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ABSTRACT

This work presents a numeric model for the calculation of the estimated service lifetime of
flexible pavements taking into account dynamic axle loads. The work is focus on the
evolution of the International Roughness Index (IRI) and fatigue damage along flexible
pavements service lifetime, and the effects of different maintenance strategies on these two
factors. The process and its sub processes are presented in this paper, explaining their
respective role into the model. The model was programmed into a software called “Dynamic
& Maintenance Simulation App (DMSA)”.

Keywords: flexible pavements, fatigue analysis, maintenance, numeric models in engineering,
dynamic axle loads.

INTRODUCTION

Road transport is a key element for the economic growth and development in modern
societies. For example, in the European Union, road infrastructures are a fundamental element
of social cohesion and prosperity, representing about 45% of the transported goods and over
80% of the passengers in the EU. However, due to the economic crisis, the maintenance
expenditure of the European countries had suffered, according to the OECD, a reduction of
over 30% between 2008 and 2011.

Nowadays, many national highway agencies recognize the importance of an adequate
preventive maintenance during the road pavement life-cycle. It is believed that if preventive
maintenance is programmed to be applied too infrequently the maintenance and user costs
will increase. On the contrary, if it is applied too frequently the maintenance program cost
will be reduced, but due the traffic interruption there are costs in terms of user delay and
inconvenience.

In this work, the effect of preventive maintenance on flexible pavement lifetime considering
dynamic axle loads (Navarrina et al., 2015 [1]) is analyzed. All the essential factors (traffic,
weather conditions, the specific fatigue law under consideration, the structural characteristics
of the pavement, the project lifetime, etc.) are included in the proposed formulations.

The schematic process is divided in three different sub processes, each one intended for the
calculation of a specific function (Pavement Deterioration Model, Dynamic Load
Amplification factor and Accumulated Fatigue Damage indicator).
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Pavement Deterioration Model: Since the International Roughness Index (IRI) is a worldwide
accepted concept, its variation over time is chosen as the representative variable of the
progressive deterioration of the road profile. The model used for computing the evolution of
the IRI over time can take into account multiple effects, such as the vehicles’ characteristics,
the initial road profile, the structural specifications of the pavement and the project lifetime,
among others.

Dynamic Load Amplification factor: The DLA factor quantifies the increase in the loads
transmitted to the pavement due to the dynamic effects (caused by the pavement
deterioration). The proposed model, called “Quarter Heavy Vehicle (QHV)” model, was
developed by Navarrina et al. in 2015 [1]_as a variant of the “Quarter Car (QC)” model [2],
which is routinely used to calculate the IRI.

Accumulated Fatigue Damage indicator: This parameter quantifies the fatigue damage
suffered by the pavement along its lifetime, which is the main indicator of the loss of
structural integrity of the firm. The essential parameter for computing this indicator is the so-
called reference strain (g;). In this work, we have used a “Multi-layer Elastic Model” based on
Burmister model [3].

The computational models used in this work for the different phenomena that are involved in
pavement deterioration are the bases of the software developed, named as “Dynamic &
Maintenance Simulation App (DMSA)”. Some of the above mentioned methods require
intensive computing, which makes them too costly for practical purposes. For this reason, the
intention of the author is to provide fast-calculation expressions that yield similar results,
which calibration is being performed at this time. It is obvious that faster calculations will
allow a better interaction between the user and the tool.

PAVEMENT DETERIORATION MODEL

The main objective of the PDM is to simulate the time evolution of the superficial roughness
for a given flexible paved road. This evolution is needed for the study of different
maintenance scenarios and their effects into the lifetime of the firm.

Several deterioration models can be found in the literature, each one with its own advantages
and disadvantages. As result of a deep study of an index, which is widely used in the vast
majority of the countries where road networks containing flexible paved roads are currently
under maintenance, monitoring or planning, IRI was found to be the most extended one. IRI
was developed by the World Bank in 1986 with the intention of establish the overall use of an
index to measure surface roughness on roads worldwide. IRI is obtained from measured
longitudinal profiles, and also, is being widely used as an user’s comfort indicator, and even,
used in economic studies concerning fuel consumption cost per kilometer in roads.

The PDM finally selected for this project simulates the IRI evolution over time produced by
the deterioration of the upper bituminous layer of a flexible paved road, and it is based on
HDM-III (Highway Design and Maintenance standards model III). It takes into account the
weather conditions of the region where the road analyzed is located, the initial conditions of
the road (roughness and structural properties), traffic and also previous rehabilitation or
maintenance works. This model was called the “D.0” by Paterson in 1992 [4]. The equation of
this PDM reads

IRI; = 1.04 ¢""[IRI) + 263 (1 + SNC)” NEr ]

where:
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IRIy=roughness at pavement age T (m/km)

IRIy= initial roughness (m/km)

NE7= cumulative ESALs (Equivalent Single Axle Load) at age T (million ESAL/lane)
T =pavement age since rehabilitation or construction (years)

m = environmental coefficient

SNC = Structural Number modified Coefficient for subgrade strength

To better understand the behavior of the PDM, a sensibility test was made, and the
environmental coefficient (m) was found to be the most influencing factor in the final time
evolution curve of the IRI (Figure 1).
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Fig. 1 - Influence of the weather (m) in the deterioration curve.

