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Modeling of the Resilient Modulus for
Recycled Asphalt Pavement Applications
in Base Course Layers

Ehab Noureldin and Magdy Abdelrahman

The resilient modulus (M) is an important parameter for the base course
layer in the pavement design process. Use of recycled asphalt pavement
(RAP) for this layer must take into consideration the effect of various
factors that may occur in the field on the M. Previous numerical models
used for the granular base layer could be used for the RAP. The study
reported here examined the suitability of RAP procedures under the effect
of different factors (e.g., water content, dry density, freeze-thaw cycles).
Various percentages of the RAP (50%, 75%, and 100% by weight)
were employed in this research. All the models included in the study
took into account the effect of state of stresses directly, but they also
considered the other factors mentioned and the effect of their inter-
actions with the M indirectly. The intent of the study was twofold:
(a) to determine the adequacy of the models employed in the use of the
RAP procedure in the base course layer and (b) to determine which
model best described RAP behavior under the effects of the tested
factors. On the basis of a review of the literature, nine prediction mod-
els were chosen to investigate the granular base course layers so as to
predict My for RAP. A pilot analysis was made of these models to com-
pare the measured and predicted values of My under the tested factors.
Three models showed a good prediction for the M. These three models
were reassessed in a sensitivity analysis on regression parameters to
choose the best-fit model for the RAP applications.

The paving industry faces tremendous problems worldwide because
of the severe shortage of suitable aggregates in general and the high
cost of virgin aggregates used in the pavement layers. Use of the
recycled asphalt pavement (RAP) concept to construct an adequate
granular base course layer is an excellent alternative, especially in
cases in which the lack of suitable aggregates exists. FHWA reported
that about 100 million tons of RAP are produced each year during
pavement rehabilitation activities, which presents a major solid waste
concern and consequential environmental pollution and hazards (/).
The resilient modulus (M) of unbound layers is a required prop-
erty during any mechanistic or mechanistic—empirical analysis proce-
dure for flexible pavements. The M test is a commonly conducted
laboratory procedure to characterize the stiffness and elasticity
responses of the base material (2). Proper characterization of the non-
linear, stress-dependent behavior of pavement unbound layers has a
significant impact on the accuracy of pavement response predictions
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(3). The My of unbound granular material is affected by several fac-
tors, including the state of stress, moisture content, dry density, and
freeze—thaw (F-T) action. Although several researchers have tried to
understand and model the effect of these factors on the M, of different
granular materials, limited effort has been made to understand the
effect of those factors on the M of RAP and RAP-aggregate blends
as a pavement base course layer.

Several constitutive models have been investigated for their suit-
ability to model the behavior of granular materials and RAP (4). How-
ever, these models were tested on RAP at different state of stresses
and did not take into consideration other factors in the blend (e.g.,
moisture content, percentage of RAP). The main objective of these
models was to choose the best alternative that described the behavior
of RAP in the base layer under the effect of the most common field
conditions. It also is important to know the optimum percentage of
RAP in the blend, which simultaneously gives the best prediction of
the My, of the base course layer. These prediction models should, in
any case, be compared at different percentages of RAP mixed in the
blend under the effects of the field conditions mentioned.

BACKGROUND

The M, is the main engineering property that describes the performance
of base course materials (5). As pavements are subjected to repeated
wheel loads, static testing procedures usually are not adequate to
determine the behavior of aggregate materials subjected to dynamic
load conditions. A number of methods are available to test the My.
The most common protocols for this testing are AASHTO T 292-91,
AASHTO T 294-92, AASHTO T-307, AASHTO T P46-94, LTPP
protocol P46, and NCHRP 1-28 (6). During the M, test, the sample
is subjected to different levels of confining pressures and deviator
stresses.

In this study, the samples were tested according to NCHRP 1-28.

The RAP is generated when asphalt pavements are removed for
reconstruction, resurfacing, or to obtain access to buried utilities.
Rehabilitation projects of old asphalt pavements produce a signifi-
cant amount of RAP (7). FHWA reported that agencies in at least
13 states (i.e., Arizona, Illinois, Louisiana, Maine, Nebraska, New
Hampshire, North Dakota, Oregon, Rhode Island, South Dakota,
Texas, Virginia, and Wisconsin) had used RAP as an aggregate in
the base layer (/).

