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Abstract
The variability in ground manoeuvre occurrences for aircraft landing gear is intrinsically linked to the airport
geometries served by aircraft in-service and consequently, the cyclic loads that landing gear carry are driven by
the route network and characteristics of aircraft operators. Currently, assumptions must be made when deriving
fatigue load spectra for aircraft landing gear, which may fail to capture the operator characteristics, potentially
leading to design conservatism. This paper presents the enhanced characterisation of ground turning manoeuvres
within the Automatic Dependent Surveillance-Broadcast (ADS-B) trajectories for six narrow-body aircraft across a
full-service carrier (FSC) and a low-cost carrier (LCC) fleet. The methodology presented within this paper employs
ADS-B latitude and longitude information to overcome limitations of previous approaches, increasing the rate of
correct manoeuvre identification within ADS-B trajectories to 77% of flights from the 50% rate achieved previously.
When characterising the ground manoeuvres across 3,000 flights, significant differences in manoeuvre occurrences
were observed between individual aircraft within the LCC fleet and between the FSC and LCC fleets. The occur-
rence of tight and pivot turns were shown to vary across the six aircraft with six and eight fatigue-critical turns being
performed by the FSC and LCC fleet for every 10 flights performed. In addition, it was observed that the direction
of fatigue critical turns is biased in specific directions, suggesting that individual main landing gear assemblies will
accumulate fatigue damage at an increased rate, leading to greater justification for operator-specific spectra and
structural health monitoring of aircraft landing gear.

Nomenclature
ADS-B automatic dependent surveillance-broadcast
FAA Federal Aviation Administration
FSC full service carrier
GPS Global Positioning Systems
LCC low-cost carrier
NT total number of taxi turns
Ravg average estimated turn radius
ULCC ultra-low-cost carrier

Greek symbol
α bearing between two ADS-B position reports
�α change in bearing between three consecutive ADS-B position reports
�d distance between two ADS-B position reports

This paper is a version of a presentation given at the 8th Aircraft Structural Design Conference held in October 2023.
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�t time between two ADS-B position reports
�θs,max maximum spatial turn rate observed during turn

1.0 Introduction and background
Within the fatigue design of aircraft landing gear, the various cyclic loads that the landing gear is sub-
jected to during taxi must be accounted for within the assumed loading spectrum [1–3]. Such spectra
must account for the occurrence and repetition of different types of ground manoeuvre (e.g. turns,
pivoting and braking) along with the loading magnitude associated with each manoeuvre [4–6].

Prior work has highlighted that there is significant variability within ground manoeuvres performed
by civil aircraft in-service, both in terms of manoeuvre occurrence [6] and loading magnitude [7].
However, the current construction of load spectra during landing gear fatigue design requires assump-
tions to be made regarding the occurrence of ground manoeuvres and are also typically based on average
values of ground manoeuvre occurrences, rather than representing the full variability in manoeuvre
occurrence [3, 6, 8, 9]. Such assumptions in load spectra need to be validated and challenged to support
the design of more efficient landing gear assemblies which also retain their structural integrity in-service.

The source of the variability in landing gear ground manoeuvre occurrences is the taxi routes that
aircraft perform at airports. Such taxi routes vary from flight-to-flight due to airport geometry, active
runway direction, local air traffic procedures and the aircraft operator’s typical gate/stand locations [6].
As a result, the ground manoeuvres an aircraft performs are inherently tied to the aircraft operator, as this
dictates the route network for the aircraft along with parking locations at departure and arrival airports.

Recently, trajectories from in-service aircraft derived from air traffic data have been used to identify
the significant variability in the ground manoeuvres of the global fleet of wide-body aircraft [6]. This
paper intends to extend this prior work through exploring the feasibility of tracking individual aircraft
ground manoeuvres over a series of consecutive flights, in order to assess the airframe-level ground
manoeuvre variability, along with comparing how ground manoeuvre occurrences vary between differ-
ent aircraft operators. Through better understanding the ground manoeuvres performed by individual
operators, it is proposed that dedicated and better-informed fatigue load spectra could be defined, poten-
tially reducing the conservatism present in existing spectra. A challenge of the conservatism could lead
to future structural assemblies with reduced mass or longer service life [10]. Such an investigation will
also provide data and results that can support the growing interest in the structural health monitoring of
individual landing gear assemblies [3, 11–18].

2.0 Landing gear ground manoeuvre occurrence identification methodology
The exploitation of ‘real-time’ and historic aircraft trajectories derived from crowd-sourced air traffic
data has become a significant tool across the research areas of airborne and ground air traffic manage-
ment [19, 20], aircraft emissions [21] and aerospace system design [6]. The most common source of
air traffic data is automatic dependent surveillance-broadcast (ADS-B) transmissions, now mandated in
many civil aircraft [22], which provides aircraft position reports (latitude, longitude and altitude) at a
maximum frequency of two broadcasts a second [23]. When captured by ground-based receivers and
collated into repositories such as Flightradar24 [24] and the OpenSky Network [25], historic ADS-B
trajectories for individual aircraft and flights are then available. Due to the reliance of ground-based
receivers, each repository has differing levels of coverage for airport ground operations. In addition,
the temporal resolution of datasets from different ADS-B repositories can vary due to differing data
processing and storage approaches. ADS-B data can also contain positional errors as discussed by
Ali et al. [26].

Within the focus of aerospace fatigue design and structural health monitoring, ADS-B has previously
been employed to characterise the variability in training helicopter manoeuvres [27], provide health
monitoring of helicopter gearboxes [28] and to characterise the variability in wide-body aircraft landing
gear ground manoeuvres [6]. There is also the future ambition to explore the use of remote sensing of
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Figure 1. Example of (a) pre-takeoff and (b) post-landing taxi routes from ADS-B trajectories.
ADS-B data from Flightradar24 [24]. Map data from OpenSteetMap (https://www.openstreetmap.org/
copyright).

airframe accelerations and loads via ADS-B to support structural health monitoring of aircraft structures
[29, 30].

An example of the taxi routes derived from an ADS-B trajectory is shown in Fig. 1 for the pre-
takeoff taxi at the departure airport and the post-landing taxi at the arrival airport. It can be observed
from Fig. 1 that there are sufficient ADS-B transmission data points to visually identify the taxi routes,
from pushback to runway entry and runway exit to the final turn onto stand.

As shown in Fig. 1, ADS-B trajectories can provide sufficient resolution of the aircraft taxi route
performed during a flight to manually and visually identify the ground manoeuvres performed. Prior
work has detailed a framework and rule-based methodology to automatically identify aircraft ground
manoeuvres from ADS-B trajectories [6]. The existing methodology identifies the changes in aircraft
track angle and speed between consecutive ADS-B transmissions and through a series of conditional
statements and grouping of consecutive identical changes in the aircraft trajectory extracts, turning and
deceleration manoeuvres [6].

However, a number of limitations of the algorithm were identified previously, along with their
proposed mitigation [6]. A significant limitation highlighted was the reliance on aircraft track for iden-
tifying turn direction, especially where ADS-B data was intermittent, missing or noisy and the use of
latitude and longitude information was proposed as an alternative [6]. Characterisation of ground turn-
ing manoeuvres is of vital importance within landing gear fatigue design, as the lateral and torsional
loads applied during turns are considered fatigue-critical design conditions [8]. Therefore, inclusion
of ‘tight’ or pivoting turns into the fatigue spectra is especially important, along with turn ‘reversals’
(e.g. a left turn immediately followed by a right turn), due to their increased cyclic loading magnitudes
[1, 4, 6]. Consequently, exploration of how ground turn characterisation from ADS-B trajectories can
be enhanced, both in terms in robustness and extracted information was considered.

