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ABSTRACT

Rough pavements are generally responsible for vertical accelerations (VA) that can affect
the aircraft, increase stopping distance and difficult to read the cockpit instrumentation.
The International Roughness Index (IRI) and the Boeing Bump Index (BBI) are currently
used to quantify airport pavement roughness and to identify sections that require
maintenance and rehabilitation (M&R) activities. However, these indices were devel-
oped only based on dynamic responses of an automobile at 80 km/h to the irregularities
of road pavements, and on physical characteristics of the irregularities (bump length and
height), respectively, without considering the effect of aircraft VA. Additionally, current
critical limits, suggested by Sayers & Karamihas and ANAC, for IRI (2.0 and 2.5 m/km,
respectively) and by FAA for BBI (1.0) can misjudge the real condition of the pavement.
This paper evaluates the effect of airport pavement roughness on VA at the aircraft cock-
pit (VACP) and at the center of gravity (VACG). The ProFAA software was used to com-
pute both indices and to simulate VA in 4 representative aircraft traversing 20 runway
profiles at 10 operational speeds varying from 37 to 370 km/h. Statistical comparisons
and regression analyses were carried out. Principal results show that VACP is 50% higher
than VACG and that exceeds the critical limit of 0.40 g when the IRI and BBI are higher
than 3.7 m/km and 0.20, correspondingly. A case study is also presented to compare
these limits and shows that decision-making based on IRl and VA can bring significant
differences in the number of M&R activities.

RESUMO

Pavimentos irregulares sdo geralmente responsaveis por aceleragGes verticais (VA) que
afetam as aeronaves, aumentam a distancia de parada e dificultam a leitura dos instru-
mentos de navegagdo na cabine dos pilotos. O International Roughness Index (IRl) e o
Boeing Bump Index (BBI) sdo utilizados atualmente para quantificar a irregularidade lon-
gitudinal dos pavimentos aeroportuarios e identificar se¢des que demandam atividades
de manutengdo e reabilitagdo (M&R). Contudo, tais indices baseiam-se apenas nas res-
postas dindmicas de um automdvel a 80 km/h as irregularidades longitudinais dos pavi-
mentos rodoviarios, bem como nas caracteristicas fisicas das irregularidades (compri-
mento e altura), respectivamente, ignorando o efeito das VA nas aeronaves. Ainda, limi-
tes criticos atuais, sugeridos por Sayers & Karamihas e ANAC para IRI (2,0 e 2,5 m/km,
respectivamente) e pela FAA para BBI (1,0) podem subestimar a condigdo real do pavi-
mento. Este artigo avalia o efeito da irregularidade longitudinal nas aceleragdes na ca-
bine dos pilotos (VACP) e no centro de gravidade (VACG). O software ProFAA permitiu
calcular os indices e simular as VA em 4 aeronaves representativas atravessando 20 pis-
tas de pouso e decolagem em 10 velocidades de taxiamento variando de 37 a 370 km/h.
Comparagdes estatisticas e andlises de regressdo foram realizadas. Principais resultados
mostram que VACP é 50% maior do que VACG e que ultrapassa o limite critico de 0,40 g
quando o IRl e BBI estdo acima de 3,7 m/km e 0,20, respectivamente. Um estudo de
caso é também apresentado para comparar esses limites e sugere que a tomada de de-
cisdo baseada em IRl e VA pode trazer diferencas significativas na quantidade de ativi-
dades de M&R.
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1. INTRODUCTION

Lack of smoothness or roughness is an important distress in airport pavements. Roughness can
be defined as the longitudinal deviations of a pavement surface from a true planar surface with
characteristic dimensions that affect aircraft dynamics, ride quality and dynamic pavement
load, and can cause discomfort, excessive vibrations in the aircraft cockpit, and potential danger
to both the aircraft and its passengers (adapted from ASTM, 2018).

