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Abstract— This article presents the application of a numerical
model aimed to develop a pavement preservation program.

Given the limitation of data that seize and report pavement
improvements after the perform of preservation treatments, for this
work we will continue with the example to which was calibrated the
model, considering that we have collected its historical background
and we know its Pavement Condition Index (PCI) before and after
several interventions.

Finally, the analysis of alternatives to preserve pavement
condition above the minimum acceptable is presented, showing the
benefits in the quality of the infrastructure (service level) and the
allocation of budget during its lifecycle.

Keywords --Pavement, PCI, numerical model, pavement age,
M&R.

. INTRODUCTION

Maintenance of airport pavements must be carried out in a
preventive and programmed way, instead based on immediate
needs and without proper planning [8], jeopardizing
operational safety and without considering the economic
resources available.

Pavement Deterioration forecasting is needed in order to
analyze different pavement interventions alternatives and
develop an optimum multi-year maintenance and
rehabilitation (M&R) plan [8]. In this regard, the Prediction
Numerical Model plays an important, essential role, as is
shown in
Fig. 1.
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Fig. 1. Airport Pavement Management System (APMS)
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A. Pavement Condition

The pavement condition data is a fundamental component of
an APMS and requires an objective, systematic and repetitive
evaluation process [8]. The ASTM D5340, qualify the
pavement condition with the PCI, whose value corresponds
between 0 and 100, see TABLE 1. The mentioned standard
stablish that a pavement begins its life cycle with perfect
conditions (PCl = 100) and after being subjected to service
cycles, that cause pavement deterioration can reach a
collapsed state (PCI=0)[1].

TABLE 1. PCI RATING SCALE.
SOURCE: [1]

PClI rating scale

86 - 100

71 - 85 | SATISFACTORY
56 - 70 ACCEPTABLE
41 - 55 POOR

26 - VERY POOR ‘
11 - SERIOUS ‘

0 - FAILED

B. Numerical Model to forecast Pavement Condition

The deterioration models are relative to the influence of the
pavements condition indicators, as Pavement Condition Index
(PCI), and are used to predict when pavement maintenance
will be required in order to ensure operational safety [8].

The pavement preservation planning is not a static process;
therefore, is based on probability as a tool to determine the
future pavement condition [19].

1. MAINTENANCE AND REHABILITATION (M&R) PoLiCcY

The M&R policy consist on identifying any possible failure
that can occur on airport pavements, as well as, the repair and
maintenance methodology currently used to these problems
(with its according cost) and the optimum and acceptable
service level of the assess pavement. All these aimed to
contribute with the making decisions criteria of M&R
programming [8].
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There is a range where pavement’s deterioration drop
dramatically in a short time of its lifecycle, then, it is logical to
say that interventions on pavements when these report greater
deterioration are more expensive than when the condition of
pavements is optimum or acceptable [10]. The Fig. 2 illustrates
what is mentioned before.
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Fig. 2. Typical pavement condition lifecycle
SOuRCE: [10]

A. Pavement Preservation Treatments

Below the pavement preservation treatments are described and
TABLE 2 relates PCI classification of ASTM D5340 with its
applicable treatments.

1. Preventive Maintenance:

It is a programmed work that is carrying out with the aim
to delay the significant drop in pavement condition or any
possible pavement efficiency reduction[10].

ii. Corrective Maintenance:

Is defined as maintenance activities performed after
pavement defects occur with the aim to correct it
immediately [12]. Corrective maintenance is less
desirable than the preventive one, since let pavements’
defects occur could jeopardize aircrafts’ operational
safety.

iii. Rehabilitation:

A strategy performed to restore pavement to its original
condition. This treatment is generally done before the

drop from poor to serious to avoid costly reconstruction
work [12].

iv. Reconstruction:

Total replacement of the existent pavement structure.

TABLE 2. PCI AND APPLICABLE TREATMENTS
SOURCE: [12]

Applicable Pavement Preservation

PCI Rating Description Treatments
R6-100 Good—only minor distresses Routine maintenance only
T1-85 Satisfactory—low and medium distresses Preventive maintenance
56-T0 Fair, some distresses are severe Corrective maintenance and
rehahilitation
41-55 Poor—severity of some of the distresses can  Rehabilitation or reconstruction
cause operational problems
2640 Very poor—severe distresses cause Rehabilitation and reconstruction
operational problems.
11-25 Serious—many severe distresses cause Immediate repairs and reconstruction
operational restrictions
010 Failed—pavement deterioration prevents safe  Reconstruction

aircraft operations

B. Pavement’s Level of Service

There are several types of level of service that may be used to
establish the amount of maintenance and rehabilitation airport
pavements may require [12], and TABLE 3 describe levels of
service for medium-size airport aim to the pavement case
assessed.

