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This paper describes a study result focused on the transition curves used in airport rapid exit taxiways (RETs). Such geometric
elements are not currently made explicit by standards, and major international government agencies, such as the International
Civil Aviation Organization and the Federal Aviation Administration, are limited to providing some layouts consisting of only
constant curvature elements, although the aircrafts speed in RETs is variable. In addition to the clothoid that has unitary shape
parameter “n” and the multiparameter clothoids (generalized Cornu spirals), the study analyzes the Bloss curve employment.
Regarding the multiparameter clothoids, four schemes with shape parameter equal to 1.25, 1.50, 1.75, and 2.00 were considered,
respectively. The proposed curves’ effectiveness was evaluated by analyzing the main geometric and kinematic variables trend, that
is, curvature, transversal acceleration, lateral jerk, speed, travel time, longitudinal deceleration, and centrifugal force. To ensure the
analysis effectiveness, the study layouts were designed from those used for runways codes 1-2 and 3-4 maintaining the main
geometric elements dimensions unchanged (length of straight lines, radii of circular curves, exit angles, etc.). The kinematic
variables values along the design RETs were calculated “point by point” by MATLAB software to take into account nonuniform
motion regimen. The obtained results show that both the Bloss curve and the multiparameter clothoid having a shape factor equal
to 2 are capable of better contribution in terms of safety and comfort. Implications in the airport construction field are related to the
possibility of using lower deceleration values compared to current standards, that is, allowing higher exit speed for the same
deceleration. This allows aircrafts to vacate the runway more quickly and, therefore, to increase runway capacity without taking
expensive RETs repositioning.

1. Introduction

Rapid exit taxiways (RETs) make it possible to reduce the
runway occupancy times (ROTs) of landing aircrafts and,
thus, increase runways capacity [1]. By 2041, global passen-
ger traffic is expected to reach 19.3 billion and airports will
handle almost 200 million tons of air cargo worldwide [2]. In
order to meet the growing mobility demand while ensuring
limited travel time, comfort, and safety need to define and
implement specific actions to make the planimetric layouts of
RETs proposed by major government agencies, such as the
International Civil Aviation Organization (ICAO) [3] and the
Federal Aviation Administration (FAA) [4], more efficient.

From an operative point of view, it is recommended that
such actions should be minimally invasive, limited to the geo-
metric design, and such that they do not require the RETs

repositioning along the runways [5] although it is known that
the last factor significantly influence the ROTs values [6]. This
is in order to avoid expensive and unpracticable retrofitting
processes.

ICAO requires RETs when peak-hour traffic density is
greater than a maximum value of 25 (landings and takeoffs)
[7], while the FAA indicates a limit of 30 [8]. The handling of
so many operations may generate a significant decrease in
runway capacity. To avoid this decrease, it is necessary that
operations be accomplished in the shortest time and that is
generally achieved by increasing/decreasing aircraft speed/
deceleration values. However, this also increases the accidents
risk, such as collisions or runway excursions (veer-off risk)
due to the generation of incorrect exit paths [9]. Veer-off is
usually caused by pilot errors, incorrect speed/deceleration
values, and/or the nonoptimal RETs geometry in terms of
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exit angles, type, and succession of planimetric elements, radii
of curvature, length of straight lines, etc. [10, 11].

Further risk factors are associated with approach speed
and aircraft landing weight, friction conditions of runways and
taxiways, type of aircraft, meteorological conditions, etc.

From the two ICAO reference layouts [7] adopted in
almost all worldwide airports, the authors propose to explicitly
insert between the constant curvature elements (initial straight
line and circular curve), a variable curvature element (transi-
tion curve). This is in order to increase the system efficiency in
terms of runway capacity and, at the same one time, to increase
safety and travel comfort.

In fact, it is well-known that aircraft during taxiing perform
as ground vehicles and as such, in the variable speed motion
regimen that is characteristic of RETs, can take great kine-
matic benefits by transition curves usage [12].

Historically, this requirement has been pursued by the
use of compound curves, which are circular curves having
different radii located in succession. The first studies were
conducted by Horonjeff et al. [13] in the late 1950s and were
subsequently used by major government agencies in devel-
oping reference regulations. These studies were done on rigid
and flexible pavements, both wet and dry, using different types
of civil and military aircrafts. This was in order to evaluate the
optimal relationship between exit speed, radii of curvature, and
general configuration of RETs. Experimental tests showed that,
at high speeds, the aircrafts followed paths are spirals, and
this justified the use of compound curves given that, these
curves approximate their geometry. In this sense, the central
(or main) curve of R2 radius should always be preceded by a
circular curve of much larger radius R1 [1].

In 1970, the FAA developed the first standards for RETs
design and sizing with exit angles equal to 30° and 45° [14].
More specifically, for exit angles of 30°, these standards
were required a circular curve with radius equal to 1800 feet
(about 550m) and a speed of 60mph (about 96 km/h). For
smaller aircraft, however, an exit angle equal to 45°, a radius of
curvature of 800 feet (about 244m) and a speed of 40mph
(about 64 km/h) were fixed. These layouts, therefore, did not
consider the “explicit” use of compound curves in the first part
of exit paths. Such use was later mandated by ICAO, which, in
1977, introduced a second radius of curvature [13, 14]. Cur-
rently, the use of compound curves and/or transition curves
(widely used in road and rail engineering particularly if the
travel speed is not constant) [15–19] is not explicitly provided
in the airport field. This consideration is actually not rigorously
true because the ICAO RETs layouts show a geometric offset
equal to 0.90m between the runway center line and the entry
straightway for a length equal to 30 or 60m before the circular
curve [7]. Specifically, ICAO simply clarifies that the afore-
mentioned offset (also known as shift factor), serves to “…
facilitate pilot recognition of the beginning of the curve.”

However, the authors point out that, from a geometric
point of view, abovementioned offset has another important
role, namely allowing the pilot to leave the runway center
line and approach to the RET. The aircraft path followed in
this “transition” zone, as already mentioned, is defined by a
spiral [13] that can be reasonably substituted, in addition to a

compound curve, by a variable radius transition curve that
belongs to the same family of multiparameter clothoids (gen-
eralized Cornu spirals [GCS]) [12, 19].

This means that the ICAO layouts of RETs include a tran-
sition curve that is not geometrically defined [20].

In this study, the authors propose to make explicit the
use of transition curves in the RETs and to define their paths
using runway/taxiway center line marking [7, 21, 22]. So, the
authors propose to integrate/modify the two ICAO layouts
used in the airports that have runways codes 1-2 and 3-4
[7], respectively. These layouts are currently used in all 193
ICAO countries’ member that represents almost all coun-
tries worldwide.

Historically, major government agencies such as the ICAO
and FAA have not delved into the design of RETs from a
geometric point of view. The considerations developed by the
authors show that the geometric layout imposed by ICAO and
FAA regulations are very basic and they are not fully efficient if
travel speeds are widely variable. These government agencies
have focused on studying the optimal location of RETs along
runways in order to increase airport capacity. For example, the
ICAOhas implemented the so-called three-segmentmethod [7]
while the Virginia Tech (Project supported by the FAA) has
developed the Runway Exit Design Interactive Model (REDIM
software). Recently, however, even the FAA has realized the
importance of improving the geometry of RETs and in fact,
the latest version of the REDIM software (REDIM-V4) allows
traditional schemes to be modified with the introduction of user-
defined curves (https://atsl.cee.vt.edu/products.html). This work
therefore contextualizes the need for the proposed geometric
elements and the significance of the study.