2.1 Enhanced turn manoeuvre characterisation
Within the ADS-B trajectory for a given flight, the aircraft’s latitude and longitude position will be
reported during the taxi phase, as shown previously in Fig. 1. Between two consecutive ADS-B trans-
missions, the bearing and distance between the two aircraft positions, as defined using GPS latitude and
longitude, can be computed. The definition of the bearing between two latitude and longitude positions
is shown in Fig. 2.
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Figure 2. Definition of bearing between ADS-B trajectory points and turn direction iden-
tification. ADS-B data from Flightradar24 [24]. Map data from OpenSteetMap (https://www.
openstreetmap.org/copyright).

Rather than relying on the reported aircraft track, the change in the bearing between three sets of con-
secutive latitude and longitude positions are used to identify if a left or right turn is being performed,
as shown in Fig. 2. The ADS-B ground trajectory is then worked through, point-by-point, and consec-
utive positions with the same turning direction are grouped together. Any identified turns < 10◦ were
assumed to be positions of straight taxiing, as prior work demonstrated that deviations of up to 2◦ were
observed during straight taxiing [6]. In addition, airport geometries typically employ taxiway turns of
30◦, 45◦, 60◦, 90◦, 120◦, 135◦ and 150◦ [31], resulting in the selection of a > 10◦ turn threshold providing
discrimination between straight taxiways and typical taxiway turn angles. ADS-B trajectories have been
shown to demonstrate significant noise when the aircraft is stationary [6] and consequently, zero-speed
trajectory points are also removed from the dataset.

The use of latitude, longitude and bearing information, rather than the reported aircraft heading to
identify turn direction also permits two limitations of the prior algorithm to be overcome. Firstly, the
original track-based algorithm could identify ‘false’ turns due to noisy ADS-B data, where the aircraft
would rapidly jump to another taxiway location, prior to returning to the actual ground trajectory (see
Fig. 3) [6]. In order to filter out such occurrences, the distance between consecutive latitude and longitude
positions were compared to the expected distance travelled by the aircraft based on its current ground
speed. Any ADS-B position reports with a disagreement greater than a factor of 2 between the observed
and estimated distances was removed from the trajectory.

The prior algorithm also failed to identify S-turn reversals when there were insufficient ADS-B tra-
jectory data points to map out the two consecutive turns (see Fig. 4) [6]. Therefore, it was defined that
if a turn was identified via bearing change between two latitude and longitude positions and that the
bearing change between the preceding and following straight taxi elements was < 10◦ that an S-turn had
been performed, as shown in Fig. 4.

Finally, the bearing change between latitude and longitude positions was employed to identify the
end of the aircraft pushback. Manual identification of pushbacks within trajectories highlighted that
the end of the pushback would be marked by a single bearing change between consecutive latitude and
longitude positions in excess of 60◦, as shown in Fig. 5. As a result, the single ADS-B trajectory point in
the pre-takeoff taxi phase displaying such a bearing change was marked as the pushback apex, and any
turning manoeuvres preceding the pushback apex were relabelled as turns occurring during pushback.
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Figure 3. Example of an erroneous ADS-B trajectory position. ADS-B data from Flightradar24 [24].
Map data from OpenSteetMap (https://www.openstreetmap.org/copyright).

Figure 4. S-turn identification with missing ADS-B trajectory positions. ADS-B data from
Flightradar24 [24]. Map data from OpenSteetMap (https://www.openstreetmap.org/copyright).

2.1.1 Characterisation of tight and pivot turns
As highlighted in Section 2, landing gear ground turning manoeuvres must be characterised into normal
taxiway turns and those involving ‘tight’ or ‘pivot’ turns, in which typically the aircraft will turn with one
of the main landing gear remaining near stationary [1, 4]. The transition to identifying turns via latitude
and longitude position changes permitted additional parameters relating to each turn to be computed, as
visualised in Fig. 6:

• Mean and maximum temporal turn rate (deg/s)
• Mean and maximum spatial turn rate (deg/m)
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Figure 5. Identification of pushback apex. ADS-B data from Flightradar24 [24]. Map data from
OpenSteetMap (https://www.openstreetmap.org/copyright).

Figure 6. Definition of turn characteristics. ADS-B data from Flightradar24 [24]. Map data from
OpenSteetMap (https://www.openstreetmap.org/copyright).

• Turn radius estimated via turn path distance (m)
• Turn radius estimated via distance between turn entry and exit (m)

The radius of a turn could be approximated through assuming that all turns took a circular profile,
and the computed distance represented the fraction of the circumference in the same ratio as the total
turn angle to 360◦. It was found that estimating the radius via turn path distance was suitable for turns
with multiple ADS-B trajectory points and typically of 90◦, whilst the radius estimation via the entry-
exit distance was required for small angle turns or those without a large number of reported positions.
Therefore, the average estimated turn radius was also computed using the turn path and entry and exist
distance values.
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Figure 7. Example of a known pivot turn. ADS-B data from Flightradar24 [24]. Map data from
OpenSteetMap (https://www.openstreetmap.org/copyright).

Figure 8. Variability in (a) maximum spatial turn rate and (b) average estimated turn radius Ravg for
standard, tight and pivot turns.

In order to automatically characterise tight and pivot turns within the ADS-B trajectories, 20 ADS-B
trajectories containing the following manoeuvres, known to result in tight turns, were selected and the
turn parameters computed for each relevant turn:

• Runway pivot turns after runway backtrack (see Fig. 7)
• Tight runway entry turns (typically as the final element of a standard taxiway turn)
• Tight turn onto stand manoeuvres

The variability in each of the turn parameter values was characterised using a Log-Normal distribu-
tion due to the observed right-tail skew in the values and potential for zero-thresholds for pivot turn radii
and near-zero turn rates for shallow/wide turns. The turn parameters that provided the greatest separa-
tion between standard, tight and pivot turns were found to be the maximum spatial turn rate ‘�θs,max’
and average estimated turn radius ‘Ravg’, as shown by the distributions in Fig. 8.
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Figure 9. Regions for known standard, tight and pivot turns based upon 5th and 95th �θs,max and Ravg

percentiles.

Employing the 5th and 95th percentiles of each distribution permitted definition of the turn character-
isation space shown in Fig. 9. For example, the bounding box for tight turns shown in Fig. 9 is given by
the percentile values derived from the Log-Normal distributions:

• �θs,max 5th Percentile value: 2.24deg/m
• �θs,max 95th Percentile value: 4.43deg/m
• Ravg 5th Percentile value: 26.5m
• Ravg 95th Percentile value: 81.9m

Figure 9 also shows all of the turns extracted from the flights of one of the aircraft described in
Section 3. It can be observed that there is overlap in some of the turn characteristic regions, along with
undefined regions. Consequently, the turn characterisation space was simplified, assuming the bound-
aries between overlapping regions were set at the mid-point of the overlap, along with extending any
regions to the minimum and maximum axis position. This simplification resulted in the characterisation
space shown in Fig. 10 and the turn characterisation conditional statements shown in Equation (1).

TurnType =

⎧⎪⎨
⎪⎩

NormalTurn if�θs,max ≤ 2.33deg/m

TightTurn if�θs,max > 2.33deg/mandRavg > 27.5m

PivotTurn if�θs,max > 2.33deg/mandRavg ≤ 27.5m

(1)

3.0 Dataset collection
Airline operations can be broadly split into two types, full-service carriers (FSCs) or low-cost carriers
(LCCs) [32]. FSC operators are typically based at larger primary airports and operate hub-to-hub routes,
with LCC operators focusing on secondary airports, typically operating point-to-point routes [32]. To
explore the impact of these two operator characteristics on the ground manoeuvres performed by aircraft,
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Figure 10. Assumed �θs,max and Ravg regions for standard, tight and pivot turns.

three narrow-body aircraft from a European FSC operator fleet and three narrow-body aircraft from a
European LCC fleet were identified. Narrow-body fleets were selected due to the perceived increase in
route variability and to enable a comparison with the wide-body global fleet data captured previously [6].
The characteristics of each narrow-body aircraft within the data collection timeframe were as follows:

• FSC 1: aircraft consistently based at a large international airport
• FSC 2: aircraft consistently based at the same airport as FSC 1
• FSC 3: aircraft consistently based at the same airport as FSC 1
• LCC 1: aircraft based at two secondary international airports
• LCC 2: aircraft rotated around secondary international airports and regional airports
• LCC 3: aircraft rotated around two regional airports

The FSC fleet aircraft were selected to have the same base airport to permit the variability in ground
manoeuvres resulting from solely the operator’s route network to be identified. The results from the FSC
fleet could then be compared to the LCC fleet, which were routinely rotated around the operator’s bases
and route network, permitting the impact on ground manoeuvre variability to be compared between
the two operator types. Multiple aircraft within the LCC fleet were reviewed to ensure the different base
characteristics within the LCC route network were captured, whilst the FSC aircraft were selected based
on not having significant gaps within their utilisation as a result of being out of service.