DYNAMIC LOAD AMPLIFICATION FACTOR

Once the PDM is defined, the superficial deterioration of the pavement during its lifetime can
be simulated. It seems obvious that the dynamic effects exerted to the pavement by the traffic
will increase as the pavement deteriorates. Navarrina et al. [1] have developed a model for the
calculation of the fatigue damage for a given road along its lifetime, which takes into account
the contribution of the dynamic loads. The dynamic effects are introduced in the formulation
by means of the so-called “Dynamic Load Amplification” (DLA) factor, which represents the
increase in the magnitude of the loads exerted to the pavement in comparison with the static
case. The whole process for computing the DLA factor can be consulted in [1]. The DLA
factor can be calculated using the following equation.

tmax L

3 (1 + (8)) Vst = % SO+ ()b

t=0 x=0

(I)(T)l/r\ —

tll]ll.l‘
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Where 7,4, is the time that takes the heavy vehicle to reach at the end of the interval studied,
n(t) is the dynamic amplification function, a is aconstant coefficient depending on the hot-mix
asphalt type, L is the length of the road profile, and J¢ and Jx are the length of the sample
intervals in terms of time and distance, respectively.

Because, the model needs the road profile p(x) to calculate the DLA factor, it would be
necessary to provide frequent measures of the profile of each road being analyzed, in order to
achieve acceptable and realistic results. Since this is not practical, a model to simulate
artificial road profiles for a given IRI value was developed in this work. The fundamentals of
this model are presented below.

Road Profile Simulation Model

The road profile p(x) is introduced in the dynamic model by means of its Laplace transform

P
mazzwu»@w:/_(wmumr

J =0

which can be expressed in polar form
P() =| P(¢) | ers(r©)

The modulus of the Laplace Transform can be written in relation to the Power Spectral
Density (PSD) function, denoted as Gy(n), as

| P() I= (Ga(n) |,——se)"*

The geometry of the road profile can be simulated if the PSD is known. In this work, we have
used the “displacement Power Spectral Density”. For this PSD, the ISO 8608:2016 [5]
recommends the use of the so-called straight line fitting, which uses a two parameter
spectrum to describe the road profile.

-2
n
Giln) = Gitn) - ()
no
In this equation, G, is the PSD of vertical displacements, # is the spatial frequency, while ny
and Gy(ng) are values established in the standard ISO 8608 in order to facilitate the
comparison between different road roughness profiles.

It is possible to generate an artificial road profile from a stochastic representation. This
stochastic process can be described in terms of the Power Spectral Density of vertical
displacements obtained through the Fourier Transform of the auto-correlation function. The
value of the Power Spectral Density function, assuming a continuous road profile, for a
defined value of spatial frequency n, within a frequency band 4n, is defined as:

2

T
G4(n) = lim —=

An—0 ATI,

where Y, is the mean square value of the component of the signal for the spatial frequency n,
cantered within a frequency band 4n [6].

In the other hand, the road profile can be simulated from a simple harmonic function
according to [7]:
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N
o) = ]Zg An 2G4(ng) (%) cos(2m j An x + ¢;)

where:

N=L/B

L =Length of road profile

B = Sampling interval

An = Discretized frequency increment (1/L)

np= Reference spatial frequency (0.1 cycles/m)

x = Spatial variable for the ride ranging from 0 to L

¢; = Random phase angle uniformly distributed within the 0-2 © range

A number of simulations were run with the objective to find a relationship between G,(ng)
and the resulting IRI associated to the profile. This relationship is presented in the next
equation.

Gop(ny) — 2(3:236496516VIRI — 1)

ACCUMULATED FATIGUE DAMAGE INDICATOR

Finally, and once the previous models are defined, we need to determine the fatigue failure of
the pavement. To this end, the accumulated fatigue damage indicator is presented.

Miner [8], expressed mathematically the concept of fatigue damage by means of the formula

22 (5)

which quantifies the total accumulated fatigue damage D that is reached when different loads
are repeatedly applied in different proportions, where #; is the actual number of cycles of each
load and N; is the total number of cycles needed to reach the fatigue failure when only load i
is applied.

The ratio between the actual number of cycles and the number of cycles to failure can be used
as an indicator of the accumulated fatigue damage caused by one single load repeatedly
applied.