Specifically, for each of the two abovementioned ICAO
layouts, the authors propose and analyze six case studies gen-
erated by the use of the following types of transition curves: a
clothoid with unitary “n” shape parameter (base case for com-
parison), four multiparameter clothoids with a shape param-
eter equal to 1.25, 1.50, 1.75, and 2.00 and a Bloss curve, also
known as a biparametric or bihyperclothoid.

2. RETs

A RET is a taxiway connected to a runway so as to make an
acute angle between their center lines. It allows landing air-
crafts to leave the runway at higher speeds than are compatible
with other types of exit taxiways, thus minimizing the ROT.

ICAO provides two geometric layouts for RETs design
[7] depending on the runway code number [20]. The first
layout (Figure 1) is used when the aeroplane reference field
length (ARFL) is less than 800m (runway code 1) or is
between 800 and 1200m excluded (runway code 2). The
second one (Figure 2) is used when the ARFL is greater than
1200m and less than 1800m excluded (runway code 3) or is
greater than 1800m (runway code 4). The ARFL is defined as
“the minimum field length required for take-off at maximum
certificated take-off mass, sea level, standard atmospheric con-
ditions, still air and zero runway slope, as shown in the appro-
priate airplane flight manual prescribed by the certificating
authority or equivalent data from the airplane manufacturer” [7].
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Establishing of a unified worldwide standard for RETs
design is very relevant because in this manner pilots have got
the same exit perception of runways at each airport.

The intersection angle between the RET’s center line and
the runways center linemust not be greater than 45° or less than
25° and shouldmore preferably be equal to 30° [7]. Particularly,
45° is assumed codes 1 and 2 runways and 30° in codes 3 and 4.

For runway codes 1 and 2, the taxiway center line mark-
ing starts at least 30m before the tangency point of the
central exit curve which has radius equal to 275m and is
offset by 0.9m (Figure 1). For runway codes 3 and 4, it starts
at least 60m before the tangency point of the central exit
curve which has radius equal to 550m and is always offset by
0.9m (Figure 2).

A

30 m

45° 35 m

Central curve
radius—275 m

Inside fillet curve
radius—253 m

RWY 23 m

0.9 m
113.7 m 113.7 m

Tapered
edge

10.5 m at this point

12 m at this point

FIGURE 1: Rapid exit taxiway’s ICAO layout used for codes 1 and 2 runways [7].
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FIGURE 2: Rapid exit taxiway’s ICAO layout used for codes 3 and 4 runways [7].
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The maximum runway exit speed on wet pavement con-
ditions is 93 km/h for runway codes 3 and 4 and 65 km/h for
runway codes 1 and 2.

A RET should include a straight line after the turn-off
curve long enough for an exiting aircraft to come to a full
stop far from any intersecting taxiway. For this reason, both
ICAO layouts include a final straight line which has a mini-
mum length equal to 35m (runway codes 1 and 2) and 75m
(runway codes 3 and 4) [7, 20].

These lengths are based on constant aircraft deceleration
values assumed equal to 0.76m/s2 along the circular curve
and 1.52m/s2 along the final straight line, respectively.

It should be noted that the FAA classifies the aircrafts into
eight classes called taxiway design groups (TDGs) as a func-
tion of the various landing gear configurations. For each class,
it suggests that the intersection angle between RETs and run-
ways is always equal to 30° and the radius of the central exit
curve is 457m [21].

Also, FAA does not require the “explicit” use of compound
curves or transition curves although, in the early 1990s, it
introduced a 1400-foot (about 427m) length spiral transition
in the 30° exit layout [22]. However, this modification was
definitively aborted in 2013.

3. Transition Curves

Below is a brief description of the main geometric and kine-
matic characteristics of the transition curves examined in
this study, namely the clothoid, the multiparameter clothoid
(GCS) and the Bloss curve. From a kinematic point of view, it
is hypothesized that the speed v is constant. To take into
consideration, the real motion conditions (uniformly variable
motion regimen), kinematic checks will be developed “point
by point” along the development of the transition curves.

It should be noted that the more detailed geometric
explanation of these curves was developed by the authors
in a previous road geometry study, to which reference is
made for further details [23].

3.1. Clothoid. The clothoid is a curve having a variable radius
used as a transition junction between elements having con-
stant curvature. Its intrinsic equation in function of the scale
factor “A” (in meters) shows a linear curvature trend (1/r)
along the curvilinear abscissa (s), i.e. [12, 24, 25]:

r × s¼ A2: ð1Þ

The main relationships (in closed-form) which connect
the variables previously described to the clothoid’s final devi-
ation angle t are as follows:

τ ¼ s2

2A2 ¼
s
2r

¼ A2

2r2
: ð2Þ

The Cartesian equation of the clothoid cannot be expressed
in a closed-form, as can be observed from Expression (3):

x ¼ A
ffiffiffiffiffi
2τ

p
⋅ ∑

1

i¼1
−1ð Þiþ1 τ 2i−2ð Þ

4i − 3ð Þ ⋅ 2i − 2ð Þ!

y ¼ A
ffiffiffiffiffi
2τ

p
⋅ ∑

1

i¼1
−1ð Þiþ1 τ 2i−1ð Þ

4i − 1ð Þ ⋅ 2i − 1ð Þ!

8>>><
>>>:

: ð3Þ

For this work aims, it is need to analyze two important
kinematic variables’ trend along the curvilinear abscissa (var-
iable from 0 to S), namely the transversal acceleration at and
the lateral jerk c (variation of uncompensated transversal
acceleration in the time). The analytical expressions of these
kinematic quantities (with the obvious meaning of the sym-
bols) are as follows:

at ¼
v2

r
¼ v2

A2 ⋅ s; ð4Þ

c¼ dat
dt

¼ v3

A2 ; ð5Þ

where v is the (variable) aircraft speed, expressed in m/s.
It is useful to remember that the clothoid is completely effi-

cient when the travel speed is constant and that, in this condition,
transversal acceleration has a linear trend (Equation (4)), while
lateral jerk stays constant (Equation (5)) [12].

A kinematic parameter that is evaluated in road con-
struction is the rolling speed of the road platform. However,
for RETs this parameter is not very significant because no
lateral superelevation on curves is generally carried out [26].

In fact, you can see that ICAO, in order to calculate the
radius of curves as a function of aircraft speed, assumes that
the superelevation is zero and that the transverse friction
value is very low (0.13) and speed independent [7, 26].

3.2.Multiparameter Clothoid (GCS).Multiparameter clothoids
are transition curves that have a good attitude to be traveled at
variable speed. They are identified by the following intrinsic
equation [12, 24, 25, 27, 28]:

r × sn ¼ Anþ1; ð6Þ

with obvious symbol significance, in which, the n≠ 1 variable
is called shape parameter. This equation becomes the same as
the clothoid if we impose n= 1 (Equation (1)).

