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Abstract: One of the main priorities of airport authorities is to maintain a high level of serviceability
of runway pavements due to the high safety requirements for aircraft at high speeds. Accordingly,
the assessment of the functional condition of airfield pavements is crucial for the proper operation of
an airport. The most critical functional parameter appears to be pavement roughness. It characterizes
the condition of the runway surface and is directly related to the safety of aircraft flights, as it affects
the handling characteristics and braking performance of the aircraft, the increase in operating costs,
and the wear of the aircraft. Worldwide, there are several indices for assessing the roughness of
airfield pavements. This study aims to compare some of these indices to assess their ability to capture
the characteristics of airfield pavement roughness. For this purpose, roughness data were collected
along a runway with flexible pavement at a regional airport in southeast Europe and corresponding
indices were estimated. The analysis of the data leads to the most efficient index for assessing the
roughness of airfield surfaces to date. However, the need for a new index that expresses the response
of the aircraft remains a critical issue.
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1. Introduction

Maintaining a high level of functional characteristics of an airport’s runway is a top
priority for airport authorities because of the very high speeds that aircraft develop during
takeoff and landing. Although the above requirements also apply to road pavements, they
are even more stringent for airport pavements because airport operations require a high
level of safety. Often the condition of an airport pavement can lead to accidents with serious
consequences, while records of aircraft accidents in various periods between 2003 and
2023 show that most aircraft accidents occurred during the landing phase [1-3]. Therefore,
maintaining a high level of serviceability and safety is a key issue for an effective airfield
pavement management system.

In practice, however, it is impossible to maintain the condition of the pavement as
it was when constructed. This is because factors such as weather conditions, traffic, and
material aging wear down the pavement over time, reducing its load-bearing capacity
and degrading its functional properties [4-7]. To maintain a pavement’s serviceability and
safety at a high level, periodic testing and measurement of its properties must be performed
to evaluate its functional and structural condition so that appropriate corrective action
can be taken in a timely manner. The functional or operational condition is evaluated by
determining the surface quality characteristics of the pavement that affect the aircraft ride
quality. These characteristics mainly concern the roughness of the pavement, which is
measured on site using special equipment.

Roughness of airfield pavements is not defined by perceived ride quality or passenger
discomfort [8], since the level of discomfort is low, and the time of exposure is limited
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to a few seconds. On the other hand, the stress on aircraft components, reduced braking
efficiency, and visibility of cockpit instruments can affect the safe operation of an aircraft [8].

Roughness is a very important quality characteristic of the pavement surface. It
characterizes the condition of the pavement surface and is directly related to the safety of
aircraft flights, as it affects the ride and braking quality of the aircraft, the operating costs,
and aircraft wear [8-11]. Therefore, the timely and appropriate determination of roughness
through various measurement methods, as well as the application of various analytical
methods to evaluate the pavement condition and draw conclusions, is necessary to have a
comprehensive and sound strategy to maintain the operational condition of airfields.

Several researchers have addressed the airfield pavement roughness assessment using
different indexes, such as the International Roughness Index (IRI), the Boeing Bump Index
(BBI), the Straightedge index (SE), and vertical acceleration. For example in [11], through
the roughness assessment of a runway profile in 100 m sections using the IRI, BBI, and the
cockpit vertical acceleration, it was found that the IRI was very poorly correlated with the
other indexes, while a better correlation was obtained between BBI and cockpit vertical
acceleration. Moreover, a very high correlation was succeeded between the IRI and BBI,
after omitting profiles characterized by long wavelengths roughness (>40 m). However,
this study did not include the SE and the vertical acceleration at the center of gravity of
the aircraft.

It is noted that the range of wavelengths that affect aircraft response is wider than the
one for road vehicles and it includes long wavelengths due to the high speed of travelling
and the distance between the front and rear landing gears [11]. The model used to estimate
IRI can detect a limited range of wavelengths, from 1.3 m to 30 m. However, the BBI
procedure considers long wavelengths of up to 120 m, since it is believed that wavelengths
greater than 120 m do not contribute to dynamic airplane response or negatively impact
the airplane [8].

The use of the straightedge index has been studied in [12], where profile data from
the measurement performed at sixteen airports with an inertial profiling device were used,
both for asphalt and concrete pavements. The index values were calculated using computer
simulations of two types of straightedges, four different straightedge lengths, and two
different procedures for finding the maximum profile deviations from the straightedge.
From the analysis, relationships between the index values for different straightedge con-
figurations have been developed, which serves in favor of comparing specifications for
different straightedges.

The IRI, BBI, SE, and vertical acceleration at the cockpit indexes have also been
used during the roughness assessment of runways in southern Africa and Australia, as
stated in [13]. This research focuses on the significance of the existence of appropriate
specifications for evaluating the acceptance of a pavement in terms of roughness, while no
correlation between the used indices was investigated.