For each individual airframe, ADS-B trajectories for 500 consecutive flights in the period of Summer-
Autumn 2021 were sourced from Flightradar24 [24]. This period of time was employed to capture the
potential increase in seasonal routes flown by the LCC operator and the year of 2021 was required due
to the need to be able to select the LCC aircraft based upon their long-term fleet rotation strategy, which
can only be apparent from reviewing historic aircraft operations retrospectively. Studies concerning the
capture of ADS-B transmissions highlighted that during the latter half of 2021, ADS-B data collection
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Table 1. Proportion of dataset containing taxi route elements

Aircraft Pushback Pre-takeoff Post-landing Turn ontostand Complete taxi
FSC 1 95.6% 88.8% 85.0% 88.2% 70.2%
FSC 2 93.2% 93.2% 91.0% 89.0% 77.6%
FSC 3 96.0% 91.8% 89.6% 86.7% 76.8%
FSC fleet 94.9% 91.3% 88.5% 88.0% 74.9%
LCC – large airport 87.8% 88.0% 87.6% 76.6% 61.0%
LCC – rotation 83.0% 88.4% 86.0% 73.4% 53.2%
LCC – regional 78.4% 87.0% 84.8% 59.8% 40.4%
LCC fleet 83.1% 87.8% 86.1% 69.9% 51.5%
Narrow body fleet 89.0% 89.5% 87.3% 79.0% 63.2%

Figure 11. Visualisation of proportion of dataset containing taxi route elements.

rates had begun to recover after the COVID-19 pandemic [21]. The sample of size of 500 flights was
selected to represent a typical time between aircraft maintenance checks [33], assuming that each flight
cycle lasts 1.5 hours. Flightradar24 [24] was used as the ADS-B source due to its adequate coverage of
ground operations at European airports.

3.1 ADS-B trajectory data quality
Prior to identifying the turning manoeuvres performed within the trajectories for each individual aircraft,
the ADS-B trajectory data quality was first assessed by manually reviewing the 3,000 assembled flights.
Each trajectory was visually checked to identify whether it contained sufficient ADS-B data points to
identify the manoeuvres during pushback, pre-takeoff taxi, post-landing taxi and the turn onto stand.

The resulting proportions of flights containing ADS-B trajectories for the four taxi phases are shown
in Table 1 and visualised in Fig. 11. When aggregating across all six aircraft, it can observed that approx-
imately 80% of flights will contain pushback, taxi and turn onto stand trajectories, with approximately
60% of flights containing the full taxi route. This latter value represents an ≈ 10% increase in the num-
ber of flights with complete taxi trajectories compared to the dataset collected in 2019 for the wide-body
aircraft study [6].
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Table 2. Dataset resolution

Pre-takeoff Post-landing

Aircraft �t (s) �d (m) �t (s) �d (m)
FSC 1 19 44 8 45
FSC 2 14 46 7 46
FSC 3 19 44 8 44
FSC fleet 17 45 8 45
LCC – large airport 17 39 6 45
LCC – rotation 12 37 6 44
LCC – regional airport 13 40 6 46
LCC fleet 14 39 6 45
Narrow body fleet 16 42 7 45

From Table 1 and Fig. 11, it is also clear to see that the LCC aircraft have lower overall proportions
for ADS-B trajectories containing taxi route elements and these proportions are seen to decrease as the
airport size reduces from large international airports to regional airports. This especially concerns the
availability of turn onto stand information for the LCC aircraft fleet, as 15% fewer flights contain turn
onto stand information for the aircraft based exclusively at regional airports, compared to the FSC fleet.
It is anticipated that such an observation is due to there being fewer ADS-B ground receivers installed
close to smaller airports.

The ADS-B trajectories were also assessed for their temporal and spatial resolution. For each of the
3,000 available flights, the time difference ‘�t’ and distance between the latitude and longitude ‘�d’ for
each consecutive ground trajectory point were computed, and the average values for each aircraft and
fleet are shown in Table 2.

It can be observed that the average timestep between ADS-B trajectories for both pre-takeoff and
post-landing is significantly higher than the minimum ADS-B specification of 0.5 seconds [23]. This
effect is anticipated to be due to the dataset compression typically performed by ADS-B repositories,
along with removal of zero-speed trajectories elements as described in Section 2.1. This finding also
supports the results in Table 2 which demonstrate that the temporal resolution is doubled for the post-
landing taxi phase compared to the pre-takeoff taxi phase. During peak operational times, it has been
observed that aircraft queue at runway hold points [6], and this will lead to an increased prevalence of
zero-speed trajectory elements within the pre-takeoff taxi phase. The increased temporal resolution for
regional airports shown in Table 2 also supports the trend of decreased temporal resolution for increased
zero-speed trajectory elements, as such airports would be expected to have fewer instances of congestion.

Table 2 also demonstrates the spatial resolution of the ADS-B trajectories, and it can be observed that
the average distance between ADS-B position reports is of similar magnitude to the fuselage length and
wingspan of a narrow-body aircraft [34, 35]. This observation further supports the adoption of latitude
and longitude based manoeuvre identification due to the high average spatial resolution achieved and
further supports the adoption the spatial turn parameters �θs,max and Ravg for characterising turn types.

3.2 Verification of manoeuvre identification methodology
The enhanced turn manoeuvre characterisation methodology described in Section 2 also required ver-
ification prior to characterising the manoeuvres in the ADS-B trajectories of the six aircraft. For
verification, 10% of the dataset (i.e. 50 flights per airframe) were assessed using the methodology, along
with the manual characterisation of the taxi route and turns through plotting the ADS-B trajectory in ref-
erence to airport geometries (as shown previously in Fig. 1). Table 3 shows the proportion of flights for
which the algorithm correctly identified the pre-takeoff taxi, post-landing taxi and complete ground tra-
jectories. It can be observed that in nearly 80% of individual flights the correct ground manoeuvres were
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Table 3. Verification of manoeuvre identification

Flights with correct manoeuvre identification

Aircraft Pre-takeoff Post-landing Whole flight
FSC 1 72% 90% 62%
FSC 2 90% 96% 86%
FSC 3 88% 90% 80%
FSC fleet 83% 92% 76%
LCC – large airport 88% 90% 78%
LCC – rotation 86% 90% 78%
LCC – regional airport 86% 88% 76%
LCC fleet 87% 89% 77%
Narrow body fleet 85% 91% 77%

identified in the pre-takeoff and post-landing taxi phases. This value represents a significant increase in
the ≈50% success rate of the heading-based turn identification algorithm [6], justifying the adoption of
turn characterisation via ADS-B latitude and longitude positions.

Whilst the vast majority of values in Table 3 are consistent across the aircraft and fleets, it is important
to note that processing of FSC 1 trajectories showed degraded accuracy for the pre-takeoff taxi phase.
As this aircraft was based at the same airport as FSC 2 and FSC 3, it suggested that FSC 1 may have
been operating on routes with increased levels of noise within the ADS-B trajectory, leading to increased
rates of erroneous manoeuvre identification.