TABLE 3. EXAMPLE LEVELS OF SERVICE FOR A MEDIUM-SIZE AIRPORT
WITH AC PAVEMENTS
SOURCE: [12]
Level of Service
Average PCI for all Sections

Minimum Acceptable Level of
Service

Facility Type Target or desirable  Minimum acceptable PCI for Individual Sections
Runway 80 65 55
Taxiway 70 60 45
Apron T0 60 40

NUMERICAL MODEL TO FORECAST PAVEMENT CONDITION
(APPLICATION)

The numerical model to be applied at this article was
calibrated to the runway of Cajamarca Airport (Peru) and its
development and validation is described in document [4].

Following is a summary of inputs and the numerical
model obtained:

A. Input: Data of Cajamarca Airport runway
- Pavement condition history:

TABLE 4. PCI INSPECTIONS AND M&R HISTORY

SOURCE: [6]
Year Activity PCI
2003 Pavement Improvement and expansion --
2007 Pavement condition inspection 91
2013 Pavement condition inspection 65
2014 Corrective maintenance -
2014 Pavement condition inspection 86
2015 Pavement condition inspection 82
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- Pavement structure
The runway PCN is 45/F/D/X/T and the maximum allowable
aircraft type is the Boeing 737 (maximum takeoff weight =
134000 1b).

- Traffic Data

TABLE 5. OPERATIONS PROJECTION 2018-2034

SOURCE: [6]
Year N° annual average N° annual average
operations departures
2018 4542 2271
2019 4860 2430
2020 5201 2601
2021 5565 2783
2022 5943 2972
2023 6335 3168
2024 6741 3371
2025 7159 3580
2026 7588 3794
2027 8021 4011
2028 8454 4227
2029 8894 4447
2030 9320 4660
2031 9740 4870
2032 10139 5070
2033 10535 5268
2034 10945 5473

B.  Output: Numerical model calibrated to Cajamarca
Airport runway

This model consists of Markov Chains which were calibrated
with the Logistic Regression of historical data.

A pavement begins its life cycle in almost perfect conditions
and is then subjected to service cycles that cause deterioration
of the pavement condition. The extrapolation of the Markov
process curve represents the future pavement behavior and
allows a dynamic programming, to produce M&R optimal
strategies [3].

For the development of this model, the Markov process states
correspond to different pavement deterioration levels defined
in the PCI qualification. The PCI range (from 0 to 100) is
divided into ten "states" of 10 interval points, as illustrated in
the Table 6.

Table 6. PAVEMENT CONDITION — MARKOV PROCESS.
SOURCE:[3]

Condition A B C D E F G H | J

PCl Range [100-91 90-81 80-71 70-61 60-51 50-41 40-31 30-21 20.-11 10-0

Equation (1) illustrates the state vector for a given service
cycle.

State vector (E') for service cycle “i”:

Ep= [ p(® p®) pi(C) pi(D) pi(E) p(F) p(G) pi(H) pi() pi() ]

)

Where, pi(X) is the probability that pavement is in the

condition “X” in the service cycle “i”, the “state vector” (E))
indicates the probability that a pavement section is in each of
the ten states in a year of service (i) and a "service cycle" lasts
for one year, at which time the pavement is subjected to a
determined climate and traffic.

In the pavements management it is assumed that all sections of
the pavement are in the "A" state (PCI of 90 to 100) at the age
of zero years (service cycle "0"), resulting a state vector [16]:

Eo-[ 1000000000171 @

To model the way pavement deteriorates over time, it is
necessary to identify the transition probability matrix (TPM).
It is assumed that the pavement condition cannot fall more
than one state (10 points) during a service cycle. In addition,
the pavement may remain in its condition or deteriorate and
move to the next state in one year. Consequently, the TPM has
the following form:

81% 19% O 0 0 0

71% 29% O 0 0

0 56% 44% O 0
0 37% 63% 0
0 5% 95% 0
0 0% 100% O
0 0% 100% O
0 0 0% 100% O
0 0 0 0% 100%
0 0 0 0 100% |
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o O o o
o O O o o

o]l

1
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o O O O O o

o O O o o

o O O o

©)

The state vector for any year of service is obtained by
multiplying the initial state vector by the TPM, as illustrated
in (4).