In practice there are several indices that are used worldwide by different airport au-
thorities to make informed decisions on corrective actions in terms of airfield pavement
maintenance strategies. For example, the IRI has been extensively used for roughness as-
sessments of airfield pavements in Canada, Mexico, Italy, Brazil, and South Africa [13-18],
although its use is not recommended by the International Civil Aviation Organization
(ICAO). In addition, IRI thresholds are established in terms of Airfield Pavement Manage-
ment Systems (APMS) to determine the functional condition of pavements and to plan
future interventions [18]. On the other hand, the IRI is not approved by all airport authori-
ties, since it is believed that this index is not appropriate for assessing airfield pavement
roughness, in case irregularities characterized by long wavelengths are observed [11,19].
In the meantime, there is ongoing research on optimizing the IRI parameter [20]. On this
basis it seems that there are contradictory assumptions regarding the applicability of this
index. In addition, the Federal Aviation Administration (FAA) proposes the use of the
BBI for roughness assessment [8], while the ICAO proposes the straightedge indices [21].
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Another approach is to evaluate the impact of the roughness of a measured runway profile
by simulating the response behavior of aircraft [9].

However, although researchers are making great efforts to study the roughness of
airfield pavements, the existence of various indices used by airport authorities can pose
a problem in assessing roughness. As mentioned earlier, many studies focus on different
indices (e.g., IRI, BBI, etc.) without establishing a standard framework for comparison or
application to airports. Research could further investigate the effectiveness of these indices
in predicting operational impacts and, better still, select the best index for assessing the
roughness of airfield pavements.

With this background, the objective of the present work is to study the evaluation of the
roughness of the surface of runways at airports in the context of assessing their operational
condition and to determine the roughness characteristics that influence the response of
aircraft. Methodologically, this study first includes an overview of the indices that can be
used to assess the roughness of airfield pavements and then a comparative-correlation
analysis between these indices to determine whether they can capture the characteristics of
airfield pavement roughness. Roughness data of the flexible pavement along a runway of a
regional airport in southeast Europe were collected and used for the analysis.

Since the suitability of roughness indicators has not yet been clarified in the interna-
tional literature, the question arises for airport authorities as to which roughness index
is best suited to optimize the management of airport pavements for the benefit of airport
operations. The aim of this study is therefore to evaluate the effectiveness of the roughness
indices investigated and to make a recommendation for the best existing index for assessing
the roughness of airfield pavements.

2. Evaluation Methods
2.1. Roughness Indices

There are several indices that have been used worldwide for roughness assessment of
airfield pavements. In this section, the indices that have been used in the framework of the
present research are briefly presented. It is noted that all of these indices can be calculated
using ProFAA 3.0.2, a software that has been developed by FAA for roughness assess-
ment [8], in order to evaluate the pavement surface profile and the impact of roughness on
aircraft response. A profile is a two-dimensional slice of the road surface, taken along an
imaginary line [22]. If the line is following the road direction, the profile is determined as a
longitudinal profile [23].

It is noted that, according to the American Society of Testing and Materials’ (ASTM)
definition [24], roughness corresponds to the deviations of a pavement surface from a true
planar surface with characteristic dimensions that affect vehicle dynamics, ride quality,
dynamic loads, and drainage, for example, longitudinal profile, transverse profile, and cross
slope [22,23]. In the context of the present study, the collected roughness data correspond
to the longitudinal profile of an airfield pavement.

2.1.1. Boeing Bump Index (BBI)

BBI is an index that has been developed by the FAA and it is based on the Boeing
Bump Method (BBM) [25]. The basis of the BBM is to use a virtual straightedge between
two points on the longitudinal elevation profile of a runway and measure the deviation
from the straightedge to the pavement surface. The procedure reports “bump height”
as a maximum deviation from the straightedge to the pavement surface, while “bump
length” is the shortest distance from either end of the straightedge to the location where
the bump event is measured (Figure 1). The BBM considers maximum straightedge lengths
(wavelengths) up to 120 m.
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Figure 1. Schematic of bump height measurement [8].

According to the bump height and bump length of a single even bump, pavement
roughness can be evaluated as Acceptable, Excessive, or Unacceptable, as shown in Figure 2.
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Figure 2. Roughness evaluation for single event bump [8].

Since implementing the BBM to a pavement profile could be a time-consuming and
tedious task by evaluating each point in the profile for all possible straightedge lengths, the
FAA created the BBI. BBI is determined through the following steps:

(a) For a selected sample point in the profile, the bump height and bump length for all
straightedge lengths is computed;

(b) For each straightedge length, the limit of the acceptable bump height (upper limit of
the acceptable zone) for the computed bump length is computed;

(c) For each straightedge length, the ratio (measured bump height)/(limit of acceptable
bump height) is computed;

(d) Steps (a) through (c) are repeated for all sample points in the profile.

The BBI for the selected sample point is the largest of all values computed in step (c).

In terms of BBI value, a pavement can be classified according to its roughness as
belonging to acceptable, excessive, or unacceptable evaluation zone (Figure 3). It is noted
that the classification is based on the BBI and the bump length.

In case BBl is less than 1.0, roughness is evaluated as corresponding to the acceptable
zone, in which operations are acceptable for all aircraft. When BBI is greater than 1.0,
roughness belongs either to the excessive or even to the unacceptable zone. In the excessive
zone, immediate repair actions are recommended, since roughness of this magnitude may
affect the instrument control in the cockpit and consequently the safe operation of the
aircraft. Roughness in the unacceptable zone requires immediate closure of the pavement
and restoring roughness to an acceptable level. BBI is calculated automatically in ProFAA,
the software that has been developed by FAA for roughness assessment.