On the basis of a review of the literature, nine prediction models
have been used for granular base materials and tested on RAP and
RAP-aggregate blends but only under the effect of different state
of stresses. A summary of the investigated models is presented in
Table 1. The My for granular material was found to increase with
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TABLE 1 Mj; Predictive Models

Model Name Equation
o; |
Confining pressure Mp=K,-P,- (?3]
CAN
Bulk stress My=K;-P,- (FJ
Ke K7
. 0 oy
Bulk and deviator stress Mp=Ks-P,- (—) ( j
P, F,
0 Koy T Kio
Bulk and octahedral My=Kg-P,- (_J ( oct j
shear stress F, P,

o K2 o Ki3
Pezo My=K, P, (_3j (_d)
F, P,
P Kis
Average stress Mp=K,- (—)
G4
K7 Kis Ko
General stress My,=Ky-P,- 0 S8 .| S
3P, P, P,
9 Ky T Ky
MEPDG My=Ky P, (?) -[%H]
Ko Kos
Witczak My=Ky,-P, (%] .(th ij

Note: MEPDG = Mechanistic—-Empirical Pavement Design Guide. In all the
models, stress terms are normalized with respect to atmospheric pressure (P,)
where

G, = deviator stress (psi), (6, = G, — C3),

o, = axial stress (psi),

o, = lateral stress (psi), (0, = 03),

G5 = confining pressure (psi),

0 =bulk stress (psi) = 6, + 6, + 63 = 6, + 30; (psi),

P, = atmospheric pressure = 14.7 (psi) = 101.5 (kPa),

P = mean normal stresses = m = 0_3‘1

Too = OCtahedral shear stress = % \/{(Gl - GZ)Z +(o, _cz)z +(o, - 03)2} (psi)

K; = multiple regression constants evaluated from resilient modulus tests.

+0;5(psi)

the increase in the confining pressure, as presented in the first model
(8). Several researchers reported that the My value depended on the
bulk stress O (first stress invariant) applied to the sample. The K—0
Model was used to describe the resilient behavior of unbound material,
as presented in the second model in Table 1. In reality, most soils are
affected by the confining pressure and the shear stress. Uzan proposed
amodel that accounted for the shear stress effects (9). Uzan’s model
is presented as the third model in Table 1.

Later the octahedral shear stress was used instead of deviator stress,
as presented in the fourth model (/0). The My also was modeled on
the basis of the deviator stress and confining pressure by Pezo, as
presented in the fifth model (/7). Tam and Brown suggested model-
ing the My, of granular material with the mean stress to deviator stress
ratio, as presented in the sixth model (/2). Itani developed a model
that included bulk stress, shear stress, and an additional confining
pressure component, as presented in the seventh model in Table 1 (5).
A modified form of Uzan’s equation (9) is used in the Mechanistic—
Empirical Pavement Design Guide (MEPDG), as presented in Table 1.
Witczak evaluated 14 constitutive models in log-log and semilog
forms for their capabilities to predict the resilient behavior of differ-
ent granular material and recommended a five-parameter model that
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statistically had the overall goodness of fit (/3). Witczak’s Model is
presented in Table 1.

PROBLEM STATEMENT

From the literature survey, it was clear that these prediction models
were tested on RAP as a base course layer but under only one factor:
the state of stresses, such as confining pressure, deviator stress, and
bulk stress. The tests did not take into consideration other factors,
such as water content, dry density, or environmental changes such
as F-T conditions. Attia tested these models at different percentages
of RAP research (4). However, the linear comparisons of the mea-
sured and predicted values of Mj were tested without consideration
of the effect of the variation of other factors (e.g., water content, dry
density, F-T cycles) at different percentages of RAP. Attia considered
only the measured My, at optimum moisture content (OMC) and maxi-
mum dry density (MDD) for different percentages of RAP. According
to the literature, no parametric analysis has been made of these pre-
diction models to understand the behavior of each multiple regression
constant K parameter under different testing conditions. Thus it was
important to assess whether each model fit for all tested conditions or
if there was a need to test more field conditions (e.g., environmental
impact factors).