Similar to the clothoid case (Equation (3)), the GCS Car-
tesian equation cannot be expressed in closed-form [12, 28]:

x ¼ A ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1ð Þ ⋅ τnþ1

p
⋅ ∑

1

i¼1
−1ð Þiþ1 τ 2i−2ð Þ

2i − 2ð Þ! ⋅ pi

� �

y ¼ A ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1ð Þ ⋅ τnþ1

p
⋅ ∑

1

i¼1
−1ð Þiþ1 τ 2i−1ð Þ

2i − 1ð Þ! ⋅ qi

� �

8>>><
>>>:

;

ð7Þ
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when:

pi ¼ 2i − 2ð Þ ⋅ nþ 1ð Þ þ 1¼ 2inþ 2i − 2n − 1

pi ¼ 2i − 1ð Þ ⋅ nþ 1ð Þ þ 1¼ 2inþ 2i − n

qi ¼ pi þ nþ 1

8><
>: :

ð8Þ
Conversely, the variables τ, r, s, n, and A can be correlated

with one another by closed relationships, as shown in the
following equations [12, 28]:

r ¼ Anþ1

sn
¼ A

nþ 1ð Þ ⋅ τ½ � n
nþ1

¼ s
nþ 1ð Þ ⋅ τ ; ð9Þ

s¼
ffiffiffiffiffiffiffiffiffiffi
Anþ1

r
n

r
¼ nþ 1ð Þ ⋅ r ⋅ τ ¼ A ⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1ð Þ ⋅ τnþ1

p
; ð10Þ

A¼ ffiffiffiffiffiffiffiffiffiffi
r ⋅ snnþ1

p ¼ sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1ð Þ ⋅ τ½ �nþ1

p ¼ nþ 1ð Þ ⋅ τ½ � n
nþ1 ⋅ r;

ð11Þ

τ ¼ 1
nþ 1

⋅
A
r

� �nþ1
n ¼ 1

nþ 1
⋅

s
A

� �
nþ1 ¼ 1

nþ 1ð Þ ⋅
s
r
:

ð12Þ
Referring to the kinematic aspect, the transversal acceler-

ation and lateral jerk trends can be expressed by the following
analytical relationships, which are also valid for n= 1 [27]:

at ¼
v2

r
¼ v2

Anþ1 ⋅ s
n; ð13Þ

c¼ dat
dt

¼ v3 ⋅
n

Anþ1 ⋅ s
n−1: ð14Þ

Regarding the rolling speed, the same considerations devel-
oped for the clothoid case apply.

3.3. Bloss Curve. The Bloss curve is a transition curve able to
reduce the negative impacts due to geometric discontinuities
at the start and end points of the junction. Its closed-form
intrinsic equation is as follows [29]:

1
r
¼ s2

RL2
3 −

2s
L

� �
; ð15Þ

with obvious symbols meaning.
Analytically, this curve exhibits some similarities with

multiparameter clothoids family (Equation (6)). In fact, Bloss
curve intrinsic equation can be obtained by the difference of
two GCS that have shape parameters n1 and n2 greater than
unit (n1= 2 and n2= 3) and scale factors A1 ¼ðRL23 Þ1=3and
A2 ¼ðRL32 Þ1=4, as shown in the following equations:

1
r1
¼ s2

A3
1
¼ s2

RL2
3

À Á ; ð16Þ

1
r2
¼ s3

A4
2
¼ s3

RL3
2

À Á : ð17Þ

For this reason, the Bloss curve is also known as bipara-
metric or bihyperclothoid [16].

From a kinematic point of view, the transversal accelera-
tion and lateral jerk trends are characterized by the following
analytical relationships:

at ¼
v2

r
¼ v2 ⋅ s2

RL2
3 −

2s
L

� �
; ð18Þ

c¼ dat
dt

¼ v3 ⋅
6s
RL2

⋅ 1 −
s
L

� �
: ð19Þ

As for the rolling speed, nothing changes from the clothoid
and multiparameter clothoid.

4. Case Studies and Kinematic Considerations

In this study, as mentioned above, the geometric and kine-
matic characteristics of six transition curves (one clothoid
with a unitary “n” shape factor, four multiparameter clothoids
with shape factors of 1.25, 1.50, 1.75 and 2.00, respectively, and
the Bloss curve) were analyzed to assess their possible use in
airport runways’ RETs. Analyses were conducted for both run-
ways with code numbers 1-2 and runways with code numbers
3-4, amounting to 12 case studies. The abovementioned tran-
sition curves were first examined individually and then com-
pared with each other, both geometrically and kinematically.

The kinematic analyses were developed by MATLAB soft-
ware calculating (https://matlab.mathworks.com/). In particu-
lar, the (realistic) hypothesis of uniformly decelerated motion
regimen was adopted and a 0.001m integration step was set
along the planimetric reference elements development.

The analytical relationships described in the previous sec-
tions were used to calculate the uncompensated transversal
acceleration and the lateral jerk along the development of the
transition curves. The uncompensated transversal accelera-
tion was calculated by the first relationship of Equations (4),
(13), and (18) along constant curvature elements (circular
curves). For lateral jerk calculation, instead, the first relation-
ships of Equations (5), (14), and (19) and uniformly deceler-
ated motion equations were applied, as shown in the following
equation:

c¼
1
r v2k − v2k−1
À Á

vk−vk−1
a

; ð20Þ

where vk and vk−1, respectively, are the exit and inlet speeds
in the considered section having a length of l (measured in
m/s), a is the imposed constant deceleration (measured in
m/s2), and r is the circular curve radius, in meters.

In the first part of the study, kinematic evaluations were
carried out starting from the ICAO impositions of exit veloc-
ities and decelerations (Section 2) [7].

Advances in Civil Engineering 5
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After that, various deceleration values were investigated.
In particular, the authors evaluated the possible use of decel-
eration values lower than the imposed limits. This was done
in order to decrease the RETs travel time and thus to increase
the runway capacity.

This study also verified the geometric and kinematic RETs
effectiveness when exit speeds are higher than those fixed by
ICAO (65 km/h for runway codes 1-2 and 93 km/h for runway
codes 3-4, respectively). The main aim of this analysis is to
make the RETs suitable even for larger aircraft, without having
to provide for their expensive repositioning along the runway.

The speed “point by point” trend was calculated by apply-
ing the nonuniform motion law as described by the following
relationship, with the obvious meaning of symbols:

vk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2k−1 − 2al

q
: ð21Þ

5. Geometrical Characterization of Case Studies

The RETs were designed starting from classical ICAO refer-
ence layouts (Figures 1 and 2). It was assumed that, from the
starting point (positioned 30 or 60m before the central exit
curve’s tangent point as function based on runway code), the
pilot is tending to follow a variable curvature trajectory
(clothoid-like) not drawn on the pavement.

According to this hypothesis and considering that the
clothoid develops equally between the straight line and the
circular curve [25, 27, 28], the authors imposed that its

overall length should be equal to 60m (runway codes 1-2)
and 120m (runway codes 3-4), respectively. This hypothesis
causes offsets equal to 0.55m for runway codes 1-2 and equal
to 1.09 for runway codes 3-4.

