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LIFE-CYCLE COST ANALYSIS IN PAVEMENT

MANAGEMENT SYSTEM

Pavement Management System (PMS) is a set of methods and tools which allow for optimal allocation of limited resources while keeping
the road network in serviceable condition. The system evaluates the viability of all maintenance, rehabilitation and reconstruction (MR&R)
actions; the evaluation is a comparison process between procurement cost of MR&R action and benefits, which are achieved by the new, more
favourable, serviceability conditions attained as a result of this particular action. The investment cost — procurement costs of MR&R action -
are evaluated in terms of economical effectiveness by means of Life-Cycle Cost Analysis (LCCA).
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1. Introduction

Within LCCA, different variants of MR&R actions are assessed
in terms of impact on condition of the pavement, i.e. structural
distress and surface distress. Different variants of MR&R actions
have different impact on serviceability, and operational performance
of treated road sections. In addition, each variant has different
procurement costs, it influences directly maintenance costs of
treated road section, and prolongs its service life by different
amount. All these aspects come into consideration during the
LCCA; in addition, the impact on road user costs, environmental
costs, and accident costs are evaluated in detail [1]. Within the
framework of LCCA, evaluation of economic efficiency is carried
out with the use of Cost-Benefit Analysis (CBA), which evaluates
the benefits yielded by improved operating parameters of particular
road, in relation to procurement cost of applied MR&R actions.
The Payback Period (PP), Internal Rate of Return (IRR) and Net
Present Value (NPV) are economic indicators of the Cost-Benefit
Analysis (CBA).

Utilization of LCCA started in the 90’s and is closely described
in [2]. Basic economic parameters were defined, and based on
deterministic models, prediction trend lines were created. This
article complexly describes the role of LCCA in the PMS in the
context of diagnostics, pavement evaluation and structural assess-
ment of the pavement. The result of structural assessment is the
calculation of residual service life based on trend lines for complex
modulus of elasticity, design of overlay, algorithm for selection of
repair technologies, and Cost-Benefit Analysis.
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2. Diagnostics and pavement evaluation

Diagnostics and pavement evaluation are performed on the
basis of pavement serviceability and pavement structure assessment.

2.1. Road network inventory

Main part of this module is a database gathering data on the
road network. In addition to data on traffic volume and physical
characteristics of road sections, as well as physical characteristics
of other road network assets such as bridges and culverts, substantial
part of the database consists of data regarding surface characteristics
of pavements i.e., pavement distress data. The PMS distinguishes fol-
lowing types of pavement distresses: Roughness, Rut depth, Skid
resistance, Surface distress.

These distresses can be measured locally with laboratory equip-
ment; however, in practice, variety of survey instruments for data
collection is used for quicker, continuous, and foremost, price effi-
cient measurement. For these reasons, Slovak Road Administra-
tion holds and manages a fleet of automated data collection vehicles.
The fleet consists of PROFILOGRAPH GE, SKIDDOMETER
BV 11, and VIDEO CAR [3] and [4].

2.2. Pavement structure assessment

Pavement Structure Assessment is aimed at provision of data
regarding residual service life of particular pavement and required
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overlay thickness. The measurements are performed by dynamic
deflectometer FWD KUAB 150 - more details attainable in [5] -
it is a falling-weight loading system which transfers the impulse to
the pavement construction, to create a temporary deflection, which
is measured by series of velocity transducer sensors. The deflection
bowl is used during calculations of Young’s modulus of elasticity
of particular layers, residual service life of the pavement and required
overlay thickness. The calculation is, for the needs of RNMS, incor-
porated into software called Comprehensive Analysis of the Pave-
ment Bearing Capacity - CANUV [6].

2.2.1. Residual service life calculation

The elastic modulus of asphalt layers recalculated to 11° C
temperature, and elastic modulus of the sub-base and subgrade, as
results from the backcalculation are used in this calculations. The
residual life of the pavement is calculated according to two crite-
rions. The first criterion is the cracks initiation at the bottom edge
of the bound layers, and the second criterion is load bearing capac-
ity of the subgrade.

Criterion of crack initiation at the bottom edge of the bound
layers is considered satisfied, when equation (1) applies.
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o,; = radial stress on the bottom edge of the bound layer “i” [MPa];

R. = maximal tensile stress produced at the point of failure after

i
e

one loading cycle of the pavement layer “i” [MPa];
S = fatigue coefficient of the pavement layer material.

According to design methodology, the fatigue coefficient S is
dependent on the number of repetitions of standard axle load
(SAL) and it is derived from experimental measurements. It can
be expressed as:

S=A4—B-logN )

A, B= fatigue coefficients derived for a variety of asphalt and ce-
ment-bound materials;

N =residual service life of particular layer expressed in standard
axles loads [SAL].

Consequently, after integrating (2) into (1), residual service
life of layer i can be calculated according to equation (3).

logN, = ————— 3)

N, = residual service life of layer “i” in standard axles load [SAL];

0,; = calculated radial stress on the bottom edge of the pavement
bounded layer ”i“ [MPa];

A, B = fatigue coefficients derived for a variety of asphalt and ce-
ment-bound materials. Their value lies within interval:

A, B for bituminous layers A=095-09 B=0.11-0.12
A, B for cement bounded layers 4 = 0.90 — 1.0 B = 0.07 — 0.80
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Analysis of long-term measurements was carried out, based on
methodology [7]. The aim of these measurements was to identify
residual service life. Provided that those results have not proved
significant changes, other methods are used to establish the ten-
dency lines for residual service life.