RESEARCH OBJECTIVE

The main objective of this research was to assess the constitutive
models previously tested for RAP as a base layer under the effect of
different, actual environmental and field conditions other than the
state of stresses. This objective was fulfilled in two stages. The first
stage aimed to investigate the accuracy of these models by statistical
analysis to show how they might be affected by the new condi-
tions alone or in conjunction with various interactions at different
percentages of RAP on the prediction of the M. The second stage
was tailored to a parametric analysis of the best statistical models
determined from the first stage to choose the one that best fit and
its suitability to predict the My of RAP. If no model was suitable, it
would be necessary to develop a new prediction model in the future.
The study also assessed the adequacy of these factors to represent
most of the field conditions that affected the base layer and then to
investigate the need for more laboratory measurements to consider
the effect of other environmental and field conditions to predict
the My for the RAP mixes to be used in the base course layers
(e.g., leaching contents of RAP).

RESEARCH METHODOLOGY

The known constitutive models for granular material were investi-
gated for their suitability in the modeling of My behavior of RAP
materials and mixtures. Each predictive model was run to predict
the measured M; values from laboratory tests conducted on RAP
under different conditions and percentages. For each model, a multiple
regression comparison was used for all levels (values) of stresses at
various testing conditions and different RAP percentages, together
with their interactions to determine the multiple regression factors
(K constants) with use of the Excel solver.

With the use of Minitab software, a linear regression comparison
then was made for each model of the predicted and measured My
at all tested conditions. This procedure was used to calculate all
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regression-related parameters, such as R*. Each prediction model
was evaluated at a different RAP percentage, which varied from
50% to 100% for each tested condition or interaction between these
conditions.

Finally, the best model was selected through a comparison of each
of the K constants calculated from the multiple regression stage; all
testing conditions took into consideration the RAP percentages 50%,
75%, and 100%. The study also estimated the optimum percentage
or range of RAP values that gave the most accurate prediction for
the M. The study also investigated any relationships that might have
existed between each of the K values and the tested conditions.

EXPERIMENTAL CONSIDERATIONS

This study was conducted with one source of RAP: RAP-TH 10
(Trunk Highway at 10 mi location) collected by the Minnesota Depart-
ment of Transportation during earlier research. This selection was
made to avoid the problem of RAP variability, which would arise if
RAP were collected from several sources or sites. This material was
mixed with Class 5 of base aggregates with 50%, 75%, and 100%
of RAP. For sample homogeneity, the maximum particle size was
recommended to be less than 10% of the mold size; therefore all
material greater than 12.5 mm was replaced by other materials that
passed through a 12.5-mm sieve and were retained on Sieve No. 4
(4.75 mm). This adjustment was the only one made for aggregate
gradation in this stage of the research (8). For this kind of RAP,
the OMC was 5.5%, and the MDD was 2,124 kg/m’. For Class 5, the
OMC was 6.4%, and the MDD was 2,223 kg/m® (3).

The My, test was conducted immediately after sample compaction.
The target sample size was 6 in. in diameter and 12 in. in height.
The sample was subjected to 1,000 load cycles for precondition-
ing followed by 30-load sequences as specified by NCHRP 1-28A
protocol, Procedure 1A (6). The My test was conducted inside a
triaxial pressure chamber, which could maintain the required con-
fining pressure. These results of the measured M were produced
earlier by the North Dakota State University, Fargo, research team
in cooperation with the Minnesota Department of Transportation,
which supplied the material samples. These results were used in the
study reported here to compare the measured and predicted values
of My for the constitutive models under consideration.

The nine prediction models for My (Table 1), which were used
previously to predict the My for a granular base course layer, were
considered in the study reported here. A comparison of the measured
and predicted My, values at various percentages of RAP was taken into
consideration for the different factors. These factors were water con-
tent that varied from OMC —3% to OMC +2%, dry density of the
sample that changed from 100% to 90% of MDD, and the F-T cycle,
which had not been studied for RAP behavior. The samples were sub-
jected to two cycles of F-T before they were tested to determine the
My, values. The F-T limits were set by freezing samples at —12°F for
24 h and then by thawing them for 24 h at 75°F (4). All of these factors
were compared under the effect of different percentages of RAP to the
equivalent measured My samples under the same conditions.