4.0 Results
This section will present and discuss the results from applying the ground manoeuvre characterisation
algorithm to the 500 flights associated with each airframe, in order to establish how the FSC and LCC
operator characteristics impact the ground manoeuvres performed by the aircraft and the landing gear
load spectrum.

4.1 Pre-takeoff taxi
The histograms shown across Fig. 12 show the variability in the number of pre-takeoff turns and taxi
distance across the FSC and LCC fleets. As can be observed from Fig. 12(a), both the FSC and LCC
narrow-body fleets have a mode number of pre-takeoff turns equal to four, which is in good agreement
with the mode and median turn values identified for a global wide-body aircraft fleet [6] and average
turn occurrence of four [34] and six [35] from the Federal Aviation Administration (FAA) statistical
loads data for narrow-body aircraft. It can be observed from Fig. 12(a) that the LCC fleet have a higher
proportion of flights where the number of turns is below the mode value compared to the FSC fleet, and
this is expected to be due to simpler airport geometries at smaller airports.

The histograms for taxi distances shown in Fig. 12(b) highlight a significant difference between the
FSC and LCC fleet, whereby the FSC fleet demonstrates bi-modal variability with a high proportion
of flights with a > 3km pre-takeoff taxi. Increased taxi-distances may lead to increased occurrences of
aircraft braking and vertical ‘bump’ loads over taxiway surfaces and hence are of interest during the
construction of fatigue spectra [1, 4].

Concerning the three aircraft within the FSC fleet, it can be observed that the variability in pre-takeoff
turns and taxi distance are consistent across the FSC fleet in Fig. 12(c) and (d). This observation aligns
with the fact that the three FSC aircraft were based at the same international airport.

However, when reviewing the pre-takeoff histograms for the LCC aircraft in Fig. 12(e) and (f) it
can be seen that there are differences in the mode number of pre-takeoff turns, the variability in the
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Figure 12. Pre-takeoff taxi statistics: fleet-level (a) turn occurrences and (b) taxi distances, full-service
carrier (c) turn occurrences and (d) taxi distances and low cost carrier (e) turn occurrences and (f) taxi
distances.

turn occurrence and the taxi distance. Figure 12(e) demonstrates that, as expected, the LCC aircraft
operating from regional airports carries out fewer pre-takeoff turns compared the LCC aircraft based
at large airports, with the mode values of three and four turns, respectively. The impact of rotating
an aircraft around bases and the route network can also be observed from Fig. 12(e), leading to the
variability in the number of pre-takeoff turns capturing the variability characteristics of both the large
airport and regional airport LCC aircraft. The pre-takeoff taxi distances shown in Fig. 12(f) also show
the expected response of the LCC aircraft based at the large airport presenting longer taxi distances
compared to the regional airport-based aircraft.

Consequently, Fig. 12 has demonstrated that airport base, regardless of operator, has a significant
impact on both the pre-takeoff turn occurrences and taxi distance, potentially leading to increased cyclic
loading occurrences in aircraft based at larger airports, through increased mode number of turns and taxi
distance.

4.1.1 Turn characteristics
As highlighted in Section 2.1.1 the characteristics of each pre-takeoff turn are required to inform future
landing gear fatigue spectra guidelines. The proportion of the ‘NT’ total number of turns extracted in
the 500 flights of each aircraft displaying different turn type characteristics are shown in Table 4 and
the standard, tight and pivot turn proportions are visualised in Fig. 13. From Table 4 it can be observed
that across the aircraft of the FSC and LCC fleets, there is an equal share between left and right turns
in the pre-takeoff taxi phase, consistent with the turn direction proportions observed previously for a
wide-body aircraft [6].
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Table 4. Pre-takeoff turn characteristics

Aircraft NT Left Right Standard Tight Pivot
FSC 1 2,399 50.4% 49.6% 87.0% 10.5% 2.5%
FSC 2 2,526 51.1% 48.9% 87.4% 10.0% 2.6%
FSC 3 2,236 51.9% 48.1% 87.8% 9.7% 2.5%
FSC fleet 7,161 51.1% 48.9% 87.4% 10.1% 2.5%
LCC – large airport 2,447 50.9% 49.1% 84.1% 12.8% 3.1%
LCC – fleet rotation 2,368 52.0% 48.0% 81.6% 15.8% 2.6%
LCC – regional airport 1,815 48.5% 51.5% 77.5% 18.8% 3.7%
LCC fleet 6,630 50.5% 49.5% 81.1% 15.8% 3.1%
Narrow body fleet 13,791 50.8% 49.2% 84.2% 13.0% 2.8%

Figure 13. Proportion of pre-takeoff turn types.

Concerning the distribution of turns between standard, tight and pivot turns during the pre-takeoff
taxi phase, it can be observed from Table 4 and Fig. 13 that it is expected that LCC fleets will perform
a greater proportion of tight/pivot turns in-service, with ≈80% of turns being standard taxiway turns,
compared to the FSC fleet, in which 87% of turns are normal taxiway turns. When considering that both
the FSC and LCC fleet demonstrate that same mode number of pre-takeoff turns (see Fig. 12(a)) it is
inferred that LCC fleets will perform a greater number of fatigue-critical tight and pivot turns. Whilst
the proportions shown in Table 4 may infer that the LCC aircraft based exclusively at the regional airport
will perform an increased number of tight and pivot turns, it must be noted that the absolute number
of turns that the LCC aircraft based at regional airports performed was three quarters that of the LCC
aircraft based exclusively at large airports, meaning that across the 500 observed flights for each aircraft,
both performed approximately 400 tight or pivot turns.

The results in Table 4 and Fig. 13 highlight that ‘tight’ turns (i.e. where a small turn radius is achieved
as part of larger turn radius, such as during runway entry and line-up) are significantly more common
than pivot turns, and this is to be expected as pivot turns typically occur during runway backtrack at
smaller airports [6]. Table 4 and Fig. 13 also demonstrate the expected trend of increasing number of
tight and pivot turns as the airport size decreases.

Further investigation into the turn direction for the observed tight and pivot turns resulted in the pro-
portional turn direction values shown in Table 5. For the FSC fleet, it can be seen that pivot turns are
biased towards the right hand direction, and for the LCC aircraft operating at the large and regional
airports that the tight turns are also biased towards right turns. This observation is important from
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Table 5. Pre-takeoff tight turn characteristics

Aircraft Tight left Tight right Pivot left Pivot right
FSC 1 47.8% 52.2% 33.3% 66.7%
FSC 2 55.3% 44.7% 49.2% 50.8%
FSC 3 51.9% 48.1% 37.5% 62.5%
FSC fleet 51.7% 48.3% 40.0% 60.0%
LCC – large airport 38.0% 62.0% 43.4% 56.6%
LCC – fleet rotation 53.9% 46.1% 53.2% 46.8%
LCC – regional airport 38.7% 61.3% 46.3% 53.7%
LCC fleet 43.5% 56.5% 47.6% 52.4%
Narrow body fleet 47.6% 52.4% 43.8% 56.2%

Table 6. Occurrence of pre-takeoff turn reversals

Aircraft Pre-takeoff turn reversal rate
FSC 1 30.6%
FSC 2 31.4%
FSC 3 29.6%
FSC Fleet 30.5%
LCC – large airport 33.0%
LCC – fleet rotation 33.4%
LCC – regional airport 29.8%
LCC fleet 32.1%
Narrow body fleet 31.3%

a fatigue substantiation perspective, as tight and pivoting turns induce significant torsional loads on
the near-stationary main landing gear assembly (e.g. right-hand landing gear for a right-hand turn)
[1, 4]. Consequently, bias of turn direction in tight and pivoting turns could lead to fatigue damage
accumulating faster in individual main landing gear assemblies.

Finally, the proportion of pre-takeoff turns that demonstrated a turn-reversal (e.g. a left turn imme-
diately followed by a right turn) was identified for each aircraft, and the results are shown in Table 6. It
can be observed that across all aircraft and fleets, the proportion of turns resulting in a turn reversal was
approximately 30% and this is consistent with the observed turn reversal rate for a wide-body aircraft
fleet [6]. Consequently, it can be concluded that operator characteristics have no effect on the pre-takeoff
turn reversal occurrences.

