43.8
60 65.1 58.0
80 88.2 81.8
100 92.2 87.5
50 Alex 0 0.0 0.0
20 18.3 13.5
40 40.5 29.4
60 54.1 40.6
80 78.8 64.5
100 83.4 70.7
Cairo 0 0.0 0.0
20 20.3 16.4
40 43.4 33.5
60 574 45.7
80 81.8 69.9
100 86.3 76.1
Aswan 0 0.0 0.0
20 21.5 18.0
40 44.7 35.8
60 59.1 48.8
80 83.4 72.9
100 87.8 79.1

Conclusions

This study combined three powerful tools: MLEA, transfer
functions, and MEPDG performance models, and the QRSS
software in a simplified methodology to predict the pave-
ments performance constructed using RAP/virgin aggre-
gate blends as base course material for road construction in

@ Springer

Egypt. Based on the laboratory and performance prediction
results and analyses, the following conclusions can be found:

1. RAP blends showed superior/comparable performance
compared to virgin aggregates.

2. The effects of rate of loading (vehicle speed), climatic
conditions and subgrade strength were significant on
both fatigue cracking of the AC layer and rutting of
asphalt, base, and subgrade.

3. The state of stress at the base layer had a significant
effect on the modulus of the layer and consequently on
the pavement performance. Further laboratory testing
is required to determine the dynamic modulus of the
HMA, since the prediction of pavement performance is
mainly based on the predicted values of |E*|.
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