ANALYSIS OF RESULTS

Six models were rejected after comparisons of the predicted and
measured values of M at the three percentages of RAP (50%, 75%,
and 100%) with the interaction of other factors (e.g., water content,
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dry density, F-T conditions) (Table 2). Only three of the nine models
investigated were considered applicable for RAP behavior. They
were the Pezo, MEPDG, and Witczak models. These results were
attributed to the relative closeness of the regression lines, obtained
from these models, to the equity line (/4). The implication was that the
best prediction of the My values might be obtained with these models
(Figures 1-3). This finding was confirmed by the results of the
calculated R?, because these three models yielded the highest values
for all tested conditions (Tables 3-5).

This research constituted the first stage in the analysis of RAP
concept behavior in the base course layer. A second stage was per-
formed to assess the best fit of the three models chosen on RAP
behavior and took into consideration all the interactions in the study
at the three concentrations of RAP. This second stage was carried out
through a comparison of each multiple regression constant K value
of each model under the effect of tested conditions at different RAP
percentages to understand the possible changes, if any, of each K value.

Witczak Model Parametric Analysis

On the basis of the Witczak model equation, K,; was directly related
to M. As shown in Figure 4, K,; increased for 75% and 100% of RAP.
It reached its maximum value at OMC and increased enormously
when MDD decreased from 100% to 90% for all RAP percentages.
However, the K,; value differed completely under the effect of F-T,
because it decreased in general for all RAP percentages and increased
after it exceeded the OMC. In general, K»; was at its highest values at
100% RAP under the effect of all tested conditions, which resulted
in an increase in M.

The same behavior was noticed for K,, under the effect of the
water content as it reached its maximum value at OMC for all RAP
percentages. No general trend was observed for K,, under the effect
of F-T, and its values were almost the same for all RAP percentages
but with different behavior for each percent. The effect of decreases
in the MDD was to increase slightly the K, values. This increase
continued with increases in the water content. However, the percent-
age of RAP did not have a remarkable significance on the K,, values
in general under the effect of all the factors studied. The effect of K5,
on the M, differed according to the value under the power, because
the My might increase or decrease, as shown in the Witczak model
equation in Table 1.

The effect of K,s on the My was directly proportional: the lower
the K5, the lower the M, as shown in the equation in Table 1. Under
the effect of water content, K,5 reached its minimum value at the
OMC, especially in the 75% and 100% RAP cases. No difference
in the K,5s was noticed under the effect of decreases in the MDD.
However, it tended to show a rather linear trend with water con-
tent variations. The eftect of F-T on K5 showed that it significantly
increased and was almost the same for all RAP percentages without
a definite behavior for water content variations. In general, K,s
affected the My negatively, especially under the effect of water
content and decreases in the MDD. However, this negative effect
was minimized by the effect of F-T.

The study did not consider the effects of the tested factors for
parameters K, and K»;. After trial-and-error assumptions of different
values were made for each parameter at various percentages of RAP,
it was found that K, = —5 and K,; = 5 yielded the highest R? for the
linear comparison between predicted and measured My, values. Thus
it was assumed that K,; = —5 and K,; = 5 for all interactions of the
tested factors at all percentages of RAP.
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TABLE 2 R? Parameter for Six Rejected Models

Confining Bulk Bulk and Bulk and Average General

Water Content Maximum Dry F-T Pressure Stress Deviator Octahedral Shear Stress Stress
(%) Density (%) Condition Model Model Stress Model Stress Model Model Model
50% RAP

