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Optimisation of turnout frog profile geometry using revenue
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ABSTRACT
Railroad turnouts are an essential element of the track infrastructure
that facilitates the movement of trains between adjacent or diverg-
ing tracks. Turnout frogs are subjected to high wheel impact forces
due to the inherent need for a discontinuity in their geometry. To
develop an optimised frog geometry to minimise wheel impacts, a
parametric study was designed and executed that considered three
critical design parameters: point (i.e. nose) slope, relative height dif-
ference between wing and point, and longitudinal wing slope. Four
hundred wheel profiles were extracted from a dataset of one mil-
lion revenue service wheel profiles based on a wheel classification
methodology previously developed. Wheel impact was quantified
for each frog geometry case based on wheel transfer distribution
and vertical wheel trajectory which were analysed using a devel-
oped Python algorithm. A total of 30 unique geometries were eval-
uated, including the existing standard design geometry for a N.A.
heavy point conformal frog. Results demonstrated that each param-
eter affects different locations along the frog and total impact is
most affected by point slope. Lastly, an optimised frog geometrywas
selected that ensures well-distributed wheel transfer locations pre-
venting the concentration of damage, and results in low total impact
at the transfer point.
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Introduction

Background

Railroad turnouts are widely considered to be one of the most critical infrastructure assets
given the complexity of their design when compared to other track components and their
function in the safemovement of trains. If they are not functioning properly, they can result
in maintenance expenditures and even derailments, causing significant track outages and
traffic disruptions [1]. Therefore, ensuring adequate wear and impact resistance of frogs
(internationally referred to as ‘crossings’) is crucial, especially in high and higher-speed
rail operations and the demanding heavy axle load (HAL) freight railroad operating envi-
ronment in North America (N.A.). According to the U.S. Department of Transportation
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Figure 1. FRA train accident data from 1996 to 2018 depending on frequency and severity [2].

Federal Railroad Administration (FRA) data from 1996 to 2018 on Class I main lines,
a total of 119 accidents were caused by a worn and/or broken frog. Furthermore, frog-
caused accidents occurwith above-average frequency and severitywhen compared to other
track-related derailment causes as shown in Figure 1 [2].

Most turnouts consist of three regions: the switch areawhich includes the points, the clo-
sure area, and the frog area which includes the frog itself and ends at the last long sleeper
[3]. Among these, the switch and its associated components and the frog are the most
critical turnout components. They require frequent inspection, have maintenance inter-
ventions that are disproportionately frequent compared to open track, and result in high
life-cycle costs when compared to many other elements of the track structure [4]. Espe-
cially, frog generally induces high impact loads as the wheel traverses through the turnout
which causes recurring maintenance interventions due to their degradation as a function
of tonnage [5]. This can primarily be attributed to the geometry of the rail in the frog that
includes a gap (i.e. flangeway) between the wing rail and the point. These impact loads
accelerate rail damage in the form of excessive wear, fatigue, plastic deformation, surface
cracking and crumbling, shelling and global fracture [6–8].

To improve frog performance and mitigate deterioration, studies have been conducted
on wheel–frog interaction. Much of the research has focused on frog geometry optimisa-
tion (e.g. modification of frog dimensions, frogs without a discontinuity like spring frogs
or movable-point frogs, etc.) and frog material modification. Zboril et al. [9] compared
the performance of two different frog materials through field measurements and indicated
that hardened surface (340 BHN) frog underwent less material wear after 6.5 MGT (i.e.
0.039 in. (1.0 mm)) than the existing (200 BHN) frog (i.e. 0.094 in. (2.4 mm)). Markine
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[10] conducted an experimental study of frogs using 3D acceleration sensors and showed
that type of rolling stock and frog geometry have a strong influence on the location of
impact contact on the frog and its resulting damage. Li et al. [11] collected field mea-
surements and conducted finite element modelling to analyse the performance of frog
sections and concluded that adjusting wheel–rail contact geometry is more effective to
improve the performance of turnout frogs compared to changes in rail pad stiffness. Sim-
ilarly, Grossoni et al. [3] identified the most common turnout frog defects as wear, fatigue
and plastic deformation. Furthermore, they report that even though changes in material
can be effective in reducing frog damage (e.g. squat failure), optimisation of the frog contact
surface and superstructure support stiffness improvement are the most effective methods
for improving frog performance [1,12–15].

Given the importance of frog geometry to the improvement of the dynamic interaction
between the wheel and frog, this paper presents an investigation of frog profile geometry
optimisation based on a set of revenue service wheel profiles. The objective of this research
is to reduce frog wear and damage to increase the life cycle and reduce life cycle costs of
turnout frogs.