Due to the fact that the radial stress calculation can be per-
formed by means of a mathematical model - the layered elastic
half-space model - and due to the fact that the resiliency of par-
ticular layers can be derived from laboratory measurements, the
determining factor for the accuracy of residual service life calcu-
lation is the fatigue coefficient S. In this article, application of
fatigue modelling theory is presented and supported with measured
values. “Two-point bending test” was used for specification of the
fatigue coefficient. This test is performed in accordance with national
methodology [8] and current European standard [9]. The basic
characteristics include elasticity modulus, deformation modulus,
modulus of stiffness creep ratio and Poisson's ratio. Measurement
of the complex stiffness modulus is performed at short-term alter-
nating harmonic load. Complex stiffness modulus expresses the
proportion of maximum amplitudes of excitation tension and defor-
mation induced by this tension and phase shift of the amplitude.
The stress, which varies sinusoidally in time, is applied on the
element made of linear viscoelastic material. The strain - defor-
mation — varies in time with the same frequency as the stress, but
it lags behind by a phase. For the purpose of PMS, variety of mea-
surements has been made on bitumen bound samples extracted
directly from the test track of the CCT facility [ 10]. Following for-
mulas for fatigue coefficient calculation were derived as results of
tests on samples made from modified and unmodified asphalt.

Asphalt concrete AC11 and AC 22:

AC 11 S=A4—BlogN A=1 B=0.10
range: 0.078 to 0.129
AC 22 S=A—-BlogN A=1 B =0.06
range: 0.060 to 0.125
Stone Mastic asphalt:
SMA S=A—-BlogN A=1 B =0.08

Ascertained fatigue values are higher than life expectancies of
asphalt bound mixtures, which are stated in the design method. In
accordance with the European standard [11], fatigue has to be
defined by means of linear regression represented by a logarithmic
function. This function has to be based on results, which repre-
sent the length of service life Ni for relative deformation ¢; chosen
through the linear regression between the value of Ig Ni and value
lg &; according to formula (4)

IgN, = a+ (%) lge 4

N, = conventional fatigue life of sample i;
a = ordinate of the function;
1/b = steepness of the function;

lg & = average value of 1g ¢;.
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Example of Asphalt Mixture Table 1
Fatigue of asphalt mixture (7= +10 °C; F = 25 Hz)
Mixture Fatigue coefficients Microstrain Category
A, 4 b £6*10° 107
ACo 11 PmB 45/80-75; 1 —13.69 —4.85 —0.206 87.44 117.75 g - 115

1E+07

y = 1E-17x-58022
R2?=0.9408

1E+06 1—

1E+05 1

1E+04 1

1E+03

Number of loading cyces log(Ni)

1E+02

1E-04

1E-03

Related strain log [£]

Fig. 1 Wohler diagram for ACo 11 PmB 45/80-75

In terms of fatigue, value of relative deformation & is an arbi-
trary one. It is derived from linear regression for 1 million of load
cycles. As an example, in Fig. 1, we present relationship of the ser-
viceability expressed by number of loading cycles N,, to the rela-
tive deformation (¢;) for asphalt concrete in Table 1.

3. Benefits gained by MR&R actions

Identification and calculation of benefits gained through
repaired pavements is a key factor for economic efficiency calcula-
tion. Benefits are calculated as a difference in transportation costs
before the MR&R action and decreased transportation costs stem-
ming from improved pavement parameters as a result of the MR&R
action. Benefits may be internal or external. Internal benefits are
the road user costs which consist of vehicle operating costs and
travel time costs. External benefits are monetized savings from
emission reduction, noise emissions and accident rate reduction.
Dust emissions and vibration are in the process of implementa-
tion into the system. The vehicle operating costs are the transporta-
tion costs, which include fuel consumption, lubricant consumption,
car maintenance, wearing of tires, and transportation time of cargo
and passengers.

4. Cost benefit analysis

The calculation of economic efficiency of chosen repairs is
based on comparison of the benefits they will produce and their

procurement and maintenance costs. In view of the fact that it is
necessary to incorporate a huge amount of data from the pavement
diagnostics, future maintenance costs, year in which the repair will
take place, expected service life of the repair and calculated bene-
fits, an algorithm of this procedure - decision making algorithm —
was established to incorporate all the relevant data. Diagram of the
algorithm is shown in Fig. 2. The procurement costs for particu-
lar MR&R method are included in the library of technologies,
which is annually updated with new market prices, paid by the
administrator. Following are the economic indicators of CBA:
Internal Rate of Return (IRR), Net Present Value (NPV), Benefit-
Cost Ratio (B/C), Payback Period (PP).

5. Results

The application of LCCA provides us with fund allocation
strategies and creation of site specific plans for MR&R actions,
i.e. plans for meeting the performance objective. The application
proved that the resources are allocated to road sections which have
the highest demand for repairs, thus financial funds are used effec-
tively. The saved funds are in turn used as additional resources for
further repairs. Another important fact is that this systematic
approach increased the discipline of subcontractors of repair works,
employed by road administrators [12]. The road network admin-
istrator has, by means of LCCA, a huge number of results, enabling
him to optimize his activities; for example, the trend lines of rough-
ness, skid resistance or surface damage.
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Fig. 2 Algorithm for selection of appropriate MR&R method

Application of LCCA allows for different variants of financ-
ing. As seen in [13], the economic calculations have also enabled
us to increase value of money spent for repairs by financing
through European Investment Bank loans or Public Private Part-
nerships between road administrator, construction subcontractor,
and a bank.

In further development of the program, it will be necessary to
focus on the completion of calculations performed in the CBA in
regards to investment into new infrastructure; it will be also nec-
essary to incorporate other factors like environmental impacts -

noise, dust, vibration, exhaust emissions. Currently, as seen in [12]
and [13], these factors are calculated only outside of the compu-
tational program.
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