OMC-3 100 No .81 .38 94 .94 32 .98
OMC=-2 100 No .84 .55 72 72 .01 .86
OMC-1 100 No .88 44 91 91 22 .96
OoMC 100 No .94 .53 .87 .87 .02 .96
OMC+1 100 No .88 A48 .82 .82 .02 92
OMC+2 100 No 91 .80 .88 .88 .02 .04
OMC-2 90 No .85 37 .88 .88 17 95
OoMC 90 No .85 43 .86 .86 17 .70
OMC+2 90 No .82 46 81 81 .05 .90
oMC 100 Yes .96 .70 .90 .90 .003 .96
OMC+1 100 Yes .86 .55 .85 .85 .006 .80
OMC+2 100 Yes 77 .33 .66 .66 .05 .90
75% RAP

OMC-3 100 No .96 .66 97 97 15 .98
OMC-2 100 No 91 .50 .96 .96 .30 .98
OMC-1 100 No 81 32 91 91 34 .98
oMC 100 No 93 .62 .87 .87 0.00 93
OMC+1 100 No 93 .81 .88 .88 .01 .96
OMC+2 100 No 92 .76 .90 .90 .08 .95
OoMC 100 Yes 95 .57 .85 .85 .008 .96
OMC+2 100 Yes 95 .65 .92 .92 .06 97
100% RAP

OMC-3 100 No 77 40 .93 93 22 0.00
OMC-2 100 No .82 40 97 97 31 81
OMC-1 100 No .76 29 91 91 .30 27
OMC 100 No .86 40 .86 .86 .04 .37
OMC+1 100 No .92 51 .84 .84 .03 46
OMC+2 100 No .94 .66 .89 .89 .03 .63
OMC-2 90 No 74 29 .88 .88 .33 93
OoMC 90 No .69 .16 81 81 .03 92
OMC+2 90 No .65 24 1 71 21 91
OMC 100 Yes .83 41 .73 73 .04 91
OMC+1 100 Yes .86 42 17 77 .03 92

OMC+2 100 Yes .66 .19 .86 .86 24 93
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TABLE 3 R? Parameter for Water Content Effect on RAP Approved Models

50% RAP 75% RAP 100% RAP
‘Water MEPDG Witczak MEPDG Witczak MEPDG Witczak
Content Pezo Model Model Model Pezo Model Model Model Pezo Model Model Model
(%) (Figure 3a) (Figure 2a) (Figure la) (Figure 3b) (Figure 2b) (Figure 1b) (Figure 3¢) (Figure 2¢) (Figure 1¢)
OMC-3 99 .90 .89 98 93 93 95 .89 .87
OMC-2 .84 78 .80 98 92 .90 .96 .82 .79
OMC-1 .96 94 95 97 .96 95 97 94 92
OMC .96 95 97 93 .96 .98 .96 91 91
OMC+1 91 .86 91 94 94 97 93 95 98
OMC+2 91 92 .96 92 .89 93 94 .89 .90

TABLE 4 R? Parameter for 90% MDD Effect on RAP Approved Models

50% RAP 100% RAP

Water

Content Pezo Model MEPDG Model Witczak Model Pezo Model MEPDG Model Witczak Model

(%) (Figure 3d) (Figure 2d) (Figure 1d) (Figure 3e) (Figure 2e) (Figure le)

OMC-2 95 94 .96 93 94 .96

OMC 93 91 95 94 91 94

OMC+2 .89 .87 .90 .83 .81 .88
TABLE 5 R® Parameter for F-T Effect on RAP Approved Models

50% RAP 75% RAP 100% RAP
Water MEPDG Witczak MEPDG Witczak MEPDG Witczak
Content Pezo Model Model Model Pezo Model Model Model Pezo Model Model Model
(%) (Figure 3f) (Figure 2f) (Figure 1f) (Figure 3g) (Figure 2g) (Figure 1g) (Figure 3h) (Figure 2h) (Figure 1h)
OMC .96 93 .96 .96 94 97 .87 .80 .82
OMC+1 .88 .82 .80 NA NA NA .90 95 98
OMC+2 .83 .85 91 .96 93 .87 93 93 .87

NotE: NA = not available.