E(l): E(o)X ﬁ
E(z): E(])X P = E(O)X Pz

E(t): E'(t.l)x 1_:. = E(o)X 1_:.' (4)

With this process, if the transition matrix can be estimated, the
pavement status for any service cycle can be predicted. The
TPM can be determined based on expert criteria or historical
data if available, through non-linear regression, where the
objective is to minimize the difference between the PCI
obtained as a function of time (product of the regression) and
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the value predicted (using the Markov chain) for a given
service cycle [3].

Replacing (2) and (3) in (4), table 8 is obtained:

Table 7. NUMERICAL MODEL STATE VECTORS AND PCI

State vector (%)

(ygng) A B C D E F G H I 3 Pet
0 1000 00 00 00 00 00 00 00 0.0 0.0] 100
1 813 187 00 00 00 00 00O 00 00 0.0 98
2 661 284 55 00 00 00 00 00 00 0.0 96
3 537 324 114 24 00 00 00 00 00 0.0 | 94
4 437 330 159 60 15 00 00 00 00 0.0 | 91
5 355 315 185 93 38 14 00 00 00 0.0 | 88
6 289 289 195 117 6.0 36 14 00 00 0.0 | 85
7 235 258 193 130 76 57 36 14 00 00| 81
8 191 226 183 134 86 7.2 57 36 14 00| 76
9 155 196 168 131 89 81 72 57 36 14| 71
10 126 16.7 151 124 87 84 81 7.2 57 51| 65
11 103 142 133 113 82 82 84 81 7.2 10.7] 59
12 83 119 116 101 75 78 82 84 81 180 53
13 68 100 99 89 67 71 78 83 84 26.1| 47
14 55 83 85 7.7 59 64 71 78 82 345]| 42
15 4.5 69 71 66 52 56 64 72 78 427| 37
16 3.6 57 60 56 44 49 56 64 7.1 505]| 33
17 3.0 47 50 48 38 42 49 56 64 57.6| 30
18 24 39 42 40 32 36 42 49 56 640]| 26
19 2.0 32 35 33 27 30 36 42 49 69.7| 24
20 1.6 26 29 28 22 25 30 36 42 745] 21

With Table 7 data (Age and PCI), it is presented the
quantitative numerical model graph that represents the
pavement behavior with characteristics and similar conditions
to the Cajamarca Airport runway (Fig. 3), where the PCI
range for its state is shown in Table 6.
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Fig. 3. PCI vs Age — Numerical model state vectors and PCI

V. COST OF APPLICABLE TREATMENTS FOR AIRPORT
PAVEMENTS

To illustrate the costs of different treatments and how it varies
with pavement deterioration, several data was taken from
different projects for pavements (in Peru) with similar
features, obtaining the results shown in TABLE 8 and Fig. 4

TABLE 8. COST OF PAVEMENTS TREATMENTS IN PERU
SOURCE: [6], [12]

. APPLICABLE COST
CALIFICACION PCI TREATMENTS ($/m2)
86 - 100 GOOD ) Preventive . 7
maintenance (routine)
71 - 85 | SATISFACTORY Preventive 14
maintenance
56 - 70 | ACCEPTABLE [ Corrective maintenance 29
41 - 55 POOR Rehabilitation 65
26 - 40 | VERY POOR Rehabilitation or 110
reconstruction
1 - 25 SERIOUS Immediate repairs and 161
reconstruction
0 - 10 FAILED Reconstruction 161
100
reventive maintenance (routine) $7/m2
85 -
maintenance $14/m2
70 4
Corrective maintenance $29/m2
55
Rehabilitation $65/m2
40 |
Rehabilitation or reconstructi $110/m2
25
Reconstruction $161/m2
10 ; ; ; ; Y
0 5 10 15 20 25

Fig. 4. PCI vs Age — M&R related costs

V. ANALYSIS OF FUTURE PAVEMENT CONDITION

The analysis below is based on the numerical model calibrated
for Cajamarca airport pavement. It is important to mention
that evaluating how many PCI points get up the pavement
condition with an intervention is not part of this investigation,
then, is a limitation.
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For the following cases, the amount of PCI points that
pavement recover with a M&R intervention is based on results
of M&R pavement history of Cajamarca airport.