The highway industry defines pavement roughness in terms of the ride quality experienced
by a passenger (Sayers & Karamihas, 1998) and according to Sayers, Gillespie, & Queiroz
(19844, and b), roughness also can induces excessive vibrations in traversing vehicles. In addi-
tion, automotive manufacturers design suspension systems to reduce the impact of common
surface irregularities and improve overall ride quality. However, the primary purpose of an air-
plane suspension system is to absorb the energy expended during landing (FAA, 2009). Airplane
suspension systems have less capacity to dampen the impact of surface irregularities due to the
magnitude of the energy that must be addressed during landing. Thus, airport pavement rough-
ness should be defined in terms of fatigue on aircraft components (increase stress and wear)
and/or other factors that may impair the safe operation of the aircraft (cockpit vibrations, ex-
cessive g-forces, etc.).

Pavement roughness is also an important indicator for Airport Pavement Management Sys-

tems (APMS) (Haas, Hudson & Falls, 2015). The study of pavement roughness provides valuable
information for airport managers and engineers and allows to identifying pavement sections
with excessive levels of roughness that are capable to impair the safety of ground operations,
cause damage, or increase structural fatigue to an aircraft (ACRP, 2011).
In the airport pavement management field, efforts have been focused on identify and quantify
pavement roughness. In most airfields, roughness is often characterized by two indices: the In-
ternational Roughness Index (IRI) and the Boeing Bump Index (BBI). The World Bank devel-
oped the IRI for highway pavements; however, due to the existing analogy with airport pave-
ments it is suggested as well by the National Civil Aviation Agency in Brazil (ANAC). On the other
hand, the BBI was developed by The Boeing Company and has been adopted by the Federal
Aviation Administration (FAA).

These indices measure a pavement elevation profile accordingly with critical limits for ex-

cessive level of roughness. However, they are based on specific mathematical models that do not
consider the effect of aircraft dynamic response, such as verticals accelerations generated at the
aircraft cockpit and at the center of gravity.
The main objective of this study is to evaluate the effect of airport pavement roughness on air-
craft dynamic response in terms of IRI, BBI and vertical accelerations at the aircraft cockpit
(VACP) and at the center of gravity (VACG), which may compromise the aircraft safety and the
pavement performance.

2. THE INTERNATIONAL ROUGHNESS INDEX (IRI)

As stated by Sayers & Karamihas (1996), the IRI is a profile-based roughness statistic that has
become a standard scale on which road roughness information is reported in many countries of
the world. According to Gillespie (1992), the IRI is a scale for pavement roughness based on the
response of a generic automobile to the roughness of the road surface. The IRI is calculated by
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accumulating the absolute values of the suspension deflection and dividing by the distance trav-
eled. Its mathematical model uses a simulation speed of 80 km/h, where the simulated suspen-
sion motion is linearly accumulated and divided by the length of the profile to compute the IRI.
The units of IRI are generally expressed in m/km where pavement profiles with IRI near to
0.0 m/km are perfectly smooth.

According to Sayers, Gillespie, & Patterson (1986) and (Sayers, Gillespie, & Queiroz, 1986),
the IRI has been reported to be relevant as an indicator of pavement serviceability, independent
of the particular equipment used to measure it, internationally and geographically transferable,
and time stable.

In Brazil, the ANAC has been evaluating runway roughness based on IRI since June 2012 due
to the existing analogy between highway and airport pavements concepts, materials and con-
struction techniques (ANAC, 2012). In that year the IRI limit for runways was 2.0 m/km, but
nowadays the ANAC suggests that roughness of runways does not exceed 2.5 m/km (ANAC,
2019).

Nevertheless, FAA (2013) states that the IRI is not appropriate for airfields pavements since
the aircraft pavement characteristics, loading conditions, dynamic movements responding to
the pavement surface, and human factors are very different from highway traffic conditions.

3. THE BOEING BUMP INDEX (BBI)

In 2002, The Boeing Company developed a simple method called “The Boing Method” to easily
detect and repair pavement roughness (Boeing, 2002). It is a simplified procedure based upon
operational experience for single bumps describing the general condition of a runway and takes
into account the direct effect on aircraft structure through a discrete surface deviation evalua-
tion of the pavement surface measured by a close interval elevation survey.

The survey results are plotted and the discrete bumps are compared to a Boeing criteria de-
veloped for commercial aircraft. Once the application of the Boeing Method is a tedious process
and usually demands a lot of time, the FAA (FAA, 2009) summarized the Boeing Method and
created the Boeing Bump Index.