Infrastructures 2024, 9, 203

50f 17

1.800

1.600 s
1.400 (1

| | .
1.200 H\MH“ T T T T T T T
H! ‘ Excessive Zone

Unacceptable Zone

1,000 iiiH

0.800

0.600

Boeing Bump Index

Acceptable Zone
0.400

0.200

0.000
0.000 10.000 20.000 30.000 40.000 50.000 60.000

Bump Length (m)
Figure 3. Roughness acceptance criteria based on BBI [8].

2.1.2. International Roughness Index (IRI)

IRI is a mathematical representation of the accumulated suspension stroke of a vehicle,
divided by the distance traveled by the vehicle during a test. The IRI is calculated from a
measured longitudinal road profile using a quarter-car simulation and has units of slope
(Figure 4). The basis of the IRI development was the NCHRP project in the late 1970s,
described in the NCHRP report [26], and following standardization procedures of the World
Bank [27,28], during the International Road Roughness Experiment (IRRE) performed later
in Brazil [29].

Sprung
Mass, m,
k, g % Cs
Unsprung Speed
Mass, m,, V=80 km/h

Lp =250 mm

Figure 4. Quarter-car model [28].

The IRI index expresses the roughness that affects vehicle response and is useful when
relating roughness to the overall vehicle operating costs, ride quality, dynamic wheel loads,
and general road surface conditions. An IRI value of 0 m/km in a given sample interval
means that the pavement surface is rather flat. Theoretically there is no upper limit of IRI
values, although in practice values exceeding 8 m/km refer to road surfaces which are
impassable, except in cases where the movement speed is too low. For airport runways the
value of IRI ranges from approximately 0.5 to 2 m/km.

IRI has gained international recognition and acceptance for several reasons. In
particular, the IRI has become a standardized measure for evaluating the roughness
of road pavements that is used in various countries and by organizations such as the
World Bank and the American Association of State Highway and Transportation Offi-
cials (AASHTO). Its standardized methodology enables uniform comparisons of pave-
ment conditions across countries and regions, facilitating international studies and assess-
ments. Overall, the international dimension of the IRI is characterized by its widespread
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acceptance, its application in different contexts, and its role in improving global pavement
management practices [13-18,30].

The effectiveness of the IRI in evaluating road pavements has led to the index also
being used in many cases to evaluate the roughness of airfield pavements.

2.1.3. Straightedge (SE)

Physical straightedges are usually used for the roughness acceptance of new airfield
pavements. During implementation, a straightedge rests on the two highest points of the
pavement profile beneath the straightedge as shown in Figure 5. ProFAA simulates the
operation of the straightedge by setting one end of the straightedge on a specified profile
sample and computing the upper convex hull for all of the profile sample points within the
full length of the simulated straightedge. The two highest points in the convex hull become
the support points of the straightedge and define a straight line representing the bottom
edge of the simulated straightedge [12].

STRAIGHTEDGE

el T \\\ﬁ Upper convex
Maximum between hull
T the support points
Over the
full length

Figure 5. Simulation model of physical straightedge [12].

The vertical distance from the straight line representing the straightedge to each of
the profile measurement points below the straightedge is calculated. The maximum value
of all vertical distances is given as the maximum deviation from the straightedge over its
entire length. A second option allowed in ProFAA is to compute the maximum deviation
from the straightedge between the supports.

After estimating the maximum deviation for the first straightedge position along the
profile, the reference end of the straightedge is moved one sample point along the profile.
The maximum deviation is found, and the procedure is repeated until the specified index
length has been covered. The average value of the maximum deviations corresponds to
the index value over the specified length. The SE can be estimated for several straight-
edge lengths, while different criteria have been established according to the length. For
example, ICAO requires a straightedge of 3 m long and the deviation is measured over the
full length [21].

2.1.4. Root Mean Square Vertical Acceleration (RMSVA)

Roughness of airfield pavements can be assessed by simulating the movement of
the aircraft along the runway. By predicting the response of the aircraft to the recorded
pavement profile, areas of degraded roughness can be precisely found and ride quality can
be accurately quantified. The simulation may be performed for speeds between 10 and 200
knots. A speed of 20 knots is generally recommended for traffic on a taxiway and a speed
of 100 knots for runway traffic. Moreover, the aircraft response can be simulated for the
following representative commercial aircraft: Boeing 727 and Boeing 747 and Mcdonnell
Douglas DC 9 and DC 10. It is important to recognize that by simulating the motion of a
long-wheelbase aircraft and a short-wheelbase aircraft (e.g., Boeing 747 and Boeing 727),
different areas of roughness can be detected [31].

Based on the above, an index that is also used for roughness assessment of airfield pave-
ments is the Root Mean Square Vertical Acceleration (RMSVA). This index can be estimated
for the cockpit (RMSVA CP) and the aircraft center of gravity (RMSVA CG) using ProFAA [9].
According to NASA, it is suggested that the maximum vertical acceleration in the cockpit
should not exceed 0.40 g, relating it with the pilot complaints due to runway roughness.
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2.2. Research Methodology

For the present research, data collection was performed along a 2.3 km long runway’s
flexible pavement of a regional airport of southeastern Europe. To evaluate the functional
condition of the runway, roughness data were recorded using the Road Surface Profiler
(RSP) [32-34], which is a high-speed inertial measurement system (Figure 6).