A. Future condition without maintenance:

The Fig. 5 shows the ‘hypothetic’ case where no maintenance
interventions are performed on the pavement along its life
cycle (20 years). When the pavement life is over, it is assumed
that rehabilitation or reconstruction is performed, thus, the
PCI is 100 again.

The pavement condition is analyzed until the year 30 to be
compared with the cases with maintenance interventions.

- \ ‘.\

80

\ 10 years \
<>

———Obtained data (numerical model)

60 -

40

Pavement reconstruction

20 ; Optimum level of service PCl = 80

Aceptable level of service PCl =65

Fig. 5. PCI vs Age — Without M&R
B. Future condition with Corrective Maintenance

The Fig. 6 shows the case where corrective maintenance
interventions are performed when the pavement condition
drop below the acceptable level of service (PCI=65). For this
example, as we have data of the pavement (Cajamarca
Airport) before and after corrective maintenance is performed,
we have a notion of the PCI number after these interventions
(PCI =86).

0 7\

80 -

00 -

1 year

40 |

—— Obtained data (numerical model)
—— Corrective maintenance

20 - PCI=86

PCl=59

0 5 10 15 20 25 30

Fig. 6. PCI vs Age — With Corrective Maintenance

C. Future condition with Preventive Maintenance

The Fig. 7 shows the case where preventive maintenance
interventions are performed when the pavement condition
narrows the acceptable level of service (PCI=65). It is
important to mention that, we do not have real data about PCI
number after preventive maintenance because on the
pavement of study (Cajamarca Airport) these have not been
performed. To overcome these situation and continue with the
purposes of this work, conservatively, we will assume a
PCI=85 (the minimum) after a preventive maintenance
intervention, since we now that these interventions must be
design in order to reach a PCI number equal or above the
optimum level of service (PCI=85).

60 - -+
2 years

40

—— Obtained data (numerical model)

—— Preventive Maintenance
Optimum level of service

20 7 Acceptable level of service

0 T T T T T 1
0 5 10 15 20 25 30

Fig. 7. PCI vs Age — With Preventive Maintenance

VI. EVALUATION OF ALTERNATIVES

To evaluate the M&R alternatives, it is assumed that the
analysis is performed at the beginning of the life-cycle of the
pavement.

A. Without maintenance:

Is not considered as alternative, because it jeopardizes the
operational safety of aircrafts during the time with PCI below
the minimum acceptable (PCI=65).

B. Alternative with Corrective Maintenance

Corrective maintenance is performed when PCI drop below
the minimum acceptable (PCI=65) and, in order to this
situation, the operational safety could be threatened the time
with the PCI below that mark, no matter how short this period
could be. On the other hand, it is not the best option when
allocating resources as it can be seen in Fig. 9.
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C. Alternative with Preventive Maintenance
Selected alternative.

This alternative ensures operational safety and optimizes
economic resources during the life-cycle of the pavement as
can be seen in Fig. 8 and Fig. 9.
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m  Without maintenance
m Alternative with Corrective Maintenance

Alternative with Preventive Maintenance

Fig. 8. Analysis of alternatives — Level of service

Net Present Value
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Fig. 9. Analysis of alternatives — Costs

VII. CONCLUSIONS

1. If deterioration models are calibrated, for different
circumstances (weather, traffic, material, among others),
under which the Peruvian airport pavements are in service;
the pavement condition prognosis will depend on how the
pavement behaves at present (know the current state).

2. The associated costs for different strategies of M&R vary
dramatically comparing interventions performed when
pavement condition is satisfactory against a serious or
failure condition, that jeopardize operational safety. This
difference is shown in Fig. 4 and Fig. 8. In this regard, it is
concluded that programming preventive maintenance
ensure operational safety optimizing economic resources.

3. To perform maintenance activities based on immediate
necessities (corrective maintenance) and without a correct
planification, as the assessed case (Cajamarca airport),
result in an inefficient management resources, since, it
does not take into account the cost-benefit relation during
the pavement lifecycle. This comparison is shown in Fig.
8.
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