In general, BBI is analogous to the Boeing Method and is based on three regions of roughness
(Acceptable, Excessive, and Unacceptable) where the limit of the acceptable region 1.0. BBI val-
ues greater than 1.0 can be fall in the excessive or unacceptable region.

4. VERTICAL ACCELERATIONS

Kirk (1973) states that vertical accelerations during large aircraft taxiing due to pavement
roughness produce airframe metal fatigue damage and dynamic stressing, as well as discomfort
for the crew and passengers (anxiety). Similarly, Ferritto & Forrest (1976) argues that high ver-
tical accelerations, when transmitted to the cockpit, affect instrument accuracy and decrease
the pilot's ability to read the instruments. Moreover, Gerardi (1997) states that rough runways
reduce stopping ability and, consequently, can increase the braking distance by about 50%. In
addition, during landing on rough runways, aircraft dynamic loads affect the pilot’s ability to
maintain constant brake pressure.

In this context, Houbolt (1961) suggests that vertical accelerations should be less than 0.30 g.
A NASA research developed by Morris & Hall (1965a and b) related to pilot complaints due to
runway roughness suggest that the maximum vertical acceleration in the cockpit should not
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exceed 0.40 g. However, Alford (1972) argues that vertical accelerations exceeding 0.33 g are
unacceptable and 0.50 g levels seriously affect pilot performance. Horn (1977) used the 0.40 g
value as a limit of tolerable vertical accelerations. This criterion was also based on human tol-
erance to vibration proposed by Spangler & Gerardi (1993). Tests performed by NASA (1992)
also supported this value because they have documented that human tolerance to vertical
acceleration lies in the range of 0.35 to 0.40 g.

5. METHOD

For this study, a sample of 20 runway profiles of asphalt concrete was obtained from an FAA
database (FAA, 2018). The profiles totalize approximately 57,000 linear meters of runway pave-
ment and were divided into sections of 100 m in length, resulting in 570 pavement sections. IRI
and BBI were computed by ProFAA for all the sections.

Once critical IRI limits commonly used in airport pavements are equal to 2.5 m/km (ANAC,
2019) and 2.0 m/km (Sayers & Karamihas, 1998), two five-category classifications based on
such limits are presented to serve as a reference for the analyses performed in this study (see
Table 1) and hereinafter are referred to as “CURRENT” classifications. However, these classifi-
cations could not represent common critical IRI values found in highway pavements and it is
important to highlight that were proposed without the intention to impose or substitute any
existent official criteria and/or classification.

Table 1 — Proposed (CURRENT) classifications based on the critical IRI limits of 2.5 and 2.0 m/km adopted from ANAC
(2018) and from Sayers & Karamihas (1998), respectively

IRI (m/km) IRI (m/km)

Category SAYERS ANAC

Very Good <0.5 <1.0
Regular 1.0to 1.5 1.5t02.0
Poor 1.5t02.0 2.0to 2.5

Regarding the simulation criteria for vertical accelerations, the ProFAA software provides a
default library with four representative commercial aircraft to simulate aircraft dynamic re-
sponses. Although most of them are no longer in operation, they approximates to the behavior
of analogous aircraft once aircraft dynamic response depends predominantly on aircraft weight,
axle spacing, landing gear configuration, and operational speed.

Thus, simulations were carried out according to four aircraft classes:
e C(Class I (Less than 70,000 kg - DC-9-41/E-190AR);

* C(lass1I (70,000 to 140,000 kg - B727-100/B737-800/MAX8);

e C(ClassII1 (140,000 to 210,000 kg - DC-10CF/B767-300ER); and,
* C(Class IV (greater than 210,000 kg - B747SP/B747-400).

In the same context, ten constant taxi speeds ranging from 20 to 200 knots (37 to 370 km/h)
were considered for this study, accordingly with the following classification:

* Very Low (20 and 40 knots/37 and 74 km/h);
* Low (60 and 80 knots/111 and 148 km/h);
* Medium (100 and 120 knots/185 and 222 km/h);

TRANSPORTES | ISSN: 2237-1346 150



Durén, J.B.C., Fernandes Jr, J.L. Volume 28 | Nimero 1 | 2020

* High (140 and 160 knots/259 and 296 km/h); and,
* Very High (180 and 200 knots/333 and 370 km/h).