4.1.2 Pushback characteristics
As described in Section 2.1, the pushback sequence of the pre-takeoff taxi phase was segregated from the
ADS-B ground trajectory. Figure 14(a) and (b) show that whilst the mode number of turns and pushback
distance are consistent between the two operator fleets, the FSC aircraft based at larger, more complex
airports, show a tendency towards longer pushback distances (by approximately one aircraft fuselage
length) and an increased frequency of of pushback manoeuvres involving more than one turn. From Fig.
14(c) and (d) it can be observed that the proportion of tail-left to tail-right pushback turn directions is
approximately equal for both the FSC and LCC fleets.

Regarding the individual aircraft within the FSC and LCC fleets, it can be observed across
Fig. 14(e)–(h) that within each of the fleets, the pushback distances and number of turns are consistent
between the aircraft. Consequently, the results shown in Fig. 14 show that the operator characteristic
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Figure 14. Pushback statistics: fleet-level (a) pushback distance and (b) pushback turn occurrences,
(c) full-service carrier and (d) low-cost carrier pushback turn direction proportion, (e) full-service
carrier and (f) low-cost carrier pushback distances and (g) full-service carrier and (h) low-cost carrier
pushback turn occurrences.

and aircraft base have a lesser impact on the manoeuvres occurring pushback, when compared to the
subsequent pre-takeoff taxi phase.

4.2 Post-landing taxi
Figure 15 shows histograms that capture the variability in the post-landing turning occurrences and taxi
distance across the FSC and LCC fleets. Within Fig. 15(a), it can be observed that unlike the pre-takeoff
turning cases, the mode number of post-landing turns differs between the FSC and LCC fleet, at four and
three turns, respectively. These values are in good agreement with FAA statistical loads data for narrow-
body aircraft, in which the average post-landing turn occurrence was four [34, 35]. It is interesting to
note that the narrow-body fleet shows a higher mode number of post-landing turns compared to prior
data from a wide-body aircraft fleet [6]. It is suggested that this may be due to the reduced post-landing
ADS-B trajectory resolution observed in the previous study leading to the identification of fewer turns
in the post-landing taxi phase. Ultimately, from comparing Figs. 12 and 15 it can be suggested that the
mode number of turns for the narrow-body aircraft fleet is equal in the pre-takeoff and post-landing taxi
phases.

Whilst Fig. 15(b) shows that a higher proportion of the FSC post-landing taxi distances are in excess
of 2km compared to the LCC fleet, it should be noted that the difference between the post-landing
taxi distances is reduced compared to the pre-takeoff taxi distances shown previously in Fig. 12(b). In
addition, the bi-modal FSC taxi distance characteristic is also not apparent in the post-landing taxi phase.

An area of consistency between the pre-takeoff taxi phase and the post-landing taxi phase for the FSC
aircraft is that the post-landing turn occurrences (see Fig. 15(c)) and taxi distances (see Fig. 15(d)) do
not differ across the FSC fleet. However, the LCC fleet shows significantly different post-landing turn
occurrences across the fleet, as shown in Fig. 15(e). As to be expected, the smaller regional airports result
in fewer post-landing turns compared to the aircraft based at the larger airports. Once again, Fig. 15(e)
demonstrates the impact of fleet rotation, with the LCC aircraft under fleet rotation spreading the turning
occurrences across both the occurrence variability characteristics of the large and regional airport-based
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Figure 15. Post-landing taxi statistics: fleet-level (a) turn occurrences and (b) taxi distances, full-ser-
vice carrier (c) turn occurrences and (d) taxi distances and low-cost carrier (e) turn occurrences and
(f) taxi distances.

aircraft. As for the pre-takeoff taxi distance shown previously in Fig. 12(f), the LCC aircraft at large
airports shows a higher proportion of flights with post-landing taxi distances > 2km compared to the
other LCC aircraft.

4.2.1 Turn characteristics
The characteristics of the post-landing turns for the FSC and LCC aircraft are shown in Table 7, defined
as the proportion of the total NT observed turns. The proportion of standard, tight and pivot turns are also
visualised in Fig. 16. As for the pre-takeoff taxi phase, it can be seen from Table 7 that the distribution
of left and right turns in the post-landing taxi phase is approximately equal. Regarding the FSC fleet, it
can be observed that the proportion of pivot and tight turns to standard taxiway turns are consistent with
the pre-takeoff taxi phase shown in Table 4, with ≈ 85% of post-landing turns being a standard taxiway
turn.

It can be observed that Table 7 and Fig. 16 suggest that for the post-landing phase the LCC fleet
performs fewer tight and pivot turns compared the FSC fleet, in contradiction to the observations of
Section 4.1.1 and the expectation that smaller airport geometries will result in an increased number
of tight and pivot turns. This unexpected result is especially highlighted by the LCC aircraft based
exclusively at regional airports, which shows the smallest proportion of tight and pivot turns.

However, this observation is expected to be as a result of the degraded ADS-B trajectory quality
in the post-landing and turn onto stand phases identified for the LCC fleet, especially for the aircraft
operating from regional airports. The ratio of post-landing tight pivot turns observed for the FSC fleet
to that of the regional airport based LCC aircraft is 1:1.4, and the ratio of flights containing turn onto
stand information between the FSC fleet and the regional airport based LCC aircraft is 1:1.5. These
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Table 7. Post-landing turn characteristics

Aircraft NT Left Right Standard Tight Pivot
FSC 1 2,286 50.3% 49.7% 85.6% 13.1% 1.3%
FSC 2 2,331 49.7% 50.3% 86.4% 12.2% 1.4%
FSC 3 2,216 49.6% 50.4% 84.9% 13.4% 1.7%
FSC fleet 6,833 49.9% 50.1% 85.6% 12.9% 1.5%
LCC – large airport 2,411 45.5% 54.5% 89.5% 9.2% 1.3%
LCC – fleet rotation 2,244 48.2% 51.8% 88.8% 9.8% 1.4%
LCC – regional airport 1,696 48.0% 52.0% 89.8% 9.3% 0.9%
LCC fleet 6,351 47.2% 52.8% 89.4% 9.4% 1.2%
Narrow body fleet 13,184 48.6% 51.4% 87.5% 11.2% 1.3%

Figure 16. Proportion of post-landing turn types.

ratios suggest that the reduced occurrence of tight and pivot turns in the post-landing taxi phase for the
LCC fleet is a result of reduced ADS-B trajectory data for the LCC fleet in the post-landing phase, which
typically contains tight turn onto stand manoeuvres.

For the fatigue-critical tight and pivot post-landing turn manoeuvres, the turn direction proportions
were computed as shown in Table 8. For the post-landing taxi phase, it can again be observed that
specific aircraft across the FSC and LCC fleet show a right turn bias for the pivot turn manoeuvres.
When coupled with the right tight and pivot turn direction bias for the pre-takeoff taxi phase shown
previously in Table 5, it can be suggested that the right-hand main landing gear assemblies of specific
aircraft (e.g. FSC 1, FSC 2, and LCC aircraft without fleet rotation) could accumulate fatigue damage
at a higher rate than expected compared to the mean rate within the operator and narrow-body fleets.

Finally, Table 9 shows the post-landing turn reversal rate, which can be observed to be lower than the
pre-takeoff rate, with approximately a quarter of turning manoeuvres being a turn-reversal across the
narrow-body fleet. The impact of airport geometries can be observed within the LCC fleet, with the LCC
aircraft under fleet rotation demonstrating increased fatigue-critical turn reversal rates compared to the
aircraft based exclusively at regional airports. The latter aircraft is expected to see fewer post-landing
turn reversals due to the simpler geometries of smaller regional airports.

