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Abstract

Monte Carlo simulation has proven to be an effective means of incorporating reliability analysis
into the Mechanistic-Empirical (M-E) design process for flexible pavements. Nigerian Empirical-
Mechanistic Pavement Analysis and Design System procedure for Nigeria Environments has been
proposed. This work aimed at providing most appropriate number of Monte Carlo simulation
cycles that should be adopted for used to provide enough sufficient repeatability for damage re-
liability relationship in the Nigerian environments. Two selected fatigue distress models and a
selected rutting distress models were evaluated for Nigerian environment. It was observed that
Monte Carlo simulation cycle of 2, 500 thresholds were enough to be used to provide sufficient
repeatability for damage reliability relationship and that axle weight has an overwhelming effect
on the output variability as an increase in applied load was highly noticed in the reliability values.
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1. Introduction

An M-E pavement analysis and design has been pro-
posed for use in Nigeria [1]. M-E lends itself to char-
acterization variability in pavement design. There is
statistical variation in the input parameters. Conse-
quently, there is variability in the calculated stresses
and strains that lead to variations in the number of al-
lowable loads. There is also variability in the number
of expected loads during the design period. Finally,
there is variability in regard to the transfer functions
that predict pavement life. The component of con-
cern was the generation of variability of design pa-
rameters using Monte Carlo method with the aid of
MATrixLABoratory.

Reliability concept was first introduced to pavement
design and management by Lemer and Moavenzadeh
[2], and Darter and Hudson [3]. Also, (Irick et al [4]
and Uzan et al [5]) incorporate reliability concepts in
the Texas flexible pavement design systems as well
as in the AASHTO Design Guide [6]. Many of the
parameters associated with pavement design and con-
struction exhibit natural variability. Reliability anal-
ysis allows for a rational treatment of the variability
in the design parameters. Other advantages of us-
ing reliability analysis include the calibration of new

design methods, developing rational design specifica-
tions, optimizing resources, and assessing the damage
and remaining life of the pavement [7].

Determining reliability requires quantifying the
variability of the input values (such as layer thickness
and modulus of input parameters e.g. asphalt con-
crete, granular base, granular sub-base and sub-grade)
and then using those values to estimate the variability
of the output (expected pavement life). M-E design
procedures typically use a numerical method (layered-
elastic analysis or finite element) to simulate the pave-
ment structure and its response to traffic loads [8].

2. Nigerian Empirical Mechanistic Pavement
Analysis and Design System

Nigerian Empirical Mechanistic Pavement Analy-
sis and Design System (NEMPADS) is a framework
for mechanistic-empirical pavement design for tropi-
cal climate developed by Olowosulu [1]. An advantage
of this approach is the modular nature, which allows
for adaptation of new development into pavement de-
sign without change to the process. Part 1 consists of
the development of input values, which include traf-
fic, climate and material. Geotechnical analysis is also
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performed in this part to determine the strength and
stiffness of the sub-grade. Part 2 of the design pro-
cess is structural response analysis. Each component
of the design procedure is developed specifically for
Nigeria environment. The material characterization,
load characterization and mechanistic analysis and be-
haviour functions developed for overlay design proce-
dure [9] were adopted for the new method.

3. Input Data Characterization and Reliability

3.1. Pavement layer thickness

The purpose of M-E flexible pavement design is
to determine the thickness of each pavement layer
to withstand the traffic and environmental conditions
during the design period [7].

The pavement input parameters for this study were
extracted from Region 1 of Trunk Road study of Nige-
ria [9]. The region (A236 route) comprises of Kano, Ji-
gawa, Kaduna and Katsina States with layer thickness
of 2.5in, 5.5in, 2.8in and 300in for Asphalt concrete,
Granular base, Granular sub-base and Sub-grade re-
spectively; and Coefficient of Variation of 5%, 8% and
15% for Asphalt concrete, Granular base and Granu-
lar sub-base respectively.

3.2. Poisson’s ratio

Poisson’s ratio (υ) is the ratio of transverse strain
(εt) to axial strain (εa) when a material is axially
loaded. The following values 0.35, 0.20, 0.35 and 0.40
were selected as Poisson’s ratios for Asphalt concrete,
Granular base, Granular sub-base and Sub-grade (Co-
hesive soils) respectively [9].