Furthermore, simulations in ProFAA were carried out by representative aircraft class, attend-
ing the following parameters: Sample Spacing of 0.0255248 m; Averaging Distance of 100 m;
Smoothing Distance of 100 m; Aircraft Speed from 20 to 200 knots; Airframe Damping Factor
equal to 0.0250; Aircraft Types (FAA library - DC-9/B-727/DC-10/B-747); 10 Number of Modes,
and zero meter of Cutting Length at Ends.

Consequently, the elevation data from the 20 runway profiles were entered as input into the
software ProFAA to simulate VACP and VACG. Simulations were carried out for the 570 sections
and for each aircraft class (four classes) traversing each elevation profile (20 runways) at each
discrete speed (37 to 370 km/h).

Statistical analysis involves Pearson correlations between IRI vs. BBI, VACP vs. VACG and be-
tween them, as well as linear regression analysis where IRl and VACP are considered independ-
ent variables. Vertical accelerations were also analyzed in terms of operational speed and re-
sults were presented by maximum or peak values and by aircraft class. Additionally, regression
models are presented in another table where the last two columns correspond to the IRI and
BBI estimated when vertical accelerations reach 0.35 g and 0.40 g, respectively. This approach
allowed identifying the lower value that reached such limit and consequently was considered
critical value.

Finally, a case study is presented as an application example. The case study consists of an
airport network comprised of nine medium and large airport runways of asphalt concrete, cur-
rently in operation. Measurements were performed at the end of 2013 for the whole network
during the night and under cloudy weather. It was used a multi-laser profiler vehicle to measure
the elevation profile and to compute the IRI in m/km. Each runway profile was divided into
sections of 100 m in length, resulting in 172 pavement sections. To maintain the confidentiality
of the data the runways were named alphabetically from A to 1.

A supplementary table was presented to show the number of pavement sections that fall into
each IRI category of the three classifications: SAYERS (IRI limit of 2.0 m/km), ANAC (IRI limit of
2.5 m/km) and “ALTERNATIVE” (IRI limit based on the critical model given by the regression
analysis), as well as the corresponding percentage compared to the total sections in the net-
work.

6. RESULTS
6.1. IRl vs. BBI

Results indicate strong and positive correlation between IRI and BBI where r=0.68, n=570, and
p<0.001. Figure 1 shows the relationship between both indices. As can be seen, there was a
strong, non-linear, and positive correlation between IRI and BBI, with an R-squared value of
0.72.

Furthermore, the tendency line of the equation indicates that BBI is approximately
0.10 times the IRI. This means that for a BBI value to reach or exceed the acceptable zone (BBI
> 1) the IRI value would have to be approximately 10 m/km. The model of the regression anal-
ysis was significant (P-value <0.01) and indicate very strong and positive correlation with a co-
efficient of 0.1008, and R-squared value equal to 0.87. However, it is clear that, in general, IRI
values higher than 5 m/km do not represent the reality of most runways and therefore this may
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be a sign that point out the necessity to evaluate and adjust the scale of the BBl index. Small BBI
values can occur due to the mathematical model process itself when the index is calculated. It
is probably that the imaginary straight length used by the Boeing method is too short to com-
prise many bump length and bump height configurations.
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Figure 1. IRl vs BBI for sections of 100 m in length

Furthermore, the tendency line of the equation indicates that BBI is approximately
0.10 times the IRI. This means that for a BBI value to reach or exceed the acceptable zone (BBI
> 1) the IRI value would have to be approximately 10 m/km. The model of the regression anal-
ysis was significant (P-value <0.01) and indicate very strong and positive correlation with a co-
efficient of 0.1008, and R-squared value equal to 0.87. However, it is clear that, in general, IRI
values higher than 5 m/km do not represent the reality of most runways and therefore this may
be a sign that point out the necessity to evaluate and adjust the scale of the BBl index. Small BBI
values can occur due to the mathematical model process itself when the index is calculated. It
is probably that the imaginary straight length used by the Boeing method is too short to com-
prise many bump length and bump height configurations.

6.2. Vertical Accelerations vs. IRI

Figure 2 plots VACP and VACG as a function of IRI. Values 3.5, 3.8, and 4.0 m/km are missing
values. The red dashed line indicates the limit of acceptable accelerations (0.40 g).