The examined other transition curves were sized by impos-
ing the same values of the clothoid offset, that is, 0.55m for
runway codes 1-2 and 1.09m for runway codes 3-4. This
assumption generated 10 other layouts characterized by rea-
sonably different lengths of the transition curves and circular
curves.

Numerical analyses have shown that if you increase the
“n” shape parameter while the curvature radius is fixed, then
the transition curve development increases and, simulta-
neously, both the scale factor “A” and the final deviation
angle “τf” decrease.

Conversely, if the curvature radius redoubles from 275m
(runway codes 1-2) to 550m (runway codes 3-4), then about
twice the offsets, scale parameter “A” and planimetric devel-
opment also double, while the final deviation angle remains
almost constant.

Numerical analyses also showed that the Bloss curve’s
final deviation angle is greater than of the multiparameter
clothoid with shape parameter “n” equal to 2. The overall
planimetric development of RETs with an exit angle of 45°
(runway codes 1-2) was on average 30% shorter than those
with an exit angle equal to 30° (runway codes 3-4).

Table 1 shows the main geometric characteristics of both
the proposed transition curves and complete exit junction
elements.

TABLE 1: Main geometric parameters of the proposed RETs.

TC CNs
SC
(m)

TCL
(m)

CCL
(m)

SD
(m)

TL
(m)

FDA
(g)

CCR
(m)

SF
(m)

Clothoid
(n= 1.00)

1-2 128.45 60.00 185.99 35 280.99 6.94 275 0.55

GCS
(n= 1.25)

1-2 121.38 63.10 187.94 35 286.04 6.49 275 0.55

GCS
(n= 1.50)

1-2 117.25 66.42 189.41 35 290.83 6.15 275 0.55

GCS
(n= 1.75)

1-2 115.14 70.01 190.52 35 295.53 5.89 275 0.55

GCS
(n= 2.00)

1-2 114.40 73.79 191.39 35 300.18 5.69 275 0.55

Bloss curve 1-2 — 77.46 177.25 35 289.71 8.97 275 0.55
Clothoid
(n= 1.00)

3-4 256.90 120.00 227.98 75 422.98 6.94 550 1.09

GCS
(n= 1.25)

3-4 242.15 125.63 232.14 75 432.77 6.46 550 1.09

GCS
(n= 1.50)

3-4 233.85 132.23 235.08 75 442.31 6.12 550 1.09

GCS
(n= 1.75)

3-4 229.62 139.39 237.29 75 451.68 5.87 550 1.09

GCS
(n= 2.00)

3-4 228.11 146.91 239.01 75 460.92 5.67 550 1.09

Bloss curve 3-4 — 154.27 210.85 75 440.12 8.93 550 1.09

Abbreviations: CCL, circular curve length; CCR, circular curve radius; CNs, code numbers; FDA, final deviation angle; SC, scale factor; SD, straight distance; SF,
shift factor (offset); TC, transition curve; TCL, TC length; TL, total length.
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6. Results and Discussion

In the following sections, the 12 case studies defined in this
paper are analyzed and compared with each other. These case
studies are analyzed with regard to curvature (Section 6.1),
uncompensated transversal acceleration (Section 6.2), lateral
jerk (Section 6.3), travel speed (Section 6.4), travel time
(Section 6.5), longitudinal deceleration (Section 6.6), and
centrifugal force (Section 6.7). The analyses were conducted

by implementing the analytical relationships described in
the previous sections.

6.1. Curvature. The curvature 1/r trend as a function of cur-
vilinear abscissa for all examined RETs is shown in Figure 3
(runway codes 1-2) and Figure 4 (runway codes 3-4).

It can be noted that the multiparameter clothoids show a
“smoother” trend than the clothoid, but that the better results
are furnished by the Bloss curve because it does not show any
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FIGURE 3: Curvature trend for runway codes 1-2.
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FIGURE 4: Curvature trend for runway codes 3-4.
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second-order discontinuity (angular point) in the passage
between the transition element and the circular curve. The
multiparameter clothoids exhibit a very comparable trend
with each other, but they have obvious differences in devel-
opment and curvature values, which are related to the differ-
ent values of the shape parameter and scale factor.

All transition curves converge to the same maximum
curvature value that is equal to 1/275m−1 for runway codes
1-2 and it is equal to 1/550m−1 for runway codes 3-4. These
values remain constant along the entire circular arc develop-
ment, until they reach zero at the straight line, after they have
undergone a curvature discontinuity with a gap equal to 1/R.

6.2. Uncompensated Transversal Acceleration.Analysis results
describing the at uncompensated transversal acceleration
trend along curvilinear abscissa are shown in Figure 5 (run-
way codes 1-2) and Figure 6 (runway codes 3-4), respectively.

The diagrams describing the transversal acceleration trend
along the clothoid and multiparameter clothoids are always
continuous and increasing. The maximum values occur at the
end point namely where the passage between the variable cur-
vature element and the constant curvature element is achieved.

Next, these diagrams linearly decrease along the circular
arc development, where the curves overlap. Obviously, for all
examined curves, the transversal acceleration becomes zero
along the entire straightway.

The clothoid is the transition curve showing the highest
values of uncompensated transverse acceleration. At the pas-
sage point between the transition curve and the circular curve,
the transversal acceleration percentage variation between the
clothoid and multiparameter clothoid with shape parameter
n= 2 is about 10%, for all runway codes. Specifically, it should
be noted that doubling the shape parameter value from 1

(clothoid) to 2 (multiparameter clothoid) achieves a 9.81%
decrease in maximum transversal acceleration for runway
codes equal to 1-2 and 9.21% for runway codes of 3-4. The
diagram describing the transversal acceleration trend in the
Bloss curve lies somewhere between the two multiparameter
clothoids having a shape parameter equal to 1.25 and 1.75,
respectively. If runway code is equal to 3 or 4 (Figure 6), in the
first 40m of Bloss curve development (approximately 33% of
the total length), the transversal acceleration value remains
lower than shown by the GCS with n= 1.5.

Then, these values considerably increase and then they
have the tendency to reach multiparameter clothoid values
with n= 1.25. It can be seen that the multiparameter clothoid
with n= 2 exhibits better performance than the Bloss curve
because the transversal acceleration values are always lower
along the total development.

The clothoid also shows an increasing trend of transversal
acceleration as a function of curvilinear abscissa and exhibits a
maximum value of 0.85m/s2 for runway codes 1-2 and 0.88
m/s2 for runway codes 3-4. These values are on average about
9% greater than exhibited by the Bloss curve.

A comparison between the runways having a code num-
bers 1-2 (Figure 5) and 3-4 (Figure 6) shows that doubling the
circular curve radius (from 275 to 550m) causes an increase
of about 3.26% of the maximum uncompensated transversal
acceleration value for clothoid case study. For multiparameter
clothoid with n= 2 and the Bloss curve, abovementioned
increase is equal to 3.83% and 3.70%, respectively.