4.3 Manoeuvre speeds
The final characteristic of ground manoeuvres during taxi collected within this study concerned the air-
craft speed during manoeuvres. The histograms across Fig. 17 show the average and maximum observed
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Table 8. Post-landing tight turn characteristics

Aircraft Tight left Tight right Pivot left Pivot right
FSC 1 44.5% 55.5% 34.5% 66.5%
FSC 2 40.0% 60.0% 41.9% 58.1%
FSC 3 43.9% 56.1% 39.5% 60.5%
FSC fleet 42.8% 57.2% 38.6% 64.1%
LCC – large airport 50.9% 49.1% 32.3% 67.7%
LCC – fleet rotation 45.9% 54.1% 37.5% 62.5%
LCC – regional airport 53.2% 46.8% 40.0% 60.0%
LCC fleet 50.0% 50.0% 36.6% 63.4%
Narrow body fleet 46.4% 53.6% 37.6% 62.4%

Table 9. Occurrence of post-landing turn reversals

Aircraft Post-landing turn reversal rate
FSC 1 26.7%
FSC 2 26.4%
FSC 3 25.8%
FSC fleet 26.3%
LCC – large airport 26.4%
LCC – fleet rotation 29.5%
LCC – regional airport 21.9%
LCC fleet 25.9%
Narrow body fleet 26.1%

speeds during pre-takeoff and post-landing across the FSC and LCC aircraft fleets. In the vast majority
of cases it can be observed that the taxi speeds are consistent across the FSC, LCC and overall narrow-
body aircraft fleets. It should be noted that the histogram axes are consistent across Fig. 17 to facilitate
direct comparison between individual histograms.

An exception to this is the pre-takeoff taxi speeds between the FSC and LCC fleet, as shown in
Fig. 17(a) and 17. The FSC fleet can be observed to have a higher proportion of average taxi speeds
> 12kn and maximum taxi speeds greater than > 20kn when compared to the LCC fleet, and this could
lead to higher landing gear loading magnitudes for the FSC fleet [1, 4]. Comparing between Fig. 17(a)
and (c) infers that average post-landing taxi speeds are higher than average pre-takeoff taxi speeds, as
supported by prior FAA loads monitoring campaigns [34, 35].

Another exception concerns the LCC fleet, and in Fig. 17(j) it can be observed that the LCC aircraft
based at exclusively large airports demonstrate lower maximum taxi speeds than those observed for the
LCC aircraft under fleet rotation and the aircraft based at regional airports. The reduced speeds at larger
airports is expected to be as a result of congestion at larger airports, which could to aircraft queuing at
runway hold points and lower achievable taxi speeds.

Finally, Fig. 18 shows the histograms relating to the average aircraft ground speeds observed across
the turning manoeuvres extracted from the flights across FSC and LCC fleets. From across Fig. 18 it
can be observed there is little difference between the mode average turn speeds and variability across
the FSC and LCC fleets and individual aircraft. From comparing Fig. 18(a) and (b) it can be seen
that the average speed during post-landing turns is approximately 2kn higher than turns performed during
the pre-takeoff taxi phase.
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Figure 17. Taxi speed statistics: fleet-level (a) average and (b) maximum pre-takeoff taxi speed, (c) average and (d) maximum post-landing taxi
speed, full-service carrier (e) average and (f) maximum pre-takeoff taxi speed, (g) average and (h) maximum post-landing taxi speed and low-cost
carrier (i) average and (j) maximum pre-takeoff taxi speed, (k) average and (l) maximum post-landing taxi speed.
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Figure 18. Ground speed during turns statistics: fleet-level (a) pre-takeoff and (b) post-landing average
speed during turns, full-service carrier (c) pre-takeoff and (d) post-landing average speed during turns
and low-cost carrier (e) pre-takeoff and (f) post-landing average speed during turns.

4.4 Further operator characteristics
To further explore the impact of operator characteristics and inform future studies, an additional
operator characteristic of ultra-low-cost carrier (ULCC) was identified to have a potential impact
on landing gear ground manoeuvres due to their extensive use of secondary airports within their
route networks [36]. A single narrow-body airframe from a European ULCC was identified and the
ADS-B trajectories for the flights in June 2023 (170 flights) were sourced from Flightradar24 [24]
and processed using the methodology described in Section 2. The histograms shown in Figs. 19
and 20 compare the ULCC airframe turning manoeuvre occurrences, taxi distances and manoeu-
vre speeds with the aggregated FSC fleet and LCC fleet values. The reliance on secondary airports
is evident in the reduced mode number of pre-takeoff turns (Fig. 19(a)), pre-takeoff taxi distance
(Fig. 19(b)) and post-landing taxi distance (Fig. 19(c)) compared to the FSC and LCC fleets. These his-
tograms can therefore initially suggest that the occurrence of fatigue loads on landing gear assemblies
is lower, due to reduced loading occurrences from turns and bump loads during taxi.

However, within Fig. 20(a), (f) and (e) it can be observed that the ULCC airframe demonstrated
increased levels of ground speed during pre-takeoff taxi and turns, often exceeding the speeds observed
for the FSC fleet. For example, Fig. 20(e) indicates that the average ground speed during a turn exceeds
12kn in 45% of ULCC pre-takeoff turns, compared to 32% and 23% for the FSC and LCC fleets, respec-
tively. The observed increased in manoeuvre speeds suggests that whilst the ULCC aircraft landing gear
is exposed to fewer ground manoeuvres, the loads occurring during these manoeuvres may be higher.

The characteristics of the pre-takeoff turns performed by the ULCC aircraft are given in Table 10,
with the proportions of standard, tight and pivot turns visualised in Fig. 21. It can be observed that the
ULCC aircraft has a similar occurrence of tight and pivot turns to the LCC fleet, albeit with increased
rates of pivot turns, approaching double that of the FSC fleet. In addition a bias towards left-hand tight
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Figure 19. Comparison of full-service carrier fleet, low-cost carrier fleet and ultra-low-cost carrier
aircraft ground manoeuvre statistics: (a) pre-takeoff turn occurrence, (b) pre-takeoff taxi distance, (c)
post-landing turn occurrence, (d) post-landing taxi distance.

Figure 20. Comparison of full-service carrier fleet, low-cost carrier fleet and ultra-low-cost carrier
aircraft ground manoeuvre statistics: (a) average pre-takeoff taxi speed, (b) maximum pre-takeoff taxi
speed, (c) average post-landing taxi speed, (d) maximum post-landing taxi speed, (e) average pre-takeoff
ground speed during turns and (f) average post-landing ground speed during turns.

https://doi.org/10.1017/aer.2024.93 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.93


2626 Hoole et al.

Table 10. Pre-takeoff turn characteristics for ULCC

Proportion of turn manoeuvres

Turn type ULCC FSC LCC
Standard 82.0% 87.4% 81.1%
Tight 13.7% 10.1% 15.8%
Tight Left 8.8% 5.2% 6.9%
Tight Right 4.9% 4.9% 8.9%
Pivot 4.3% 2.5% 3.1%
Pivot Left 2.5% 1.0% 1.5%
Pivot Right 1.8% 1.5% 1.6%
Turn reversal 26.0% 30.5% 32.1%

Figure 21. Pre-takeoff turn proportions across operator fleets.

and pivot turns can be observed for the ULCC aircraft from Table 10. These results suggest a higher
rate of fatigue-critical tight turns occur for the ULCC aircraft. It is interesting to note however, that the
routes operated by the ULCC aircraft lead to a reduced occurrence of fatigue-critical turn reversals, in
contradiction to the observations in Table 6. The post-landing turn characteristics are shown in Table 11
and again, the increased occurrence of pivot turns (as also shown in Fig. 22), but reduced occurrence of
turn-reversals can be observed.