OVACP ¢ VACG

1.40
1.20
1.00 -
0.80
0.60
0.40
0.20

Vertical Accelerations (g)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

IRI (m/km)
Figure 2. Vertical accelerations distribution based on IRI for sections of 100 m in length
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It is evident that most of the VACP are higher than VACG, suggesting that the aircraft cockpit
is more sensible to excessive vertical accelerations than the center of gravity. Furthermore, it
can be observed that excessive accelerations at the cockpit and at the center of gravity occurred
principally between 1.6 and 2.5 m/km, but also at 3.2 m/km, once can exist infinite roughness
configurations (bump length and height) that are capable of generating excessive vertical accel-
erations.

However, less than 1% of the VACP values in the database were higher than 0.40 g. For this
reason, it is extremely important that, in a network level APMS, the evaluation of the pavement
profile is based both on vertical accelerations and IRI, because of the advantage to identifying
quickly critical sections that can be then addressed to the project level to establishing the M&R
activities.

6.3. VACP vs. VACG

Table 2 presents the correlation results between VACP and VACG, indicating positive and strong
and moderate correlation. All of them were significant, r=0.91, n=22800, p<0.001.

Table 2 — Pearson correlation between VACP and VACG by aircraft class

Class | Class Il Class Ill Class IV
VACP VACG VACP VACG VACP VACG VACP VACG

Class | VACP L

VACG 0.89 1
Class Il VACP 0.88 0.82 1

VACG 0.85 0.90 0.93 1
Class Ill VACP 0.65 0.46 0.79 0.65 1

VACG 0.65 0.47 0.76 0.66 0.95 1
Class IV VACP 0.65 0.48 0.79 0.64 0.90 0.86 1

VACG 0.68 0.53 0.78 0.68 0.87 0.89 0.94 1

As can be seen, the stronger correlations are in aircraft Classes I vs. II, as well as in Classes
[l vs. IV (shaded areas). Correlations in Class I vs. Class III and IV show moderate correlation.
However, Class II vs. Class III and IV shows both strong and moderate correlation for VACP and
VACG, respectively. In the same context, regression analysis between vertical accelerations in-
dicates extremely strong and positive correlation with P-value <0.05. In general, vertical accel-
erations at the cockpit result 49% higher than vertical accelerations at the center of gravity, as
shown in Table 3.

Table 3 — Pearson correlation between VACP and VACG by aircraft class

Dependent Variable  Independent Variable  Coefficient Sig. R2 Adjusted R?
VACG VACP 0.49 <0.01 0.99 0.99
VACG Class | VACP Class | 0.45 <0.01 0.99 0.98
VACG Class Il VACP Class Il 0.51 <0.01 0.99 0.99
VACG Class Il VACP Class llI 0.50 <0.01 0.99 0.99
VACG Class IV VACP Class IV 0.53 <0.01 0.99 0.99

Table 3 shows that the coefficient of Class II (0.51) is about 13% higher than Class I (0.45).
Similarly, the coefficient of Class IV (0.53) is approximately 18% higher than Class I, and just
6% higher than Class III (0.50). The Class II coefficient results just 2% higher than the Class IIL
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Once vertical accelerations at the cockpit are about twice than accelerations at the center of
gravity and consequently are considered critical, subsequent analyses of results can be focused
on the aircraft cockpit behavior.

6.4. Vertical Accelerations vs. Speed

Figure 3 plots maximum vertical acceleration versus speed involving all aircraft classes. As can
be seen, accelerations increase as speed increases and VACP are higher than VACG. However; it
can be also observed that from 40 to 120 knots VACP is about twice or more higher than VACG.
From 140 knots, VACP and VACG tend to be approximately equal, with little variations about
10%. Additionally, it can be seen that VACP and VACG reach the critical limit of 0.40 g at 80 knots
(about 150 km/h) and 140 knots (about 260 km/h - rotation speed), respectively.

=@=\VACP =#=VACG

Vertical Accelerations (g)

20 40 60 80 100 120 140 160 180 200
Speed (knots)

Figure 3. Vertical accelerations by operational speed in knots

6.5. Vertical Accelerations vs. Roughness Indices

Results in Table 4 indicate that the correlation between vertical accelerations and pavement
roughness indices were significant (P-value <0.05) and that there are good and positive corre-
lations for both roughness indices.