For runways having codes 3-4 (Figure 6), the transversal
acceleration discontinuity between the circular curve and the
straightway shows the highest value in the clothoid (0.25m/s2),
while for the multiparameter clothoid with n= 2, the above-
mentioned discontinuity is about 40% lower.
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FIGURE 5: Uncompensated transversal acceleration trend for runway codes 1-2.
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For runways having codes equal to 1 or 2 (Figure 5), there
is no such discontinuity, because adopting the longitudinal
deceleration values imposed by ICAO (Section 2), the air-
craft stops within the circular curve without using the final
straightway.

It is recommended that transversal acceleration should
not exceed specific maximum values in order to ensure suit-
able comfort for passengers [30]. A generally accepted maxi-
mum physiological limit is 1.18m/s2 [31]. Obtained results

show that abovementioned limit value is not exceeded in any
of the proposed case studies.

6.3. Lateral Jerk. In Figure 7 (runway codes 1-2) and Figure 8
(runway codes 3-4), the c lateral jerk trend as a function of
curvilinear abscissa is shown for all proposed RETs. Table 2
shows themaximum lateral jerk values (cmax) for each case study.

It can be noted that the lateral jerk value (at the same
curvilinear abscissa) has lower values when increasing the
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FIGURE 7: Lateral jerk trend for runway codes 1-2.
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FIGURE 6: Uncompensated transversal acceleration trend for runway codes 3-4.
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“n” shape parameter and this is approximately in the first
half of the transition curves development (Figures 7 and 8),
namely in the most kinematically critical zone where the
speeds are still sufficiently high. In this region, the GCS with
shape parameter n= 2 shows the best performance, because
the lateral jerk values are lower than those of the other curves.

Compared to the other transition curves, the clothoid is
characterized by a high lateral jerk value at the initial point,
equal to 0.36m/s3 for runway codes 1-2 and 0.26m/s3 for
runway codes 3-4 (Figures 7 and 8 and Table 2). This signifi-
cantly decreases passengers’ comfort so it would be advisable
to avoid the clothoid usage in the airport field, from this
point of view.

On the other hand, the observed lateral jerk discontinuity
at the passage point between the clothoid and the circular
curve is the smallest compared to other transition curves. In
particular, the “jump” is about equal to one-half of the exhib-
ited “jump” by the multiparameter clothoid with n= 2.

The maximum lateral jerk value along the clothoid is
similar to observed on the Bloss curve and it is about 14%
and 12% larger (for runway codes 1-2 and 3-4, respectively)
than of the observed value along multiparameter clothoid
with n= 2 (Table 2). However, this comparison is not very

significant. The most relevant aspect is the position where
the peak value occurs.

This position is the absolute worst in the clothoid case,
because it is located at the start of the transition curve, where
the aircraft speeds are highest. The peak value in the Bloss
curve occurs about in the middle of the transition curve,
while in the multiparameter clothoid with n= 2, it occurs
at the end of the transition curve, where the aircraft speeds
are certainly lower.

With regard to the Bloss curve, it is observed that the
lateral jerk trend is characterized by a bell-shaped curve.
Thus, there is a first section where the lateral jerk increases
from the nil value, on the starting point, to a specific maxi-
mum value. This value is located about in the midpoint curve
and is equal to 0.35m/s3 for runway codes 1-2 and 0.26m/s3

for runway codes 3-4, respectively.
In the second part, the lateral jerk shows a decreasing

trend, having “acceptable” values at end of the transition
junction. Finally, the curve describing the lateral jerk trend
joins to the circular curve, showing no geometric “disconti-
nuity” (Figures 7 and 8 and Table 2). So, the Bloss curve
compared with the other transition curves shows a more
lateral jerk regular trend even though the maximum values
are significantly higher than those of the other transition
curves. However, as already abovementioned, these values
occur in a better position than the clothoid, namely where
aircraft speeds are sure to be lower (Section 6.4).

The lateral jerk values along the circular curve are very
similar for all case studies, the most significant differences
from each other are concentered along the transition curves.
Comparing the runways of both code numbers 1-2 and code
numbers 3-4, it could be observed that doubling the circular
curve radius produces 26.76%, 24.85%, and 26.14% lateral jerk
decrease for clothoid, multiparameter clothoid with n= 2 and
Bloss curve, respectively.
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FIGURE 8: Lateral jerk trend for runway codes 3-4.

TABLE 2: Maximum lateral jerk value for each transition curve.

Transition
curves

cmax (m/s3)
(runway codes 1-2)

cmax (m/s3)
(runway codes 3-4)

Clothoid 0.36 0.26
GCS (n= 1.25) 0.28 0.21
GCS (n= 1.50) 0.28 0.21
GCS (n= 1.75) 0.29 0.22
GCS (n= 2.00) 0.31 0.23
Bloss curve 0.35 0.26
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It can be noted that the circular curve radius influence on
the maximum transversal acceleration value (Section 6.2) is
much smaller than the lateral jerk. Instead, the radius increase
determines a large lateral jerk reduction and an increase in the
transversal acceleration.

The international scientific literature provides several recom-
mendations regarding maximum lateral jerk values. Generally,
the maximum value of 1.3 ft/s3 (0.396m/s3) is considered accept-
able [1, 14]. Obtained results show that the maximum lateral jerk
value is always lower than the specified threshold value.

The first phase of the kinematic analysis pointed out the
limitations of using the clothoid and the greater effectiveness
of the GCS with n= 2. In fact, this curve is already used in
road design when vehicle speed is significantly variable. The
Bloss curve also showed some kinematic advantages, in fact,
the maximum value of the uncompensated transversal accel-
eration is always less than or similar to the values shown in
the other case studies (Section 6.2, and Figures 5 and 6) with
a lateral jerk trend always very smooth (bell-shaped curve).
Although the maximum lateral jerk values along the Bloss
curve are significantly higher than those of the other transi-
tion curves, they occur approximately in the transition curve
middle, that is, in a better position than clothoid, where the
aircraft speeds are lower (Section 6.3, and Figures 7 and 8).

6.4. Aircraft Ground Moving Speed. Based on the kinematic
analysis, for each case studies, a speed analysis was conducted.
This analysis was carried out for each transition curve follow-
ing three approaches:

• Approach 1: runway exit speeds and longitudinal decel-
erations imposed by ICAO are used.

• Approach 2: runway exit speeds imposed by ICAO and
longitudinal decelerations calculated by authors that
allow the aircraft to stop exactly at the straight line
end are used.

• Approach 3: runway exit speeds calculated by authors
using longitudinal decelerations imposed by ICAO are
used.

The obtained results referring to the most important case
studies (clothoid, multiparameter clothoid with n= 2 and
Bloss curve) are shown in Figure 9.

For diagram construction, the nonuniform motion law
with imposed longitudinal deceleration was used. These dia-
grams show a decreasing trend which reaches the nil value at
a variable position depending on the examined case study.

Each diagram analyzes three subcases. For runway codes
1-2 (Figure 9a,c,e), the first subcase (Approach 1) shows the
RETs speed trend when the exit speed values (65 km/h) and
longitudinal decelerations (0.76m/s2 on curves and 1.52m/s2

on straight lines) are those imposed by ICAO (Section 2).
The second subcase (Approach 2) still considers the ICAO
exit velocity (65 km/h) but sets a lower and constant decel-
eration along the RETs that allows the aircraft to stop exactly
at the straight line end (0.58, 0.54, and 0.56m/s2 for the
clothoid, GCS with n= 2 and Bloss curve, respectively). The
third subcase (Approach 3) considers exit velocities greater

than those set by ICAO. These speeds allow the aircraft to stop
exactly at the end of the straight line (78.90, 81.25, and 79.98
km/h) with the longitudinal decelerations equal to those
imposed by ICAO (0.76m/s2 on curves and 1.52m/s2 on
straight lines).