Figure 6. Measurements on the runway using RSP.

For the selection of the measurements’ path, the guidelines of the FAA were considered.
According to FAA [8], measurements of runway surface profile must be performed along
the centerline of the runway and at lateral distances that approximate the paths of the
aircraft expected to use the airport. A lateral distance of about 3 m right and left of the
centerline can effectively address airplanes of Airplane Design Group (ADG) II and III,
while a lateral distance of about 5.2 m right and left of the centerline can address airplanes
of ADG IV, V and VL. On this basis, for the present investigation, measurements along the
centerline and at a lateral distance of 3 m (left and right of the centerline) were performed,
since it was assumed that most aircraft loads would occur in this area, according to the
available traffic data (Figure 7).

3m (left path)-

3m

3m (right path) -

2.3km >

Figure 7. Measurements’ paths.

The collected data were then analyzed in order to assess the roughness of the pave-
ments, based on several indices (IR, BBI, SE and RMSVA), along the three paths of the
measurements (left path, center path and right path). The estimation of the abovemen-
tioned indices was performed through ProFAA software, which has been developed by the
FAA. The analysis included an investigation of potential correlation between the calculated
indices, as shown in the methodology layout in Figure 8. By comparing the individual
indices for the measurements of the three paths, related results occur. In order to correlate
the indices, linear regression analysis and the coefficient of determination R? were used.
Moreover, the significance of the differences of the same index between measurements of
the three paths was checked using ¢-test analysis.
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Figure 8. Methodology layout.

3. Results and Discussion
3.1. Estimation of IRI, BBI, SE and RMSVA CP

In the framework of the present investigation the data occurring from roughness
measurements were further analyzed in order to calculate several roughness indices that
are used for roughness assessment of airfield pavements. On this basis, the entire length of
the runway pavement was divided into 51 subsections of the same length (reference length:
45 m), following the procedure implemented by ProFAA, where a minimum section length
of 30 m may be considered. With this in mind, the reference section of 45 m was considered
as a weighted value, taking into account the different wavelengths that can be captured
through the investigated roughness indexes. The outcome of the analysis is presented in
Figure 9 for the three paths of the measurements. Figure 9a—d presents the IRI, BBI, SE, and
RMSVA CP values, respectively.

According to Figure 9a, IRI presents relatively reasonable values for a runway’s
pavement, ranging from 0.5-2.5 m/km. As seen in Figure 9b, BBI presents measurement
values of less than one for all paths, which is the limit of the acceptable range. This indicates
that the condition of the runway can be characterized as good. Moreover, considering SE,
the majority of the observed values are below 3 mm, which corresponds to the criteria
specified by ICAO for a straightedge length of 3 m that has been used in the analysis. The
results of the simulation of the aircraft response (at the cockpit) for the recorded pavement
profiles are presented in Figure 9d. For the analysis aircraft, Boeing 727 with a speed of
100 knots was considered. From the RMSVA CP reasonable values, it occurs that the surface
condition of the runway is satisfactory.

In order to check the significance of the differences of each index for left, center, and
right paths, a t-test statistical analysis of paired observations was performed. By using this
test, it can be checked whether a sample parameter (for example the mean value) satisfies
a hypothesis against an alternative hypothesis. Initially, the null hypothesis is formed, in
which the difference of the mean values of an index for two paths is equal to zero. The
alternative hypothesis considers that the above difference is not equal to zero. In order to
accept the null hypothesis, the critical value (t.ticq) must be greater that the statistic value
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(tstat), i-e., |tstat | < teritical- The results of the t-test analysis for all indices are presented

in Table 1.
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Figure 9. (a) IRI, (b) BBI, (c) SE, and (d) RMSVA CP (for left, center and right path).
Table 1. T-test results.
Index Index (Path) | tstat | teritical Null Hypothesis
BBI (left)-BBI (center) 0.201 2.009 Accepted
BBI BBI (center)-BBI (right) 2171 2.009 Rejected
BBI (left)-BBI (right) 2.122 2.009 Rejected
IRI (left)-IRI (center) 2.226 2.009 Rejected
IRI IRI (center)-IRI (right) 0.719 2.009 Accepted
IRI (left)-IRI (right) 2.380 2.009 Rejected
SE (left)-SE (center) 2.958 2.009 Rejected
SE SE (center)-SE (right) 3.215 2.009 Rejected
SE (left)-SE (right) 0.939 2.009 Accepted
RMSVA CP (left)-RMSVA CP (center) 0.240 2.009 Accepted
RMSVA CP RMSVA CP (center)-RMSVA CP (right) 2412 2.009 Rejected
RMSVA CP (left)-RMSVA CP (right) 2.667 2.009 Rejected

The results show that for the pair of BBI values of the left and center paths, the null
hypothesis is accepted, while for the other two pairs it is not accepted. Therefore, it appears
that the differences in the BBI values of the left and center path are not significant, while
the differences in the BBI values of the center and right path and of the left and right paths
are important. As far as IRI is concerned, ¢-test analysis showed that only the difference in
the IRI values between the center and right paths are not significant. Considering the SE
index, it is observed that the differences in the SE values between the left and right paths
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are not significant. Moreover, it appears that the differences in the RMSVA CP values of the
left and center path are not significant, which coincides with the trend of the BBI value.