Table 4 — Pearson correlation coefficients for vertical accelerations and roughness indices, by aircraft class

Overall Class | Class Il Class 11l Class IV
VACP VACG VACP VACG VACP VACG VACP VACG VACP VACG
IRI 0.52 0.50 0.65 0.57 0.54 0.52 0.50 0.49 0.44 0.45
BBI 0.60 0.56 0.62 0.58 0.64 0.59 0.62 0.57 0.58 0.55

As can be seen, the average coefficient for IRI is 0.50 while the average coefficient for BBI is
0.60; consequently, BBI shows about 20% higher correlation than IRI. In addition, it can be ob-
served that the lower correlation coefficients for IRI corresponds to the aircraft class IV and
result approximately 10% lower than the average. Conversely, correlation coefficients for BBI
remain relatively constant in all aircraft classes, varying approximately 3.5% with respect to the
average. In the context of vertical accelerations, BBI shows a higher correlation than IRIL

Table 5 present the results of the regression analysis between IRI and BBI as independent
variable and VACP as dependent variable, respectively. Results for both indices indicates very
strong and positive coefficient of determination. All the models were significant (P-value <0.05).
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For IR, it can be observed that the critical situation occurs in the model VACP MAX that consid-
ers peak vertical accelerations at the aircraft cockpit. It means that vertical accelerations be-
come to be critical (0.35 g) when the IRI is 3.4 m/km and exceeds the critical limit when it is
above 3.7 m/km. On the other hand, results for BBI shows that the average R2 for BBI is 0.94,
about 11% higher than IRI. In this case, the critical situation also occurs in the model VACP MAX
and means that vertical accelerations exceed 0.35 g when BBI is 0.20.

Evidently, a BBI value equal or near to 0.20 is very low and falls into the Acceptable region of
the BBI classification. Despising the maximum accelerations model, the average BBI to reach
0.40 g is 0.8. In this context, pavement sections with BBI values that fall into the acceptable re-
gion probably are subjected to high accelerations that reach or exceed 0.40 g.

Table 5 — Linear regression analyses for VACP vs. IRI; by overall, RMS, MAX, and aircraft class

., Independent X IRI/BBI to reach  IRI/BBI to reach
Dependent Variable Variable Equation R? 0.35g 0.40 g
VACP Overall IRI VACP = (0.1563 * IRI)2 0.85 3.8 4.0
VACP RMS IRI VACP = (0.1425 * [RI)2 0.85 42 4.4
| VACP MAX IRI VACP = (0.1729 * IRI)2 0.78 3.4 3.7 |

VACP Class | IRI VACP = (0.1697 * IRI)2 0.89 3.5 3.7
VACP Class Il IRI VACP = (0.1507 * IRI)2 0.86 3.9 4.2
VACP Class Il IRI VACP = (0.1664 * IRI)2 0.85 3.6 3.8
VACP Class IV IRI VACP = (0.1385 * IRI)2 0.83 43 4.6
VACP BBI VACP = (1.2970)2 *BBI 0.91 0.2 0.2

VACP RMS BBI VACP = (0.7194)2 *BBI 0.99 0.7 0.8

| VACP MAX BBI VACP = (1.2970)2 *BBI 0.91 0.2 0.2 |

VACP Class | BBI VACP = (0.7690)2 *BBI 0.94 0.6 0.7
VACP Class Il BBI VACP = (0.6917)2 *BBI 0.94 0.7 0.8
VACP Class Il BBI VACP = (0.7665) *BBI 0.93 0.6 0.7
VACP Class IV BBI VACP = (0.6424)2 *BBI 0.93 0.8 1.0
VACG IRI VACG = (0.1101 * IRI)2 0.84 5.4 5.7