For runway codes 3-4 (Figure 9b,d,f), the first subcase
(Approach 1) shows the RETs speed trend when the exit speed
values (93 km/h) and longitudinal decelerations (0.76m/s2 on
curves and 1.52m/s2 on straight lines) are those imposed by
ICAO (Section 2). The second subcase (Approach 2) still con-
siders the ICAO exit velocity (93 km/h) and the ICAO decel-
eration along the curves (0.76m/s2) but sets a lower and
constant deceleration along the straight line that allows the
aircraft to stop exactly at the straight end (0.93, 0.54, and
0.75m/s2 for the clothoid, GCS with n= 2 and Bloss curve,
respectively). The third subcase (Approach 3) considers exit
velocities greater than those set by ICAO. These speeds allow
the aircraft to stop exactly at the end of the straight line (99.04,
102.71, and 100.73 km/h) with the longitudinal decelerations
equal to those imposed by ICAO (0.76m/s2 on curves and
1.52m/s2 on straight lines).

On runways having code numbers 3-4, the aircraft stops
within the straightway at a different point for each case study
(Figure 9b,d,f ). Instead, on the runways having code num-
bers 1-2 the aircraft already stops within the circular curve
before reaching the abovementioned straightway (Figure 9a,
c,e).

This means that the maximum longitudinal deceleration
limit values imposed by ICAO (Section 2) are very prudential
and could reasonably be reduced/modified in order to use all
available space. Table 3 shows the constant deceleration values
used in Approach 2 along the examined layouts (Figure 9).

The lowest deceleration (0.54m/s2) is obtained for the
GCS with n= 2 (runway codes 1-2) because this layout has
the greatest overall development (Table 1), while the initial
and final speeds are the same for all the analyzed layouts.
Based on the identical considerations (lowest overall devel-
opment), the clothoid exhibits the highest value of 0.58m/s2

(Tables 1 and 3).
For runways having code numbers equal to 3-4, it is not

possible to use along the entirely transition junction a con-
stant deceleration value lower than the ICAO recommended
value because the available development is not adequate. For
this reason, the authors have used the ICAO deceleration
along the transition curve and the circular curve (0.76m/s2)
and a lower value on the straight line. In this case, the straight-
way length remains unchanged (35 or 75m based on runway
codes).

The variable parameter is the aircraft speed at the initial
point of abovementioned straightway, because both the tran-
sition elements developments and circular curves are depen-
dent on the examined case study.

In fact, the multiparameter clothoid with n= 2 shows a
lower deceleration value (0.54m/s2) because its overall devel-
opment is higher (460.92m), while the clothoid shows the
highest deceleration value (0.93m/s2) because its overall devel-
opment is lower (422.98m).

Advances in Civil Engineering 11

 7074, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/3460968 by U

niversity B
asilicata D

i Potenza B
ibl Interdepartim

 D
i A

teneo, W
iley O

nline L
ibrary on [20/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Obtained results suggested to assess a new hypothesis
(Approach 3), namely to keep the longitudinal deceleration
values recommended by the ICAO, but to increase the run-
way exit speeds over the imposed maximum values (Figure 9
and Table 4). This is in order to use the overall available
length.

However, this hypothesis requires greater care on the
runways and RETs skid conditions. In fact, the new runway

exit speeds need an increased transversal friction coefficient
until 0.19 (Table 4), that is higher than the suggested ICAO
maximum value equal to 0.13 (Section 3.1).

It is noted that, with regard to the runway codes 3-4, the
maximum exit speed is achieved in the multiparameter
clothoid with n= 2 (102.71 km/h) and that this speed is com-
parable with that of the other transition curves. For runways
with code numbers 1-2 the speed increase, comparing to the
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FIGURE 9: Longitudinal speed trend: (a) clothoid “1-2,” (b) clothoid “3-4,” (c) GCS n= 2 “1-2,” (d) GCS n= 2 “3-4,” (e) Bloss curve “1-2,” and
(f ) Bloss curve “3-4”.
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base value, is about 16 km/h and the maximum value equal
to 81.25 km/h is again achieved along the multiparameter
clothoid with n= 2.

The results show that the Bloss curve is the only transi-
tion that, even in the case of runway codes 3-4, allows aircraft
to travel down the RETs without changing the value of longi-
tudinal deceleration in the passage between the various ele-
ments of the exit (transition curve, circular curve, and straight
line) and without changing the speed value from that imposed
by ICAO (93 km/h). Figure 9f shows that the constant value of
the longitudinal acceleration along the transition curve and
the circular curve (0.76m/s2) is practically the same as that
along the straight line (0.75m/s2) with evident advantages of
comfort and driving regularity.

6.5. Travel Time. In order to reduce ROTs and expand air-
port capacity [32–34], the authors propose to increase run-
way exit speeds.

The impacts produced by increasing exit speeds (Section 6.4)
can be investigated by analyzing aircrafts travel times in uni-
formly deceleratedmotion regimen. The abovementioned anal-
ysis was conducted according to three different approaches
(Figure 9). This allowed three different time ranges to be cal-
culated, as detailed below:

• Approach 1: Travel time calculation needs from the
transition curve starting point to the point where the
aircraft stops. Runway exit speeds and longitudinal
decelerations suggested by ICAO (Section 2) are used.

• Approach 2: Travel time calculation needs from the
transition curve starting point to the point where the
RET ends. Runway exit speeds suggested by ICAO and
longitudinal decelerations proposed by authors are
used, respectively (Section 6.4 and Table 3).

• Approach 3: Travel time calculation needs from the
transition curve starting point to the point where the
RET ends. Runway exit speeds proposed by authors
and longitudinal decelerations suggested by ICAO
are used, respectively (Section 2).

Table 5 shows the obtained results for runways with code
numbers 1-2.

It can be noted that using both runway exit speed values
and deceleration values suggested by ICAO (Section 2), air-
craft stop in 23.75 s, after traveling distance of about 215m.
This occurs for each case study but, it is an impractical
solution because in this manner the aircrafts are unable to
use the overall length of RETs (Approach 1). If the longitu-
dinal decelerations proposed by the authors (Section 6.4) and
the runway exit speeds imposed by ICAO (Section 2) are
adopted, all aircrafts are able to complete the RETs overall
length (Approach 2). Obviously, this requires a longer travel
time, which is equal to 33.25 s in the multiparameter clothoid
case with n= 2 (Table 5).

Finally, if the imposed ICAO decelerations (Section 2)
and the runway exit speeds indicated by the authors (Section
6.4) are used, the travel times decreased about 10 s in com-
parison with the previous case (Approach 3). Again, the
highest travel time is for the multiparameter clothoid with
n= 2 (22.90 s). Such travel time is practically the same as that
obtained in the other case studies (Table 5).