3.2. Comparative Analysis of BBI, IRI, SE

Since the indices presented significant differences between different paths, the compar-
ative analysis of the indices was performed for each path separately. For practical reasons,
in the framework of the present work, comparative charts of the indices for only one path
(left path) are indicatively presented, while total results for all paths follow.

Figure 10 shows the comparison between the SE and IRI, Figure 11 shows the compar-
ison between the SE and BBI and Figure 12 shows the comparison between the BBI and IRL
In Figure 10 it can be seen that the SE index results follow almost the same trend as the IRI
results. In Figures 11 and 12 it is observed that in sections 33-35 there is a relatively large
increase in the value of BBI, which is not depicted through the values of IRI and SE.

<-SE -+ IRI
4.0 3
3.5 .
2.5
3.0 N
. . - 2
25 1 - 1 —
z o e
] ® &
E20 1.5 8
m =
zZ =

st

v,hf Ve 0.5

0.0 0
1 357 9111315171921232527293133353739414345474951

Runway sections

Figure 10. SE and IRI comparison (left path).

~-SE -=-BBI

5.0 0.6

45

- 05

35 0.4
230
Eas 033
= =
ZEN

13 02

1.0 0.1
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1 357 9111315171921232527293133353739414345474951
Runway sections

Figure 11. SE and BBI comparison (left path).
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Figure 12. IRI and BBI comparison (left path).

Figures 13-15 present the results of the linear regression between SE-IRI, SE-BBI,
and IRI-BBI for the left path, respectively. Moreover, the values of the coefficient of
determination R? are also presented. The corresponding results for each individual path
and for all paths together are presented in Table 2.

3.5
v = L0435x + 00731
]-I} Rz ﬂ.qz o
L
L
2.5 8 .
L
&
= 2.0 s
g s
23] ’ * .
e 1.5 =
L :
:
1.0 ™ i
N
¥ -
0.5
0.0
0.0 0.5 1.0 1.5 20 2.5 30

IRI im/km)

Figure 13. Correlation between SE and IRI (left path).
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Table 2. Values of R? for linear regression analysis between SE-IRI, SE-BBI, and IRI-BBI for all paths.

SE-IRI SE-BBI IRI-BBI
Left path 0.92 0.43 0.53
Center path 0.83 0.18 0.37
Right path 0.77 0.10 0.23
All paths 0.84 0.19 0.35

From Table 2 it is observed that IRI has a very good correlation with SE and especially
for the left path it has a very high correlation. This occurs because the IRI is mainly affected
by the smaller wave lengths of 1.3-30 m. The BBI has a low correlation with SE except for
the left path, for which it has a moderate correlation. This may happen due to the fact that
the BBI is more affected by the larger wave lengths and not so much by the smaller ones
that may affect the SE. It is noted that the estimation of the BBI is based on the procedure
presented in Section 2.1.1, which includes straightedge lengths up to 120 m, while for the SE
a straightedge length of 3 m has been used. Moreover, BBI has a relatively better correlation
with IRI than with SE but not a satisfactory one.
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3.3. Comparison Between RMSVA CP and RMSVA CG

In terms of the present analysis, the RMSVA index was also considered for expressing
the aircraft response due to pavement roughness. Since this index is estimated both for the
cockpit (RMSVA CP) and the center of gravity of the aircraft (RMSVA CG), a comparison
between the two indices was initially performed. Figure 16 shows a comparison between
the results of the vertical acceleration in the cockpit and the center of gravity of the aircraft
Boeing 727 at a speed of 100 knots for the left path of the measurements. It is observed that
the RMSVA CP values are greater than the RMSVA CG values. This shows that the cockpit
compartment is more sensitive to the effects of roughness than the passenger cabin area,
which reinforces the finding that roughness on airfield pavements is more related to flight
safety than to passenger comfort.

-#-Center of gravity -#Cockpit
0.25

0.20

RMSVA (g)
= <
= &

0.05

0.00
1 357 9111315171921232527293133353739414345474951

Runway sections

Figure 16. Comparison of RMSVA for center of gravity and cockpit, Boeing 727 speed 100 knots
(left path).

A linear regression was then performed between the RMSVA CP results and the
RMSVA CG for all three paths of measurements. As shown in Figure 17 there is a good
correlation (RZ = 0.74) between the two indices. It also transpires that the values of the
RMSVA CP are about 2.3 times greater than the values of the RMSVA CG.
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2 oo @
3 e .
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Figure 17. Results of liner regression between RMSVA CP and RMSVA CG (all paths).
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It is noted that the RMSVP CP index was selected for the comparative analysis with
BBI and IRI index, since it is believed that it consists of the critical vertical acceleration
index of the aircraft response.