VACG RMS IRI VACG = (0.1017 * IRI)2 0.84 5.8 6.2
VACG MAX IRI VACG = (0.1249 * IRI)2 0.73 4.7 5.1
VACG Class | IRI VACG = (0.1137 * IRI)2 0.87 5.2 5.6
VACG Class Il IRI VACG = (0.1075 * IRI)2 0.84 5.5 5.9
VACG Class Ill IRI VACG = (0.1177 * IRI)2 0.84 5.0 5.4
VACG Class IV IRI VACG = (0.1014 * [RI)2 0.84 5.8 6.2
VACG BBI VACG = (0.5038)2 * BBI 0.92 1.4 1.6

VACG RMS BBI VACG = (0.5322)2 * BBI 0.97 1.2 1.4
VACG MAX BBI VACG = (1.0972)2 * BBI 0.84 0.3 0.3
VACG Class | BBI VACP = (0.5167)2 * BBI 0.93 1.3 1.5
VACG Class Il BBI VACP = (0.4902)2 * BBI 0.91 1.5 1.7
VACG Class Ill BBI VACP = (0.5400)2 * BBI 0.92 1.2 1.4
VACG Class IV BBI VACP = (0.4681)2 * BBI 0.92 1.6 1.8

Similarly, VACG results for IRI show that the critical situation also occurs in the model VACG
MAX that considers peak vertical accelerations at the center of gravity. In this case, vertical ac-
celerations become to be critical (0.35 g) when IRI is 4.7 m/km and exceeds the critical limit
when it is above 5.1 m/km. Results for BBI also indicates that the critical situation occurs in the
model VACG MAX, but this time accelerations exceeding 0.40 g occur when BBl is 0.3. Despising
the maximum acceleration model the average BBI to reach 0.40 g is 1.6. Thus, from a point of
view of VACP and VACG, it is clear the necessity to evaluate and adjust the scale of the BBI index.
The critical models for vertical accelerations are highlighted in Table 5. However, the two mod-
els indicated by a red line show the critical models for VACP and VACG based on IRI and BBI,
respectively. As can be seen, VACP is more critical than VACG.
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6.6. Alternative Classification

Table 6 is a proposed classification based on the critical limit obtained from the regression anal-
ysis for VACP (IRI=3.7 m/km). The idea of an alternative classification is to provide a technical
criterion to support airport managers and engineers, from a network level point of view, in the
decision-making process of an APMS.

Table 6 — Alternative classification based on the critical IRI limit of 3.7 m/km given by the VACP model

IRI (m/km)
Category VACP
Very Good <18
Regular 2.6to 3.2
Poor 3.2t0 3.7

6.7. Case Study

The airport network has 815,400 m?2 of asphalt pavement distributed in the nine runways with
lengths ranging from 1300 to 3000 m and IRI Profile values varying from 1.19 and 4.01 m/km.
Based on the same colored scale shown in Table 6, the following Figure 4 illustrates the five IRI
categories (Very Good, Good, Regular, Poor, and Very Poor) for the three IRI classifications dis-
cussed before (SAYERS, ANAC and VACP), by pavement sections and for the nine runways in the
study, respectively.

Classfication | Rurway Length (m)
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Figure 4. IRI classifications for the airport network

As can be seen, the five classifications were distributed vertically in the table and within each
classification there are the nine runways of the airport network. Once the runways were named
and ordered according to the severity of the pavement roughness, it is easy to see that as the
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runways are presented in each classification, the roughness severity increases. Note that in the
first classification (SAYERS), pavement sections are predominantly “Very Poor” (characterized
by the color red). It means that as the critical limits established by the classifications increases,
the number of “red” sections decreases significantly. Table 7 allows visualizing this behavior
numerically.

Table 7 — Maintenance and Rehabilitation needs by IRI classification

e Alternative
X Current Classifications e L.
IRI Categories Classification
SAYERS ANAC VACP

Very Good 0 0% 30 17%

Regular 16 9% 18 10% 48 28%
Poor 18 10% 30 17% 18 10%

172 172 172

Table 7 shows the number of pavement sections that fall into each IRI category for both cur-
rent and alternative classifications, as well as the corresponding percentage compared to the
172 sections in the network. Starting with Sayer’s classification, it is easy to see that most of the
airport network (78%) has a “Very Poor” condition in terms of pavement roughness. Moreover,
19% of the sections are also concentrated in the categories “Regular” and “Poor”. Although many
sections can produce or generate excessive vertical accelerations due to the severity of rough-
ness, there are also sections that are far from reaching critical limits. So, from a vertical accel-
eration point of view, it is evident that Sayer’s classification imposes an IRI limit that misjudges
the real condition of the pavement sections.