It can be observed that for runway codes 1-2, Approach 3 is
themost effective one because it can generate an airport capac-
ity increase, according to the furnished authors’ indications.
Similar considerations are valid for runway codes 3-4 (Table 6);
although in this case, the aircraft stops at a specific point of
the final straightway (Approach 1). This position is different
according to the case study configuration (Section 6.4).

TABLE 3: Feasible decelerations for each case study (Approach 2).

Case
studies

Runway codes 1-2,
a (m/s2)

Runway codes 3-4,
a (m/s2)

Clothoid 0.58 0.93
GCS (n= 1.25) 0.57 0.82
GCS (n= 1.50) 0.56 0.73
GCS (n= 1.75) 0.55 0.63
GCS (n= 2.00) 0.54 0.54
Bloss curve 0.56 0.75

TABLE 4: New runway exit speeds for each case study (Approach 3).

Case
studies

Runway codes 1-2 Runway codes 3-4

V (km/h) ft V (km/h) ft
Clothoid 78.90 0.18 99.04 0.14
GCS (n= 1.25) 79.52 0.18 100.01 0.14
GCS (n= 1.50) 80.11 0.18 100.95 0.15
GCS (n= 1.75) 80.69 0.19 100.86 0.15
GCS (n= 2.00) 81.25 0.19 102.71 0.15
Bloss curve 79.98 0.18 100.73 0.15

TABLE 5: RETs travel times (runway codes 1-2).

Case
studies

Approach 1
time (s)

Approach 2
time (s)

Approach 3
time (s)

Clothoid 23.75 31.13 22.05
GCS (n= 1.25) 23.75 31.69 22.28
GCS (n= 1.50) 23.75 32.21 22.50
GCS (n= 1.75) 23.75 32.74 22.71
GCS (n= 2.00) 23.75 33.25 22.90
Bloss curve 23.75 32.09 22.45

TABLE 6: RETs travel times (runway codes 3-4).

Case
studies

Approach 1
time (s)

Approach 2
time (s)

Approach 3
time (s)

Clothoid 26.24 31.12 26.27
GCS (n= 1.25) 26.68 32.86 26.62
GCS (n= 1.50) 27.13 34.62 26.96
GCS (n= 1.75) 27.58 36.56 27.29
GCS (n= 2.00) 28.08 38.85 27.62
Bloss curve 27.02 34.18 26.88
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As an example, for runway codes 3-4 and clothoid, the
results obtained with each of the three approaches are
described below (Section 6.4 and Table 6):

1. The aircraft exits from the runway at 93km/h (25.83m/s)
and runs through the clothoid and circular curve at
constant longitudinal deceleration of 0.76m/s2. At the
end of the circular curve, its speed value is 11.77m/s and
it has spent a travel time of 18.50 s. Subsequently, the

aircraft then keeps decelerating (1.52m/s2) and stops
after traveling 45.57m from the initial of the straight-
way, namely 393.54m from the beginning of the taxi-
way, after a travel time of 7.74 s. There are 29.43m of
unused straightway length. The overall travel time is
26.24 s.

2. The aircraft turns at 93 km/h and runs through the
clothoid and circular curve at constant longitudinal
deceleration of 0.76m/s2 (for runway with code numbers
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FIGURE 10: Transversal acceleration trend in case of imposed deceleration (runway codes 1-2).
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FIGURE 11: Transversal acceleration trend in case of imposed deceleration (runway codes 3-4).
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3-4, the proposed deceleration is used only along the
final straight line). The speed value is 11.77m/s at the
end of the circular curve and the travel time is equal to
18.50 s (as in the previous case). After this, the aircraft
keeps decelerating (0.93m/s2) and stops at the taxiway
end, after a travel time of 12.62 s has passed. The total
travel time is therefore 31.12 s.

3. The aircraft exits from the runway at 99.04 km/h
(27.51m/s) and runs through the clothoid and circular
curve at constant longitudinal deceleration of 0.76m/s2.

At the circular curve end, the speed value is 15.10m/s
and the travel time is 4.67 and 11.67 s, respectively.
Thereafter, it keeps decelerating (1.52m/s2) and stops
at the taxiway end in 9.93 s. The total travel time is
therefore 26.27 s.

6.6. Deceleration Effects on Kinematic Variables. The motion
regimen analysis for both runway codes 1-2 and 3-4 was
developed by using the longitudinal deceleration values
defined by the authors (Section 6.4 and Table 3). This is
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FIGURE 12: Lateral jerk trend in case of imposed deceleration (runway codes 1-2).
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FIGURE 13: Lateral jerk trend in case of imposed deceleration (runway codes 3-4).
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in order to utilize entirely RETs length. Obtained results are
shown in Figures 10–13.

This causes higher both transversal acceleration and
speed values than obtained in the previous analysis (Sections
6.2 and 6.4). The more detailed analysis shows a peak trans-
versal acceleration increase equal to 9.19% for the clothoid,
equal to 14.98% for the multiparameter clothoid with n= 2,
and equal to 12.93% for the Bloss curve. The lateral jerk
increase is 23.29% and 4.35% for the multiparameter clothoid
with n= 2 and for the Bloss curve, respectively, while there is
no increase for the clothoid. This is because the maximum
lateral jerk value occurs at the initial section of the transition
curve, where speed has not changed (65 km/h) and therefore
has not been any effect due to the deceleration decrease.
Moreover, it can be noted that using an average deceleration
of 24% less than the ICAO imposed threshold values causes a
speed increase so that, even in the runways with code num-
bers 1-2, the aircraft has to use the final straightway to stop.
Unlike previously, the aircraft does not end its run in the
circular curve, so that a discontinuity at the passage to the
final straightway is evident in the diagrams (Figures 10
and 12).

It can be seen that despite the benefits produced by speed
increase (RETs travel time decrease), the deceleration decrease
causes both a transversal acceleration and lateral jerk increase.
However, it is noted that these increments are still conservative
compared to the imposed limits (Sections 6.2 and 6.3).

6.7. Centrifugal Force. As well-known, the centrifugal force
value acting on aircraft in curves is proportional both to the
transversal acceleration and aircraft mass. Thus, for a quali-
tative analysis purpose, it can be observed that if a unitary
mass value is assigned to the aircraft, the unit centrifugal
force (UCF) trend along the design RETs coincides exactly
with transversal acceleration. This means that the UCF peak
value (UCFmax) occurs in the passage from the transition
curve end point to circular curve beginning point (Figures 5
and 6).

If transition curves are lacking, the UCF’s peak value at
the circular curve beginning is equal to 1.18 m/s2 for runways
with code numbers 1-2 (V=65km/h, R=275m) and 1.21m/s2

for runways with code numbers 3-4 (V= 93 km/h, R=
550m), respectively.

The analysis results show that the transition curves
implementation in the design RETs produces an UCF per-
centage decrease (ΔUCFmax) averagely equal to 30% (Table 7).
For both multiparameter clothoid with n= 2 and Bloss curve,
this reduction reaches the maximum value of about 34%.