5.0 Discussion
The most pertinent results from the previous section are shown in Table 12 and demonstrate that the
ground manoeuvres that aircraft perform, and subsequent loading occurrences and magnitude applied
to aircraft landing gear, are intrinsically linked to the characteristics of the aircraft operator as a result of
the size and geometry of the airports that the operator has within its route network. At a high level, this
has been demonstrated through the observation that for a fleet of FSC aircraft based at the same large
international airport that their ground manoeuvre occurrences and characteristics were consistent across
the three individual aircraft, whilst the LCC aircraft fleet not only showed differences in manoeuvre
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Table 11. Post-landing turn characteristics for ULCC

Proportion of turn manoeuvres

Turn type ULCC FSC LCC
Standard 86.6% 85.6% 89.4%
Tight 10.7% 12.9% 9.4%
Tight Left 6.2% 5.5% 4.7%
Tight Right 4.5% 7.4% 4.7%
Pivot 2.7% 1.5% 1.2%
Pivot Left 1.2% 0.6% 0.4%
Pivot Right 1.5% 0.9% 0.8%
Turn reversal 22.1% 26.3% 25.9%

Figure 22. Post-landing turn proportions across operator fleets.

occurrence and characteristics when compared to the FSC fleet, but also between each of the individual
LCC aircraft.

As an overall summary, as airport size reduces, the occurrence of turning manoeuvres reduces along
with the required pre-takeoff and post-landing distances. In addition, the proportion of tight and pivot
turns during the pre-takeoff taxi phase increases as the airport size reduces. As LCC carriers will typ-
ically operate route networks reliant on small secondary and regional airports [32], they should be
expected to see ground manoeuvre occurrences that differ from those of an FSC based at large inter-
national airports. A key observation from the presented study concerns the difference in the proportion
of turns found to be tight or pivot turns during the pre-takeoff taxi phase, at ≈15% for the FSC fleet
and 20% for the LCC fleet. Based on the observed mode number of pre-takeoff turns of four for the
FSC and LCC fleets (see Fig. 12 previously), this would lead to six and eight tight or pivot turns being
performed on average every 10 flights for an FSC and LCC aircraft respectively. As this represents that
an LCC aircraft would be a performing a third more fatigue-critical tight turning manoeuvres, leading to
increased fatigue damage accumulation, it can be observed that fatigue spectra aligned to the operator
characteristics may need to be considered. Such a consideration may be especially necessary as such
manoeuvres are performed at higher pre-takeoff aircraft masses. When the same calculation process is
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Table 12. Summary of results across aircraft operators

Manoeuvre statistics FSC fleet LCC fleet ULCC aircraft
Mode pre-takeoff turns 4 4 3
Mode pre-takeoff taxi distance (m) 1,500 1,500 500
Mode post-landing turns 4 3 4
Mode post-landing taxi distance (m) 2,500 1,500 500
Mode pre-takeoff turn speed (Kn) 11 9 13
Average number of pre-takeoff 6 8 6
Tight/pivot turns per 10 flights

applied to the limited data from the ULCC aircraft, it can be observed that the aircraft performs on aver-
age six tight or pivot turns for every 10 flights. The higher observed rate of fatigue-critical turns for the
ULCC airframe is offset by the lower mode number of pre-takeoff turns (see Table 12). Unfortunately,
currently assumed rates of tight and pivot turns within landing gear load spectra are not publicly avail-
able, so it is unclear whether the identification of in-service tight turn occurrences in relation to operator
characteristics would support a reduction in spectra conservatism or support the development of more
representative spectra for fatigue design.

However, of greater significance to landing gear design, operation and maintenance are that the results
presented in Section 4 have highlighted that even beyond the level of operator characteristics, there can
be notable airframe-to-airframe variability within an operator fleet. The clear ground manoeuvre trends
across the LCC fleet that relate to the aircraft base type show that an assumed fatigue loading spectrum
across the entire fleet would not capture the complexity of the operator’s route network and fleet rotation
strategy, and hence may not be representative for all airframes within the fleet. This observation further
supports the adoption of landing gear structural health monitoring systems, which has achieved growing
coverage within the literature [14, 17, 18]. As development of structural health monitoring systems
and practices can require significant resources [28], a more immediate use of the methodology and
results presented in this study could be to support the identification of specific operator characteristics
or airframes to consider during the development of such approaches, as previously considered in prior
work concerning helicopter usage monitoring [27, 28].

The need for structural health monitoring of aircraft landing gear is further highlighted by considering
the characteristics of the pre-takeoff tight turns shown previously in Table 5, where it was observed that
specific airframes were biased towards certain tight turn directions, potentially leading to increased
fatigue damage accumulation within specific main landing gear assemblies (i.e. left or right-hand main
landing gear). These observations demonstrate that rather than performing structural health monitoring
at an airframe level, it must also be performed at a landing gear assembly level. It is also important to
note that this study has only considered the variability in the occurrence of manoeuvres, rather than the
significant variability observed in the magnitude of landing gear loads [11, 34, 35]. The known loading
magnitude variability for landing gear ground manoeuvres provides further justification for investigation
into landing gear structural health monitoring techniques.

It is important to highlight that the ULCC results shown in Section 4.4 only consider a single airframe
over a limited period of operation and consequently, the above results may differ and converge towards
the LCC fleet characteristics if multiple ULCC aircraft were investigated for the 500 flight timeframe
employed for the other fleets. Regardless, these results have highlighted further justification for struc-
tural health monitoring of landing gear assemblies, as the ULCC aircraft presents the situation where
a reduced number of load occurrences are observed, but with the potential for greater load magnitudes
within those occurrences. The impact on the fatigue life of such operational characteristics could only be
ascertained through fatigue analysis of the observed spectrum, or through structural health monitoring.
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Table 13. Proportion of dataset containing taxi route elements for 2023 data

Aircraft Pushback Pre-takeoff Post-landing Turn onto stand Complete taxi
FSC 1 2023 93.1% 96.6% 90.3% 86.2% 79.3%
LCC 1 2023 82.1% 87.1% 85.0% 72.0% 55.7%
Narrow body fleet 2023 87.6% 91.9% 87.3% 87.7% 67.5%

6.0 Limitations, outlook and future work
The current limitations with the proposed study can be decomposed into the accuracy of the manoeuvre
characterisation, the quality of the ADS-B trajectory data and constraints within the collected data for
the FSC and LCC fleets.

Firstly, whilst the enhanced turn characterisation algorithm showed that it was able to correctly iden-
tify the full taxi route in 77% of flights compared to the 50% success rate achieved in prior work [6], it
is clear that the robustness of the algorithms still needs to be refined. For example, flights demonstrated
errors in the pre-takeoff taxi phase propagated from incorrect pushback characterisation, which origi-
nates in the noisy ADS-B data observed at stand and gate locations [6]. Further investigation into how
ground manoeuvre characterisation can be made robust to this lower-quality ADS-B data and propaga-
tion of errors needs to be investigated as a priority. Errors during the post-landing phase were typically
due to missing or ‘jumps’ in the ADS-B trajectory data, and again, further work is required to increase the
robustness of the ground manoeuvre characterisation algorithms, despite the significant improvement
achieved over the original methodology presented in prior work [6].

It can therefore be seen that the accuracy of ground manoeuvre identification from ADS-B trajec-
tories is inherently linked to the quality of the ADS-B trajectory data. To explore whether data quality
had improved since the 2021 data collection timeframe, one aircraft from the FSC and LCC fleets was
selected and ADS-B trajectories for one month of operation during Spring 2023 were sourced from
Flightradar24 [24]. It was found the LCC aircraft based at a large airport during the study had now
entered a fleet rotation phase, highlighting the complexity of operator route networks and fleet rotation
strategy. For the 146 FSC and 140 LCC aircraft flights, the ADS-B trajectories were visually assessed
for containing taxi route elements as described previously in Section 3.1. The resulting occurrences of
taxi route elements in the 2023 data are given in Table 13.