Approach

A review of the literature reveals a variety of studies on frog geometry optimisation.
Wan et al. [16] utilised the VI-rail moving track model [17] to consider 25 different frog
geometries, and demonstrated frog geometry to have a considerable influence on turnout
behaviour by comparing contact point location and maximum contact pressure for each
case. Jimenez et al. [18] studied premium frogs by changing the length of the point slope
from 10 in. (254mm) to 15 in. (381mm), increasing point thickness and employing a con-
formal frog geometry (i.e. frog with lateral wing rail slope). A performance evaluation was
conducted for both standard and premium frogs using visual inspections and quantifica-
tion of wear and deformation of the running surfaces as a function of time and tonnage.
Results show a reduction in deformations of 50% at the point and 33% at the wing for
the premium geometry compared to standard. Additionally, given existing frog designs do
not accommodate a smooth transition fromwing to point for either new or severely hollow
wornwheels, Davis et al. [19]manipulated the longitudinal profile for both point andwing.
Compared to the conventional frog, the new frog geometry showed less running surface
height loss, a 50% reduction in grindingmaintenance, and improved dynamic performance
as quantified by vertical dynamic loads magnitudes. Nicklisch et al. [12] proposed an opti-
mised transition geometry and support stiffness of the superstructure with the goal of
minimising material degradation at wing and point induced by passing wheels. Three frog
geometries were introduced and compared in terms ofmaximumnormal contact force and
equivalent stress.

Given prior research has identified the importance and influence of frog profile geome-
try, this study presents a parametric optimisation analysis based on a set of representative
revenue service wheel profiles. For the study, a #20 Rail-Bound Manganese (RBM) heavy-
point conformal frog was considered as the standard geometry. A total of 30 different frog
geometries were derived based on three variables: point slope, relative height difference
between wing and point, and longitudinal wing slope. Wheel impact was quantified based
on transfer point distribution and vertical wheel trajectory of 400 representative revenue
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Figure 2. Example geometry of frog designs in N.A. [21]: (a) flat top frog geometry and (b) conformal
frog geometry.

service wheel profiles by using a static contact analysis algorithm developed and deployed
in Python.

Methodology

Frog geometry

There are a variety of frog geometries and designs used throughout the world including
Rail-Bound Welded (RBW), Welded Boltless Manganese (WBM), Welded Spring Man-
ganese (WSM) and RBM. The heavy-point RBM frog design was selected for this study
given this design is widely adopted in N.A. due to its rigid structure [20]. Figure 2 presents
cross sections of two of the most common RBM frog geometries used in N.A. (i.e. flat top
and conformal).

The flat-top frog design obtains its name from the flat running surface of the wing rail
(Figure 2a). This flat geometry has been shown to lead to higher contact stresses at the
wing corner (i.e. fillet) caused by the mismatch between wing and wheel profiles which
can result in higher wear rates and maintenance costs [22]. To address these challenges
and improve contact interactions between the wheel and running surface of the wing, the
conformal frog geometry was developed by researchers considering the worn profile of
the wing on flat-top frogs and the design profile of N.A. wheels [21]. This new design was
widely adopted by all Class I railroads starting in the early 2000s and includes a 1:20 lateral
wing slope which was designed to match the unworn wheel profile [21]. Additionally, the
flat top design employs a heavy-point geometry which consists of a wider point designed
to provide additional wear resistance and safety benefits as compared to traditional frog
geometry [23]. This heavy point design is the most commonly design used on primary
HAL freight mainlines in N.A. The configuration of #20 RBM heavy point conformal frog
used in this study is shown in Figure 3. The analysis considered cross sections between 8
and 40 in. from the theoretical point of frog (TPF), the region where the wheel transfer
from wing to point generally occurs.

Revenue service wheel profiles

Wheel profile data used in this research were obtained from revenue service Wheel Profile
Measurement Systems (WPMSs), also known asWheel ProfileDetectors (WPD) (Figure 4)
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Figure 3. Heavy point conformal frog geometry configuration.

[24]. These wayside detectors capture wheel profile measurements using a laser-based
scanning system coupled with high-speed digital cameras. Data output from WPMSs
include profile contour as well as calculated parameters such as flange height, flange
thickness, rim thickness and hollow tread (HT)which are used to evaluate wheels for inter-
change compliance, preventative maintenance, maintenance scheduling and derailment
prevention purposes. WPMSs have been instrumental over the last decades in removing
bad actor wheels from circulation, thus mitigating track and rolling stock damage caused
by excessively worn wheels. For the following analysis, a dataset of one million wheel pro-
files was obtained from amajor Class I railroad. The data were captured using fourWPMSs
from two different vendors, and theWPMS used for the data collection is capable of wheel
diametermeasurements at high speeds of up to 85mph (140 km/h), and is operable in tem-
perature ranges from –40°C to 55°C. Three different examples of collected wheel profile
data with comparison to AAR-2A standard profile are presented in Figure 4 [25].