3.4. Comparative Analysis of BBl and IRI with RMSVP CP

A comparison of the BBI and IRI results with the aircraft response simulation results
(RMSVA CP) is then made (Figure 18). As shown in Figure 18a, the vertical acceleration
presents a similar trend with BBL. However, according to Figure 18b, in the region where
the vertical acceleration presents a peak value (marked with a red circle), IRI presents a
relatively low value, which indicates that IRI cannot identify this event. On the other hand,
for the same region, BBI identifies the area of poor aircraft response (marked with a red
circle), as shown in Figure 18a.

BBl --RMSVA CP --IRI  <-RMSVA CP
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< v 2
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1357 9111315171921232527293133353739414345474951 1357 9111315171921232527293133353739414345474951
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Figure 18. Comparison of: (a) BBl and RMSVA CP (left path), (b) IRl and RMSVA CP (left path).

Figure 19 presents the correlation of BBI and IRI with the RMSVA CP for the left path,
while Table 3 summarizes the values of the coefficient of determination R? from the linear
regression of the corresponding indices, for each path individually, and also for the three

paths together.
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Figure 19. Correlation between: (a) BBI and RMSVA CP (left path), (b) IRI and RMSVA CP (left path).
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Table 3. Values of R? for linear regression analysis between BBI-RMSVA CP and between IRI-RMSVA
CP for all paths.

BBI-RMSVA CP IRI-RMSVA CP
Left path 0.44 0.39
Center path 0.54 0.52
Right path 0.47 0.18
All paths 0.48 0.36

Both Figure 19 and Table 3 show that both indices (BBI and IRI) do not correlate
particularly well with RMSVA CP for all paths although BBI generally has a better, but not
satisfactory, correlation.

4. Conclusions

From the present study, it is clear that there are several indices for evaluating the
roughness of airfield pavements which can provide engineers with different information
about the actual condition of the pavement. In general, the IRI represents the simulation of
the response of a single vehicle suspension system. In this case, the results have shown that
the IRI analysis is not representative of the aircraft response and that it does not detect the
longer waves that are important for the aircraft response. Thus, the present study confirms
that IRI analysis is not recommended for use on airfield pavements, as also shown by
international research and related experiences [11].

In particular, SE showed a very high correlation with IRI, indicating that IRI is mainly
affected by smaller wavelengths, but SE showed a low correlation with BBI, indicating that
BBl is not particularly affected by the smaller wavelengths. It is suggested that SE could be
useful for evaluating new pavements (where long waves have not yet been generated by
aircraft operations), but due to its limited size, it appears that it cannot detect all waves
that affect aircraft responses.

On the other hand, BBI detects areas of degraded roughness mainly due to longer
wavelengths but does not correlate particularly well with aircraft response. Since this
indicator only evaluates the wavelength and width of an event, it can only evaluate one
event/incident at a time. However, the poor aircraft response may be due to a series of
consecutive events, any one of which could be deemed acceptable by BBI.

It should be noted that the results of the present study are based on measurements
taken once on a specific runway, using the procedures described in [31] in order to achieve
the highest possible accuracy. Furthermore, it is assumed that possible deviations of the
measured surface profile resulting from the repetition of roughness measurements would
not change the results of the present study. This aspect is based on the fact that all the
indices used depend on the measured profile and are not measured independently, so it is
assumed that the study of the correlation between them is not affected by any inaccuracies
in the measurements.

All the above conclusions are consistent with the results of previous studies, also
referred to in this paper, and produce evidence in support of the statement that the BBI can
be considered the most efficient index for assessing the roughness of airfield pavements
to date. However, there are some issues that limit its effectiveness as mentioned above.
For this reason, it is felt that new indexes related to aircraft response under real operating
conditions should be incorporated in practical evaluation tools. In this direction, further
consideration must be given to the real-world nature of aircraft movement, as aircraft
typically move at a wide range of speeds during takeoff and landing, not only accelerating
but also decelerating. To this end, relevant research is currently underway [35] which also
considers the assessment of roughness in the presence of multiple bumps. Furthermore,
the analysis of pavement roughness using various indices is crucial for decision-making
in airfield management. If decision makers rely on a particular roughness index, they
may overlook the nuances that other indices present. For example, if two sections are
classified as “acceptable” based on one index, but one has a significantly poorer ride quality
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according to another index, this may lead to inappropriate prioritization for maintenance
or rehabilitation. It is therefore considered that the use of a multi-index approach could
facilitate the assessment of airfield pavements. This can help us to make more informed
decisions that take into account different aspects of pavement quality. To achieve this,
the implementation of emerging technologies [36,37] can optimize the airfield pavement
surface monitoring procedures.

Author Contributions: Conceptualization, A.A., C.P. and A.L.; data curation, A.A., C.P.and AL,
analysis and interpretation of results: A.A. and C.P.; writing original draft/writing review and editing:
A.A, CP.and A.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to confidentiality issues.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jackman, F. Nearly half of commercial jet accidents occur during final approach landing. AeroSafety World 2014, 9, 45-47.

2. SKYbrary. Approach and Landing Accidents (ALA). Available online: https:/ /skybrary.aero/articles/approach-and-landing-
accidents-ala (accessed on 10 September 2024).