From comparing Tables 1 and 13, it can be observed for the FSC aircraft that there is an increase
in flights containing pre-takeoff and post-landing taxi routes by 5%, leading to a nearly 10% increase
in the number of FSC flights showing the complete taxi route. Pushback and turn onto stand elements
remained consistent with the 2021 dataset. The LCC fleet on the other hand shows limited change in
data completeness between 2021 and 2023 datasets, with less than a 5% increase in the number of flights
showing the complete taxi routes. At the narrow-body fleet level, a 4% increase in the number of flights
with complete taxi routes has been observed over the two-year window.

When compared to 2019 data used in a prior study on wide-body aircraft [6], it is suggested that ADS-
B coverage for aircraft ground operations increases by approximately 2% of flights a year, although this
will be highly sensitive to the global location and airports served by aircraft due to the current reliance
on crowd-sourced data from ground receivers. However, with ADS-B set to become a cornerstone tech-
nology for air traffic control and air traffic management [25], there is the potential for a rapid increase
in the coverage and quality of ADS-B derived ground trajectories in conjunction with such data being
sourced from a certified, rather than predominately enthusiast or research-led source. When coupled with
‘map-matching’ algorithms that have been recently developed to enable ADS-B ground trajectories to
be linked to known airport geometries [37], ADS-B may continue to evolve into a robust data source for
aerospace system design and monitoring. There is also the potential future synthesis of such approaches
with aggregated data of aircraft ground trajectories to support the simulation and optimisation of aircraft
trajectories at airports as considered by Ma et al. [38].

https://doi.org/10.1017/aer.2024.93 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.93


2630 Hoole et al.

Figure 23. Example of towing trajectory pior to pre-takeoff taxi. ADS-B data from Flightradar24 [24].
Map data from OpenSteetMap (https://www.openstreetmap.org/copyright).

The collected dataset also contains limitations when attempting to generalise operator characteristics
on landing gear ground manoeuvres. Firstly, the data collection window equal to the approximate time-
frame between heavy maintenance checks of 500 flights only represented approximately six months of
operation. A longer data collection window would be required to capture all aspects of an operator’s
route network, and any fleet rotation strategies employed, as observed for the LCC aircraft that dur-
ing 2021 was based predominately at a large airport being subject to fleet rotation in 2023. The data
collection window of Summer-Autumn 2021 may have also captured non-standard route networks for
operators recovering from the COVID-19 pandemic [22].

Another limitation of the collected dataset was that whilst both the FSC and LCC were European-
based operators, the aircraft considered were all based at airports within the same country. This limitation
could lead to the aircraft across the two fleets operating on similar routes, leading to a reduction in the
impact of the operator characteristics on ground manoeuvres. Future work should endeavour to also
consider the impact of geographical characteristics of operators, through investigating aircraft not just
from European fleets, but global fleets. A wider consideration of other FSC operators would also pro-
vide insight as to whether fleet rotation around various large international airport bases impacts ground
manoeuvre occurrence, as the FSC fleet within this study were consistently based at a large international
airport. In addition, the initial study into ground manoeuvres of an ULCC aircraft in Section 4.4 high-
lights the need to study ULCC aircraft fleets further. These limitations of the dataset presented in this
paper provide the natural follow-on and future work concerning the exploitation of ADS-B trajectories
for characterising aircraft ground manoeuvres. Ultimately, such a comprehensive study could support
the construction of bespoke fatigue spectra related to operator business and geographical characteristics,
leading to more efficient and if required, more reliable, landing gear structures and systems.

Concerning future work, the collected ADS-B trajectories has highlighted significant landing gear
focused opportunities. Within on-going work, ADS-B trajectories containing taxi routes related to tow-
ing the aircraft from maintenance/remote parking to the departure gate (see Fig. 23) have been observed.
The towing portion of the trajectory could be segregated from the pre-takeoff taxi due to the significant
duration observed between the towing and pre-takeoff taxi sections due to preparations for flight and
boarding. Fatigue loads applied to aircraft landing gear are known to be significantly different under
towing operations, especially for the nose landing gear [1, 4] and consequently, ADS-B trajectories may
provide a route to better characterising the manoeuvres performed during aircraft towing. In addition,
the increasing number of regional aircraft now fitted with ADS-B transponders [39] will permit ground
manoeuvre occurrences for such aircraft to also be investigated, permitting comparison across regional,
narrow-body and wide-body aircraft. A recent example of the exploitation of ADS-B ground trajecto-
ries for regional aircraft concerns the derivation of electric taxiing requirements for regional aircraft
presented by Taltaud et al. [40].

Finally, whilst this paper has considered landing gear specifically, the continual and evolving util-
isation of ADS-B data in the area of structural health monitoring highlights future opportunities for
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aerospace structures and systems in general. Of current interest to the authors is the exploration of infer-
ring airframe loads from ADS-B data [30], which could facilitate the remote monitoring of aircraft
structures based upon air traffic data.

7.0 Conclusions
The ground manoeuvres performed by aircraft are intrinsically linked to the airport geometries from
which they operate in-service. Consequently, the characteristics of an aircraft operator are anticipated
to impact the various cyclic loads that the landing gear is subjected to during taxi. Without widespread
structural health monitoring, landing gear fatigue design and substantiation is reliant on an assumed
fleet-wide fatigue load spectrum, potentially leading to design conservatism or un-representative fatigue
design assumptions. This paper has presented the enhanced characterisation of ground turning manoeu-
vres within ASD-B air traffic data. In order to quantify the impact of aircraft operator characteristics
on the occurrence of landing gear ground manoeuvres, the enhanced ADS-B turn manoeuvre char-
acterisation algorithm was applied to 500 flights of three FSC aircraft and three LCC aircraft. The
characterisation of the ADS-B trajectory data and observed manoeuvres led to the following conclusions:

• Characterisation of turning manoeuvres based on ADS-B latitude and longitude rather than
reported aircraft track information increased the rate of successfully identifying a complete set
of aircraft taxi manoeuvres by ≈30%.

• The availability of ground ADS-B trajectories is increasing at approximately 2% of flights per
year.

• During the pre-takeoff taxi phase, the FSC aircraft fleet showed consistent turning manoeu-
vre occurrences, whilst the LCC fleet demonstrated differences in the mode number of turning
manoeuvres and variability in taxi distance.

• When comparing the FSC fleets and LCC fleets, the mode number of pre-takeoff turns was found
to be the same, but there was significant differences in the pre-takeoff taxi distances between
different aircraft.

• During the post-landing taxi phase, significant differences in the number of turn occurrences and
taxi distances were observed between the LCC aircraft and when comparing the FSC aircraft fleet
and LCC aircraft fleet as a whole.

• Regarding fatigue-critical tight and pivot turns, it was observed that the LCC aircraft performed
a larger number of tight and pivot turns, where for every 10 flights the LCC aircraft performed
on average eight tight or pivot turns, compared to the six observed for the FSC aircraft fleet.

• Further characterisation of the tight and pivot turns showed that specific aircraft across the FSC
and LCC fleets biased such manoeuvres towards a specific turn direction. This observation sug-
gests an increased fatigue damage accumulation rate in specific main landing gear assemblies
(e.g. the right-hand side main landing gear of individual aircraft).

The findings of this paper support the need for further investigations into landing gear fatigue load
spectra that better reflect the characteristics of aircraft operators. The development of such load spectra
could lead to a challenge of existing design conservatism, ultimately reducing component masses or
extending component lives, whilst still ensuring landing gear assemblies retain their structural integrity
in-service. The results from the presented case study, along with an initial investigation into the taxi
speeds during manoeuvres for an aircraft operated by an ULCC, has also provided support for the grow-
ing interest in structural health monitoring for aircraft landing gear, due to the complex coupling of
manoeuvre occurrence and loading magnitude when assessing the fatigue damage accumulation within
individual landing gear assemblies.

Finally, this paper has highlighted current limitations around robustly identifying and segregat-
ing pushback manoeuvres with ADS-B trajectories, along with discussing future exploitation of the
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presented methodology across a wider dataset, that could encompass global variations in operator
characteristics and characterising the ground manoeuvre occurrences of regional aircraft.
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