Representative wheel subset selection

To reduce the computational demand of this study, a representative subset of wheel profiles
was extracted from the larger population. The Slovin formula (Equation 1) was employed
to define theminimumnumber of samples required to adequately represent the population
[26].

n = N
1 + Ne2

(1)

where n is the number of representative samples; N is the total population, and e is the
error tolerance related with the confidence level.
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Figure 4. WPMS (top) and wheel profile data example comparison to AAR-2A profile (bottom) [24,25].

Using this methodology, and assuming a reasonable confidence level of 0.05, a 400-
wheel sample is needed. However, random sampling of 400 wheels from the population
can result in biased conditions of wheels (i.e. dominance of good wheel condition). There-
fore, a recent wheel profile classification and stratification methodology developed by Lee
et al. [25] for N.A. wheel profiles was employed. Lee et al. defined five different wheel clas-
sification types based on tread wear, from wheel Type A (i.e. HT from 0 to 1mm) through
wheel Type E (i.e. HTmore than 4mm) with percentages for each wheel type of 77%, 17%,
4%, 1.5% and 0.3%, respectively. Using this method, the authors randomly extracted 308
Type A, 68 Type B, 17 Type C, 6 Type D and 1 Type E wheels from the population of data,
and specific dimensions for each wheel type are described in the previous study [25].

Statistical comparison between sample and population distributions

To further ensure that the selected samples were statistically representative of the popu-
lation, the distributions of the four-wheel profile geometry parameters (i.e. flange height,
flange thickness, hollow tread and rim thickness) were compared between the sample and
population.

A normality test was first conducted to determine the methods for comparison of each
parameter. A quantile-quantile (Q–Q) plot was selected to test the normality of the dis-
tributions as the more commonly used Shapiro–Wilk test is more appropriate for smaller
sample sizes (i.e. less than 50) [27,28]. Q–Q plot result (Figure 5) indicates that all the
parameters, except for hollow tread, are normally distributed. For the normally distributed
parameters (i.e. flange height, flange thickness and rim thickness), an independent sample
t-test was performed [29]. The non-normal hollow tread distributions were then eval-
uated using the Kolmogorov–Smirnov (K–S) test [30]. Results from all tests (Table 1)
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Figure 5. One million and 400 wheel profile Q-Q plot for each four parameters: (a) Flange height (400),
(b) Flange thickness (400), (c) Hollow tread (400), (d) Rim thickness (400), (e) Flange height (1 million),
(f ) Flange thickness (1 million), (g) Hollow tread (1 million), (h) Rim thickness (1 million).

Table 1. T-test and K–S test p-value results for four different wheel parameters.

Flange height Flange thickness Hollow tread Rim thickness Note

T-test 0.8700 0.0940 – 0.3243 If P > 0.05, two distributions
considered same

K–S test – – 0.3917 –

demonstrate that with a significance level of 5% (alpha of 0.05) the two distributions are
statistically equal for all four parameters.

Parameter selection

Previous studies have investigated frog geometry optimisation by leveraging parameters
such as guard rail/stock rail distance, wing/point distance, and frog point and wing start
locations [12,16,18,19]. In this study, two primary frog design elementswere considered for
optimisation. First, the wheel transfer location should be well distributed throughout the
frog length to prevent stress/wear concentration. Second, the transition fromwing to point
should be smooth withminimised changes in vertical wheel trajectory (i.e. low impact). As
a result, three parameters were considered in the subsequent analysis that encompasses the
broader design elements introduced earlier: point slope, relative height between wing and
point at 26 in. (66 cm) fromTPF (i.e.�Z1), and the relative height difference between wing
and point at 40 in. (102 cm) from TPF (i.e. �Z2) which generates longitudinal wing slope.

A total of 30 different design cases were considered in this study with three values of
point slope, five of �Z1 and two of �Z2 (Figure 6). The specific values for each parameter
were selected based on a review of revenue service wheel tread profile data.