3.3. Traffic input

The design traffic is calculated as number of equiva-
lent single axle load (ESAL) expected to be carried on
the design lane over the design period. It is expressed
in terms of 8, 200kg (80kN) Equivalent Single Axle
Loads (ESAL). Ani and Isimijola [10] conclude that
at low traffic intensities the behaviour of the distribu-
tion varies while at high traffic intensities they behave
alike.

3.4. Layer modulus

The resilient modulus (MR) is a measure of the elas-
tic property of a soil recognizing certain non-linear
characteristics. It is the stiffness of a material that
may be defined, in the strictness sense, as the slope of
the stress-strain curve that results when either load or
displacement are applied to the material in its elastic
range [7]. The resilient modulus of all the materials
(asphalt concrete, granular base, granular sub-base,
and sub-grade was 900, 000psi, 90, 000psi, 45, 000psi
and 26, 000psi respectively with their Coefficient of
Variation of 20%, 30%, 30% and 40% respectively).

3.5. Monte Carlo methods

The Monte-Carlo simulation technique randomly
generates huge numbers of input data sets from the
known distributions of the input parameters while ad-
hering to the distribution characteristics of the indi-
vidual input parameters. These input data sets serve
as input to the structural analysis model and by run-
ning the structural analysis model successively using
the different input data sets, a distribution of the
resilient pavement response parameters is generated.
The distribution of the pavement response parame-
ter in turn serves as the input to the pavement per-
formance model [11]. Monte-Carlo Simulation is the
most common basic technique and is applicable to all
probabilistic problems [12].

When a distribution is characterized by a well-
known function (e.g., normal or lognormal), it is possi-
ble to work directly with equations to artificially gen-
erate the distribution. To generate a normally dis-
tributed random variable with some mean and stan-
dard deviation, two standard uniform random num-
bers are to be generated. These numbers are then
transformed to standard normal values. The final step
uses the standard normal values and transforms them
to the desired normal distribution [7].

The first step requires the generation of a pair of
independent standard uniform values (standard uni-
form random numbers), Us. These standard uniform
random numbers are then transformed to independent
standard normal values.

Next, thickness values can be generated for the first
two layers from their respective normal distributions.
For log-normally distributed modulus values, indepen-
dent standard uniform values are generated in the
same fashion. Finally, pairs of modulus values are
generated from the standard uniform values.

3.6. Layered-elastic analysis output

In NEMPADS, critical strains are used to deter-
mine damage and reliability. The critical strains are
the tensile strain at the bottom of the asphalt layer
and the compressive strain at the top of the sub-grade.
The various values obtained from Monte Carlo simu-
lation were incorporated into the existing computer
program, ‘NEMPADS’. The program enables the de-
signer to generate the horizontal tensile strain at the
bottom of the existing asphalt concrete layer and ver-
tical compressive strain at the top of the sub-grade
[1].

3.7. Transfer function

The empirical component of M-E design is pave-
ment life equation, known as a transfer function.
Transfer function use pavement responses calculated
by the mechanistic model and predict the life of pave-
ment in terms of fatigue cracking or rutting. It acts as
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a chain between the pavement reactions and appeared
damages in the pavements [13].

Transfer functions (distress models) relate the pave-
ment responses determined from mechanistic models
to pavement performance as measured by the type and
severity of distress (rutting, cracking, roughness, and
so forth) [14].

Two fatigue models are being tested for pavements
in Nigeria. Claros et al [9] used a version developed by
Craus et al [15] that was calibrated using data from
the AASHO Road test for thin pavements and a fail-
ure criterion of thirty percent class II cracking. This
model includes a modulus term for the asphalt layer
in order to capture the relationship between stiffness
and fatigue cracking.

The Nigerian version is as shown in equation (1).

Nf = 9.727 × 1015
( εt

10−6

)−3.291
(
E

103

)0.854

(1)

where Nf = Number of allowable 8200 kg ESAL appli-
cations, εt = Horizontal tensile strain at the bottom
of the asphalt layer, and E = dynamic modulus of the
asphalt concrete in PSI.

A fatigue model developed by Finn et al [16] and
similar the one developed by Craus et al [15] was also
evaluated which was the version used by Olowosulu
[1]. This model also includes a modulus term for the
asphalt layer in order to capture the relationship be-
tween stiffness and fatigue cracking.

Nf = 1.219 × 1016
( εt

10−6

)−3.291
(
E

103

)0.854

(2)

where Nf = Number of allowable 8200 kg ESAL appli-
cations, εt = Horizontal tensile strain at the bottom
of the asphalt layer, and E = dynamic modulus of the
asphalt concrete in PSI.