It can be emphasized that in the first part of the RETs
where the speed values are particularly high, for the same
aircraft mass, each of the proposed curves generates a lower
centrifugal force respect conventional layouts due to a low
curvature value. Instead, in the second half of RETs, the high
variation of centrifugal force depends on both aircraft mass
and high curvature value.

With reference to the obtained results, it can be affirmed
that the use of the proposed transition curves generally results
in beneficial stress decrease on aircraft gears.

7. Conclusions

7.1. Detailed Conclusions. This study highlighted that the
RETs geometric layouts as provided by ICAO need to be
updated in order to make them more efficient and comfort-
able. Obtained results confirmed the clothoid inadequacy to
be used as a transition curve in the RETs due to the instan-
taneous lateral jerk changes occurring at its initial point.

In fact, this point is characterized by significantly higher
speeds and transversal acceleration values that are signifi-
cantly higher than those generated by the multiparameter
clothoids and the Bloss Curve. With reference to multipa-
rameter clothoids, the study showed that as the shape param-
eter “n” increases, the lateral jerk significantly decreases.

In particular, it was observed that the layout which pro-
vides the highest safety level and comfort is themultiparameter
clothoid with a shape parameter n= 2. Themain advantages of
using multiparameter clothoid over the clothoid are to ensure
a lower lateral jerk value at initial point and a greater aircraft
lateral stability.

Bloss curves also showed many advantages in terms of
safety and travel comfort. Although the Bloss curve is char-
acterized by a maximum lateral jerk value that is comparable
to clothoid, it does not occur at its starting point, but rather
at a significantly more advantageous position. Moreover, the
Bloss curve does not exhibit any lateral jerk’s geometric
“jump” in the passage between the transition curve and the
circular curve. Anyway, regarding the uncompensated trans-
versal acceleration, the multiparameter clothoids with a
shape parameters equal to 1.75 and 2.00 show better perfor-
mance than the Bloss curve and significantly better perfor-
mance than the clothoid.

With reference to lateral jerk, it can be observed that the
peculiar bell curve shape that characterizes the Bloss curve is
sure to be more effective than the increasing trend that charac-
terizes multiparameter clothoids and that places the maximum
value at the transition curve end. Conversely, the multiparameter
clothoid with n=2 ensures the lowest lateral jerk values within
the first half of its development. Anyware, both transversal accel-
eration and lateral jerk are always under threshold limits indicated
in the international scientific literature.

The study also analyzed the use of lower longitudinal
deceleration values than those imposed by ICAO (i.e., higher
exit speeds) in order to utilize all available space, decrease
travel time, and increase airport capacity.

TABLE 7: Maximum unit centrifugal force (UCFmax) and UCF per-
centage decrease (ΔUCFmax).

Case
studies

UCFmax

(m/s2)
ΔUCFmax

(%)
UCFmax

(m/s2)
ΔUCFmax

(%)
(Runways codes 1-2) (Runways codes 3-4)

Clothoid 0.85 −27.97 0.88 −27.27
GCS (n= 1.25) 0.84 −28.81 0.87 −28.10
GCS (n= 1.50) 0.82 −30.51 0.85 −29.75
GCS (n= 1.75) 0.80 −32.20 0.83 −31.40
GCS (n= 2.00) 0.78 −33.90 0.81 −33.06
Bloss curve 0.78 −33.90 0.81 −33.06
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Analyses have shown that the maximum decelerations
imposed are conservative because they induce the stopping
aircraft within the curve, namely before the final straightway
(code numbers 1-2).

The final phase of this study focused on the qualitative
analysis of the dynamic stress acting on aircrafts. In particu-
lar, it was observed that the use of a transition curve, such as
the multiparameter clothoid with n= 2 or the Bloss curve,
can help to reduce shear stresses on the aircraft landing gears’
shock absorber. As a matter of fact, obtained results showed
that using of transition curves generates a UCF average
decrease equal to about 30%. It should be noted that the
principal aim of this work is to increase the capacity of
existing airports with minimally invasive actions limited
only to the geometric design of RETs, without providing
for their repositioning along runways (Section 1). This is to
minimize the retrofitting costs of conventional RETs designed
by ICAO and/or FAA standards. From a qualitative point of
view, the increase in construction cost of a traditional RET
compared with a new RET with transition curve included is
proportional to the variation in overall length if the cross-
section layout is the same. In this meaning, it is observed
that for runway codes 1-2, the length increases of traditional
RET compared to the one with GCS (n= 2.00) and the one
with Bloss curve is equal to 6.8% and 3.1%, respectively, while
for runway codes 3-4, it is 9.0% and 4.0%, respectively (Table 1).
These length increases (that are proportional to construction
cost increase) are certainly not excessive, but to evaluate the
effectiveness of the project, they must be compared with the
benefits generated by the increased runway capacity. This
analysis represents the level of investigation that will be devel-
oped by the authors in the second phase of this research.

In conclusion, the study showed that the multiparameter
clothoid with shape parameter n= 2 and the Bloss curve are
most suitable geometrical curves to be used as transition
curves in airport RETs. Compared with existing ICAO and
FAA layouts, they better solve the problem of aircrafts curve
entrance when speeds are extremely variable. It is noted that
further improvement and suggestions may be derived by the
use of swept path analysis software. They make it possible to
simulate vehicles and aircraft ground pathways and are cur-
rently widely used in the field of road engineering [35].

It is the authors’ hope that the results obtained from this
research, and subsequent in-depth studies, will be adopted by
major government agencies such as the ICAO and the FAA.
This means that existing or future standards should include
the possibility of using RETs consisting of multiparameter
clothoids with shape parameter n= 2.00 and/or Bloss curves.
This is the case both in the construction of new airports and
in the existing airports retrofitting.

The benefits are clear from a geometric, kinematic, and
dynamic point of view, as well as for increasing airport capacity.
The proposed modifications do not require moving RETs along
the existing airport runways but only geometric retrofitting.

7.2. General Conclusions. In this study, the authors described
the use of some variable radius transition curves in airport
runway RETs. Twelve case studies were analyzed (six for

runways with code numbers 1-2 and six for runways with
code numbers 3-4). These case studies were defined starting
from the two ICAO layouts, which are composed of a circu-
lar arc and a final straightway, as is well-known.

In fact, it can be observed that the aircraft pathway along
the RETs contains a variable curvature element (clothoid-
like). For this reason, the authors hypothesized the presence
of a clothoid before the circular curve allowing a gradual
transition between the runway and the RET. In particularly,
the study evaluated the possible use of multiparameter clothoids
(GCS) with shape parameters equal to 1.25, 1.50, 1.75, and
2.00 and the Bloss curve.

The analytical processing was developed “point by point”
by MATLAB software because the outgoing aircraft motion
regimen is uniformly decelerated. Results comparative anal-
ysis was done regarding curvature, transversal acceleration,
lateral jerk, travel speed, travel time, longitudinal decelera-
tion, and centrifugal force. The study showed that classical
ICAO layouts of RETs are inadequate regarding safety and
travel comfort, so they need to be revised using appropriate
transition curves. Obtained results indicated considerable use
possibilities both multiparameter clothoid with n= 2 and the
Bloss curve.

The use of abovementioned transition curves also makes
it possible to increase the runways capacity without having to
plan and implement expensive RETs displacements.
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