3. Airbus. Accidents by Flight Phase. Available online: https:/ /accidentstats.airbus.com/accidents-by-flight-phase/ (accessed on
10 September 2024).

4. Naseri, H.; Jahanbakhsh, H.; Foomajd, A.; Galustanian, N.; Karimi, M.; Waygood, E. A newly developed hybrid method on
pavement maintenance and rehabilitation optimization applying Whale Optimization Algorithm and random forest regression.
Int. |. Pavement Eng. 2022, 24, 2147672. [CrossRef]

5. Shokoohi, M.; Golroo, A.; Ardeshir, A. Pavement maintenance planning using a risk-based approach and fault tree analysis. Int. J.
Pavement Eng. 2023, 24, 2276160. [CrossRef]

6. Llopis-Castelld, D.; Garcia-Segura, T.; Montalban-Domingo, L.; Sanz-Benlloch, A.; Pellicer, E. Influence of Pavement Structure,
Traffic, and Weather on Urban Flexible Pavement Deterioration. Sustainability 2020, 12, 9717. [CrossRef]

7. Bhandari, S.; Luo, X.; Wang, F. Understanding the effects of structural factors and traffic loading on flexible pavement performance.
Int. ]. Transp. Sci. Technol. 2023, 12, 258-272. [CrossRef]

8.  FAA (Federal Aviation Administration). Guidelines and Procedures for Measuring Airfield Pavement Roughness; Advisory Circular
AC 150/5380-9; U.S. Department of Transportation: Washington, DC, USA, 2009.

9.  Duran, ].B.C.; Fernandes Junior, J.L. Airport pavement roughness evaluation based on cockpit and center of gravity vertical
accelerations. Transportes 2020, 28, 147-159. [CrossRef]

10. Merighi, J.; Uddin, W. Influence of airfield pavement roughness and ponding on gear life and safety of commercial aircraft.
In Proceedings of the 10th International Conference on the Bearing Capacity of Roads, Railways and Airfields (BCRRA),
Athens, Greece, 28-30 June 2017; pp. 1773-1781. [CrossRef]

11.  Loprencipe, G.; Zoccali, P. Comparison of methods for evaluating airport pavement roughness. Int. J. Pavement Eng. 2017, 20,
782-791. [CrossRef]

12.  Song, I.; Hayhoe, G. Airport Pavement Roughness Index Relationships Using the Federal Aviation Administration (FAA)
Profiling System. In Proceedings of the Airfield and Highway Pavements Specialty Conference 2006, Atlanta, GA, USA,
30 April-3 May 2006; pp. 741-752. [CrossRef]

13.  Emery, S.; Hefer, A.; Horak, E. Roughness of Runways and Significance of Appropriate Specifications and Measurement.
In Proceedings of the Conference on Asphalt Pavements for Southern Africa, Sun City, South Africa, 16-19 August 2015.

14.  Advisory Circular (AC) No. 302—-023; Measurement and Evaluation of Runway Roughness. Transport Canada: Ottawa, Canada,
2016.

15. De Luca, M. Evaluation of Runway Bearing Capacity using International Roughness Index. Transp. Res. Procedia 2020, 45, 119-126.
[CrossRef]

16. Di Graziano, A.; Ragusa, E.; Marchetta, V.; Palumbo, A. Analysis of an Airport Pavement Management System during the
Implementation Phase. KSCE . Civ. Eng. 2021, 25, 1424-1432. [CrossRef]

17. Major, W.L.; Matthew, ].K.; Hubbard, S.M.; Bullock, D.M. Evaluation of Opportunities for Connected Aircraft Data to Identify
Pavement Roughness at Airports. Coll. Aviat. Rev. Int. 2018, 36, 18-32. Available online: http://ojs.library.okstate.edu/osu/index.
php/CARI/article/view /7411 (accessed on 10 September 2024). [CrossRef]

18. Di Mascio, P.; Moretti, L. Implementation of a pavement management system for maintenance and rehabilitation of airport
surfaces. Case Stud. Constr. Mater. 2019, 11, e00251. [CrossRef]

19. Chen, Y.; Chou, C. Assessment of Aircraft’s Vertical Responses to Develop the Roughness Evaluation Index for Airport Pavement.

In Proceedings of the FAA Worldwide Airport Technology Transfer Conference, Atlantic City, NJ, USA, 18-21 April 2004.


https://skybrary.aero/articles/approach-and-landing-accidents-ala
https://skybrary.aero/articles/approach-and-landing-accidents-ala
https://accidentstats.airbus.com/accidents-by-flight-phase/
https://doi.org/10.1080/10298436.2022.2147672
https://doi.org/10.1080/10298436.2023.2276160
https://doi.org/10.3390/su12229717
https://doi.org/10.1016/j.ijtst.2022.02.004
https://doi.org/10.14295/transportes.v28i1.1932
https://doi.org/10.1201/9781315100333-253
https://doi.org/10.1080/10298436.2017.1345554
https://doi.org/10.1061/40838(191)63
https://doi.org/10.1016/j.trpro.2020.02.096
https://doi.org/10.1007/s12205-021-1884-x
http://ojs.library.okstate.edu/osu/index.php/CARI/article/view/7411
http://ojs.library.okstate.edu/osu/index.php/CARI/article/view/7411
https://doi.org/10.22488/okstate.18.100488
https://doi.org/10.1016/j.cscm.2019.e00251

Infrastructures 2024, 9, 203 17 of 17

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.
33.