Equation (3) shows the rutting transfer function
used in Nigerian Overlay Pavement Design. This
equation was also calibrated for NEMPADS as de-
scribed by Claros et al [9].

Nr = 1.36 × 10−2

(
1

εv

)4.7036

(3)

where Nr = Number of allowable 8, 200 kg ESAL
application and εv = Vertical compressive strain at
the top of the subgrade.

The Layer Elastic Analysis (LEA) model calculates
normal stresses, strains, and deflections as well as
shear stresses at any point in the pavement structure
[8]. In NEMPADS [1], critical strains are used to de-
termine damage and reliability. The critical strains
are the tensile strain at the bottom of the asphalt layer
and the compressive strain at the top of the sub-grade.

The various values obtained from Monte Carlo sim-
ulation were incorporated into the existing computer

program, ‘NEMPADS’. The program enables the de-
signer to generate the horizontal tensile strain at the
bottom of the existing asphalt concrete layer and ver-
tical compressive strain at the top of the sub-grade.

3.8. Miner’s hypothesis

Central to the NEMPADS software is the calcula-
tion of lifetime pavement damage using Miner’s Hy-
pothesis [1]. In the simplest case (single load configu-
ration and no seasonal variations in material proper-
ties), the damage over the life of the pavement can be
characterized by equation (4):

Damage =
n

N
(4)

where Damage = an index indicating the expected
level of damage after n load applications (Damage 1
indicates pavement failure); n = applied number of
loads and N = number of loads required to cause fail-
ure (based on empirical transfer functions).

3.9. Reliability formulation

In this work, the definition of reliability is taken as
the probability that the number of allowable traffic
loads exceeds the number of applied traffic loads [7].

R = P [N > n] (5)

where N = number of allowable loads until either fa-
tigue or rutting failure and n = number of load repe-
titions during life of pavement.

From the results of Miner’s hypothesis, reliability
values can be obtained using equation (6).

Reliability =
number of cycles where Damage < 1

total number of cycles
(6)

4. Results

Figures 1 - 11 illustrate the effect of number of
Monte Carlo simulation cycles required on different
axle load application for selected Craus fatigue, Finn
fatigue and rutting models. In these figures, an in-
creased value of reliability was noticed as the num-
ber of Monte Carlo cycles increases from 1,000 to
2,000 but no noticeable difference in value of reliabil-
ity for 2,200 and 2,500 Monte Carlo simulation cycles
for Craus and Finn fatigue models. For the rutting
model, it was noticed that no sensitive response to
increase in number of Monte Carlo simulation cycles
from 1,000 up to 2,000 on the value of reliability not
until it recorded a sensitive response to increase in
numbers of Monte Carlo cycles from 2,000 up to 2,500.
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Figure 1: Reliability values for axle load of 337750 ESALs at different Monte Carlo cycles.
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Figure 2: Reliability values for axle load of 506625 ESALs at different Monte Carlo cycles.
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Figure 3: Reliability values for axle load of 675500 ESALs at different Monte Carlo cycles.
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Figure 4: Reliability values for axle load of 844375 ESALs at different Monte Carlo cycles.
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Figure 5: Reliability values for axle load of 1013250 ESALs at different Monte Carlo cycles.
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Figure 6: Reliability values for axle load of 1182125 ESALs at different Monte Carlo cycles.
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Figure 7: Reliability values for axle load of 1351000 ESALs at different Monte Carlo cycles.
�&�

�'�

����

����

Figure 8: Reliability values for axle load of 1519875 ESALs at different Monte Carlo cycles.
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Figure 9: Reliability values for axle load of 1688750 ESALs at different Monte Carlo cycles.
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Figure 10: Reliability values for axle load of 1857625 ESALs at different Monte Carlo cycles.
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Figure 11: Reliability values for axle load of 2026500 ESALs at different Monte Carlo cycles.
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5. Conclusions

Using Monte Carlo simulation techniques, the relia-
bility of a selected pavement structure has been stud-
ied. The following conclusions were drawn:

� Axle weight has an overwhelming effect on the
output variability in terms of fatigue and rutting.

� The minimum number of Monte Carlo simula-
tion cycles that should be used for most practical
design scenarios to provide enough sufficient re-
peatability for damage reliability relationship in
Nigerian environment is 2,000 cycles.
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