The strain-based fatigue model of a hot-mix asphalt pavement can by expressed as

-\ 1/a
&=K -N"*& N = <£>

€

where N is the number of load cycles to failure, ¢, is the reference strain, which quantifies the
structural damage caused by one single load and, K and a are coefficients that depend on the
hot-mix asphalt type.

According to [1], the dynamic counterpart of the accumulated fatigue damage indicator can be
written as

Eqy(T) |r=r,

\I’,{<T) = N
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where T is the time, T}, is the project lifetime, 7 is the nondimensional time when 7 is scaled in
relation to 7, and E; is the dynamic loading counterpart of the equivalent project traffic.

In order to calculate the accumulated fatigue damage indicator, taking into account the
dynamic loading case, the reference strain (¢,) of the asphaltic layers must be determined. A
Multi-layer Elastic Model was developed for this purpose, and the reference strain of the
pavement section T3121, taken from the Spanish standard 6.1-IC [9], was calculated with
different axle configurations (single axle, dual axle, tandem axle and tridem axle). Figures 2
and 3 present the distribution of the reference strain using the dual axle defined in Figure 4.
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Fig. 4 - Schematic definition of the dual axle.

DYNAMIC AND MAINTENANCE SIMULATION APP

The result of this work is the development of a tool named “Dynamic & Maintenance
Simulation App” (DMSA) that simulates the evolution of the IRI and fatigue damage along
the flexible pavement service lifetime. Different maintenance scenarios can be analyzed in the
evolution of these two key indexes.

DMSA is able to simulate real maintenance strategies and their effects on the pavement’s ride
quality and structural integrity. This new tool has been developed specifically for the
evaluation of projects financed by the European Investment Bank (EIB). Figure 5 shows the
main window of this new tool.
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Fig. 5 - Main window of DMSA.

To show the potential of this new tool, the results of different maintenance strategies are
presented in the next figures.

Case 1- No maintenance actuations: Figure 6 shows the time evolution of the IRI and fatigue
damage along the pavement lifetime. As can be observed, the fatigue failure is reached at year
25, which means, for this specific case, 5 years below the end of the project design life period.
Also, the IRI value at that time (after 25 years) is close to 10 mm/km, which can be
considered too high for a comfortable and safety driving, and increasing the transport fuel
consumption due to the decrease of the vehicles’ speed.
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Fig. 6 - Sample Case - Maintenance strategy without actuations.
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To remedy this situation it will be necessary to carry out a complete rehabilitation. In order to
solve this situation a maintenance strategy needs to be defined, since the increase of the IRI
value is associated with an increase of the dynamic load amplification, the maintenance
strategy should focus on decreasing the IRI value.

DMSA lets the user to select the IRI value of the road after the actuation, offering, also, the
possibility of choose between automatic maintenance actuations (fixing the IRI value above
which the actuation takes place) or punctual actuations (by selecting the year and month of
each single actuation). At this respect, the maintenance strategy 1 shows an automatic
maintenance example, while the maintenance strategy 2 does it with punctual actuations.

Case 2 - Maintenance Strategy 1: This strategy consists on superficial actuations when the IRI
value of the pavement reaches a value higher than 4.5 m/km. This strategy improves the final
pavement lifetime maintaining the IRI into an acceptable range of values, making use of two
actuations.
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Fig. 7 - Sample Case - Maintenance strategy 1.

Case 3 - Maintenance Strategy 2: In this maintenance strategy, three punctual actuations are
performed during the pavement lifetime:

-First Actuation: Year 7, month 7 with an IRI value after actuation of 1.5 m/km.
-Second Actuation: Year 15, month 6 with an IRI value after actuation of 1.5 m/km.

-Third Actuation: Year 22, month 8 with an IRI value after actuation of 1.5 m/km.

This strategy keeps the IRI value below lower limits compared with the previous maintenance
strategy, but employing one more actuation.
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Fig. 8 - Sample Case - Maintenance strategy 2.

CONCLUSIONS

The result of this work is the development of a tool named “Dynamic & Maintenance
Simulation App” that simulates the evolution of the IRI and fatigue damage along the flexible
pavement service lifetime. Different maintenance scenarios can be analysed in the evolution
of these two key indexes.

The results obtained in this work confirm the need to take into account the dynamic loads in
pavement design. We have shown the importance of carrying out adequate preventive
conservation strategies in order to limit the growth of the IRI and the dynamic load
amplification factor, thus increasing the lifetime of the road.

This study shows that there are substantial differences in the service lifetime of flexible
pavements depending on the maintenance strategy applied; concluding that, a decrease of the
IRI implies a decrease of the DLA factor, increasing the pavement lifetime. The results of this
study can be used to define a set of recommendations on how to evaluate different
maintenance strategies by road project promoters. The tool developed in this study can be also
used as an evaluation tool for projects.

In this work, an expression modeling the relationship between IRI and the PSD of an artificial
road profile is presented.
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