34.

35.

36.

37.

Tian, Y,; Liu, S.; Liu, L.; Xiang, P. Optimization of International Roughness Index Model Parameters for Sustainable Runway.
Sustainability 2021, 13, 2184. [CrossRef]

ICAO. International Standards and Recommended Practices, Aerodromes, Annex 14 to the Convention on Civil Aviation.
In Aerodrome Design and Operations, 3rd ed.; International Civil Aviation Organization: Montréal, Canada, 2004; Volume 1.
Sayers, M.W.; Karamihas, S.M. The Little Book of Profiling: Basic Information about Measuring and Interpreting Road Profiles; Regent of
the University of Michigan: New York, NY, USA, 1998.

Lenkutis, T.; Cerskus, A.; Sesok, N.; Dzedzickis, A.; Buginskas, V. Road Surface Profile Synthesis: Assessment of Suitability for
Simulation. Symmetry 2021, 13, 68. [CrossRef]

ASTM E867-06 (2020); Standard Terminology Relating to Vehicle-Pavement Systems. American Society for Testing and Materials
International: West Conshohocken, PA, USA, 2020.

BCAG (Boeing Commercial Airplane Group). Runway Roughness Measurement Quantification and Application—The Boeing Method,;
Document: D6-81746; Airport Technology Organization: Seattle, DC, USA, 2002.

Gillespie, T.D.; Sayers, M.W.; Segel, L. Calibration of Response-Type Road Roughness Measuring Systems; Report 228; National
Cooperative Highway Research Program: Washington, DC, USA, 1980.

Sayers, M.W.; Karamihas, M. Interpretation of Road Roughness Profile Data; Final Report; Federal Highway Administration:
Washington, DC, USA, 1996.

Sayers, M.W. On the Calculation of IRI from Longitudinal Road Profile. Transp. Res. Rec. 1501 1995, 1-12.

Sayers, M.; Gillespie, T.; Queiroz, C. WTP-45: The International Road Roughness Experiment. Establishing Correlation and a Calibration
Standard for Measurements; The World Bank: Washington, DC, USA, 1986.

Gharieb, M.; Nishikawa, T.; Nakamura, S.; Thepvongsa, K. Modeling of pavement roughness utilizing artificial neural network
approach for Laos national road network. J. Civ. Eng. Manag. 2022, 28, 261-277. [CrossRef]

van Gelder, P.A ; Stet, M.J.A. Evaluation Methods for Longitudinal Evenness of Runway Pavements; Report NLR-TP-2009-190; National
Aerospace Laboratory NLR: Amsterdam, The Netherlands, 2009.

Dynatest. 5051 Mark I1I/IV, Road Surface Profiler, Test Systems, Owner’s Manual version 2.3.4; Dynatest: Ballerup, Denmark, 2007.
ASTM E950/E950M-22; Standard Test Method for Measuring the Longitudinal Profile of Traveled Surfaces. American Society for
Testing and Materials International: West Conshohocken, PA, USA, 2022.

EN 13036-5:2019; Road and Airfield Surface Characteristics. Test Methods. Determination of Longitudinal Unevenness Indices.
European Committee for Standardization: Brussels, Belgium, 2019.

Gerardi, T.; Gerardi, M. Method to Identify and Quantify Multiple Event Roughness; Report DOT/FAA /TC-23/09; Federal Avi-
ation Administration, William J. Hughes Technical Center, Aviation Research Division, Atlantic City International Airport:
Egg Harbor Township, NJ, USA, 2023.

Zhao, T.; Yang, L.; Xie, Y.; Ding, M.; Tomizuka, M.; Wei, Y. RoadBEV: Road Surface Reconstruction in Bird’s Eye View. IEEE Transac.
Intell. Transp. Syst. 2024, 25, 19088-19099. [CrossRef]

Zhao, T.; Xie, Y,; Ding, M,; Yang, L.; Tomizuka, M.; Wei, Y. A road surface reconstruction dataset for autonomous driving. Sci. Data
2024, 11, 459. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/su13042184
https://doi.org/10.3390/sym13010068
https://doi.org/10.3846/jcem.2022.15851
https://doi.org/10.1109/TITS.2024.3431671
https://doi.org/10.1038/s41597-024-03261-9
https://www.ncbi.nlm.nih.gov/pubmed/38710687

	Introduction 
	Evaluation Methods 
	Roughness Indices 
	Boeing Bump Index (BBI) 
	International Roughness Index (IRI) 
	Straightedge (SE) 
	Root Mean Square Vertical Acceleration (RMSVA) 

	Research Methodology 

	Results and Discussion 
	Estimation of IRI, BBI, SE and RMSVA CP 
	Comparative Analysis of BBI, IRI, SE 
	Comparison Between RMSVA CP and RMSVA CG 
	Comparative Analysis of BBI and IRI with RMSVP CP 

	Conclusions 
	References