MEPDG Model Parameter Analysis

From the equation in the MEPDG model, it was clear that K,, was
directly related to My. In general, K, decreased with increases in
the water content for all RAP percentages, with slightly higher
values at 100% RAP (Figure 5). The effect of decreases in the MDD
decreased K, slightly, especially at water contents less than the
OMC. K, also had higher values at higher percentages of RAP.
F-T cycles affected K, negatively, especially at OMC-1 for all per-
centages of RAP. In general, K, affected all of the results of the
tested conditions negatively, especially when the water content
exceeded the OMC. K, had a positive effect when the RAP
percentage increased.

For all RAP percentages, K, reached its maximum value when the
water content was much closer to the OMC (Figure 5). The percentage
of RAP did not have a large effect on K, values. The effects of 90%
MDD and F-T cycles on K, values were not significant. There was no
general trend for the interaction between these factors and water con-
tent. K,, was almost the same for all RAP percentages. This parameter
apparently was affected only by variations in the water content. The
effect of K, on the My was not clear, because it depended on the

value under the power, as shown in the MEPDG model equation
in Table 1.

The K,, parameter reached its minimum values when water
content approached the OMC for all percentages of RAP regard-
less of level. The absolute values of K, slightly increased, how-
ever, under the effect of decreases in the MDD; the significance of
the percentage of RAP increased at higher percentages, especially
at lower water contents. The F-T cycles had no significant effect
on K, for all RAP percentages. In general, the parameters of this
model were affected most by variations in water content, a little by
decreases in MDD, and almost not at all by F-T cycles at all per-
centages of RAP. The parameters were not remarkably affected by
increases in the percentage of RAP.

Pezo Model Parameter Analysis

K, was directly proportional to My. Figure 6 clearly shows that K,
decreased as the water content and the percentage of RAP increased.
Both factors (90% MDD and F-T cycles) affected K, negatively
with variations in the water content. This effect was especially
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noticeable for 90% MDD, because the interaction with the water
content was more obvious than it was for the F-T cycles. In general, all
of the tested factors affected K, values negatively with consequently
negative effects on the My, values as shown in the Pezo model equation
in Table 1.

The K, parameter reached its maximum values at the OMC without
significance with respect to the percentage of RAP (Figure 6¢). In its
interactions with the other factors, K, increased slightly, especially
with 90% MDD and water content (Figure 6d). Almost no significant
effects were noticed during the application of F-T cycles on the K,
parameter alone.

K3 reached its minimum value when the water content approached
the value of the OMC (Figure 6¢). The percentage of RAP had little
significance. Slight decreases in the MDD decreased K slightly
with the significance of the percentage of RAP. F-T cycles had
almost no significant effect on K ; at all RAP percentages. In general,
the parameters of this model did not exhibit a well-defined behav-
ioral trend under the effect of the tested factors, except that K;; was
affected negatively by the tested conditions and thus had a negative
effect on the My values.

CONCLUSIONS

This research study comprised a two-stage analysis. The first stage
involved a statistical analysis of the nine M}, prediction models that
have been used for granular materials to study the effect of RAP
under some field and environmental conditions (e.g., water content,
dry density, F-T cycles) and at three percentages of RAP (50%, 75%,
and 100%). The analysis in this first stage was achieved through
a comparison of the predicted and measured My values under the
above-mentioned testing conditions. This analysis proceeded through
the calculation of the dimensionless multiple regression constant
K parameters in each model to determine their value.

Through these comparisons, three models were chosen (Fig-
ures 1-3) on the basis of the highest R* and the least deviation
from the equity line of measured and predicted My values. These
three models were considered the best fit for RAP behavior under
the tested conditions. It was believed, however, that another analy-
sis was needed to confirm these results before a final selection
could be made of the best-fit models for RAP behavior. Thus a
second stage of analysis was carried out on the three models to
compare each K (multiple regression parameter) under the effect
of each condition of the tested factors and at all RAP percentages
for each model.

As Figures 4-6 show, the MEPDG model gave a better physical
description of the results than the other two models. In general, the
parameters of the MEPDG model were greatly affected by water
content variation, slightly affected when the MDD decreased, and
affected almost not at all by F-T cycles at all percentages of RAP.
This model’s parameters were not greatly affected by increases in the
percentage of RAP. The model did, in general, give the best prediction
of My values at 75% RAP.
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