Conversely, the ANAC classification based on the limit of 2.5 m/km shows that the number of
sections in a “Very Poor” condition decreases to 60% and that another 36% was distributed
along the intermediary categories. However, there are still various sections that are being mis-
judged and the number of “Very Poor” sections in this classification decreases only about 23%
respect to the number of “Very Poor” sections in Sayer’s classification. In this context, it is clear
that the problem in both current classifications is that critical limits of IRI force the sections to
assume an extremely bad condition when the roughness that characterizes them still does not
have the capacity to negatively affect the aircraft structure and the navigation instruments, nor
jeopardize the operational safety.

On the other hand, the alternative classification shows a reduction in the number of “Very
Poor” sections to 19%. It means that while the use of current classifications considers that ap-
proximately 70% of the airport network is in "Very Poor" conditions, the alternative classifica-
tion allows a better selection based on vertical accelerations, indicating that only about 23% of
the network is in “Very Poor” condition. In other words, decision-making based on the alterna-
tive classification for this case study reduces up 67% the needs for immediate rehabilitation
compared to the current classifications.

7. CONCLUSIONS

This study aimed to evaluate the effect of airport pavement roughness on aircraft dynamic re-
sponse in terms of IRI, BBI and vertical accelerations at the aircraft cockpit (VACP) and at the
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center of gravity (VACP), which may compromise the aircraft safety and the pavement perfor-
mance. The main conclusions are the following:

* Regression analysis indicates that BBI was approximately 0.10 times the IRI. This means
that for a BBI value to reach or exceed the acceptable zone (BBI 2 1.0) the IRI value would
have to be greater than 10.0 m/km. Thus, it is probable that the scale of the Boeing Bump
Method needs to be evaluated and adjusted, in order to take into account the influence
of vertical accelerations;

* It was observed that VACP become to be critical (>0.35 g) when IRI is 3.4 m/km and
when BBI is 0.20 (with BBI=0.20 falling into the Acceptable region of the BBI classifica-
tion); and exceeds the critical limit of 0.40 g when they are above 3.7 m/km and 0.20,
respectively. On the other hand, vertical accelerations at the center of gravity become to
be critical only when IRI is 4.7 m/km and when BBI is 0.30 (with BBI = 0.30 also falling
into the Acceptable region of the BBI classification); and exceeds the critical limit when
they are above 5.1 m/km and 0.30, respectively. Consequently, it is evident that the most
critical model was VACP. Furthermore, there is a possibility that some pavement sections
with BBI values falling into the acceptable region are subjected to excessive accelerations
and therefore, there is a need to evaluate and adjust such index in order to take into
account the influence of vertical accelerations.

» Vertical accelerations decrease as aircraft weight increases. However, they increase as
speed increases. Vertical accelerations in the aircraft cockpit are higher than in the cen-
ter of gravity, mainly between 74 to 222 km/h, where variations of more than the double
were found. Furthermore, VACP and VACG exceed the critical limit of 0.40 g at 148 and
259 km/h, respectively. In general, it is concluded that VACP are more critical than those
occurred at the center of gravity. Regression analysis showed that VACP are about 50%
higher than VACG. Therefore, it is suggested that further studies focused principally on
the aircraft cockpit;

* Ascanbe seen, the case study shows that decision-making based on IRl and VA can bring
significant differences in the number of M&R activities. Consequently, it is recommended
the use of the alternative classification in airport pavements to help airport managers
and engineers to make decisions through an additional technical criterion, in order to
reduce the number of unnecessary maintenance and rehabilitation treatments. However,
the use and results interpretation by the use of any classification (current or alternative)
presented in this study is the responsibility of the user. Also, the choice of the best or
ideal classifications will depend directly on the technical needs of a specific airport net-
work or runway as well as on the priorities established by airport managers, engineers,
and those involved in the decision-making process;

* Finally, it is extremely important to keep in mind that the use of any of these alternative
classifications should be accompanied by the evaluation of the pavement elevation pro-
file and that simulations of vertical accelerations by ProFAA software also should be car-
ried out.
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