First, point slope plays an important role in determining the transfer point location from
wing to point. The existing geometry consists of a steep slope from 11.5 in. (29.2 cm) to
16.5 in. (41.9 cm) from the TPF (slope of 1:8) and is flat from 16.5 in. (41.9 cm) onwards,
which can lead to wheel transfer concentration at the region with a steep slope. For this
reason, and the desire to spread the region of wheel transfer more broadly, two different
gradual point slopes (1:36 and 1:65) from 11.5 in. (29.2 cm) to 26 in. (66 cm) were selected
as parameters with the same length interval at 11.5 in. (29.2 cm) from TPF.
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Figure 6. Configuration of different frog geometries evaluated, including existing.

Next, five design cases were selected to evaluate the influence of �Z1, with dimensions
referenced from the existing geometry. These were −0.083 in. (2.1 mm), −0.018 in. (0.46
mm), existing,+ 0.017 in. (0.43 mm), and +0.041 in. (1.04 mm) as shown in Figure 6.
These parameters were determined using the vertical distance (defined as�Z) between the
estimated contact points in thewheel treadwith thewing and frog point (Figure 7). The�Z
value depends primarily on thewheel tread profile. Formost cases (i.e. new andmoderately
worn wheels), wing contact location is higher than point contact location and it is defined
as a positive �Z (Figure 7a and 7b). Conversely, for worn wheels with severe hollow tread
wear, the wing contact point can be lower than the frog point contact due to the false flange
and its resulting negative �Z value (Figure 7c). By design, wheel transfer – between wing
and point – will occur at the location along the frog where �Z equals the vertical distance
between wing and point. Given this, the distribution of�Z for the representative sample of
wheels investigated in this study was analysed (Figure 8). In addition, the 20th, 40th, 60th
and 80th percentiles were selected to complete the five values of �Z1 for the parametric
study.

Lastly, the height difference between wing and point at 40 in. (101.6 cm) from the TPF
(�Z2)was selected considering the vertical distance required to ensure hollowwornwheels
could be transferred from wing to point. Given their negative �Z value and the fact that
the wing rail is never lower than the point in the existing frog geometry design these
wheels would typically only transfer by ‘dropping’ onto the point due to the loss of support
from the diverging wing rail. As a starting point, the Association of American Railroads
(AAR) interchange limit of 4mm (0.157 in.) of hollow tread was considered given that
only 0.35% of wheels in the population were found to be above this limit [31]. Next, 300
wheels with hollow tread between 3.9 and 4.1mm (0.154 and 0.161 in.) were randomly
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Figure 7. Contact location for different examplewheel treadprofile conditions identifying the�Z value:
(a) new wheel (+�Z), (b) moderate wheel (+�Z) and (c) worn wheel (–�Z).

Figure 8. Distribution of�Z value for representative 400-wheel sample.

selected from the total population and the respective �Z value was calculated for each
wheel (Figure 8). Based on the distribution of results obtained, the 75th percentile of �Z
(i.e. 0.08 in. (2.032mm)) was selected, and considering this value and the existing differ-
ence in elevation between point andwing resulted in the selection of a�Z2 value of 0.25 in.
(6.35mm).

Considering the three parameters described above, a total of 30 unique frog geometry
cases were generated and shown below (Table 2). Frog geometry characteristics that were
not specifically mentioned above were held constant at the value of the existing conformal
heavy point frog geometry (Figure 6).

Analysis procedure

The analysis was conducted using algorithms developed and implemented in Python. The
baseline frog geometry was established using a Solidworks model and first extracted to
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Table 2. 30 different frog geometry cases.

Item Case #1 Case #2 Case #3 Case #4 Case #5 Case #6 Case #7 Case #8 Case #9 Case #10

Point
slope 1:36

�Z1 −0.083 −0.018 Existing 0.017 0.041 −0.083 −0.018 Existing 0.017 0.041
in. (mm) (−2.11) (−0.46) (0.43) (1.04) (−2.11) (−0.46) (0.43) (1.04)
�Z2 – – – – – −0.25 −0.25 −0.25 −0.25 −0.25
in. (mm) (−6.35) (−6.35) (−6.35) (−6.35) (−6.35)

Item Case #11 Case #12 Case #13 Case #14 Case #15 Case #16 Case #17 Case #18 Case #19 Case #20
Point
slope 1:65

�Z1 −0.083 −0.018 Existing 0.017 0.041 −0.083 −0.018 Existing 0.017 0.041
in. (mm) (−2.11) (−0.46) (0.43) (1.04) (−2.11) (−0.46) (0.43) (1.04)
�Z2 – – – – – −0.25 −0.25 −0.25 −0.25 −0.25
in. (mm) (−6.35) (−6.35) (−6.35) (−6.35) (−6.35)

Case #23

Item Case #21 Case #22 (Existing) Case #24 Case #25 Case #26 Case #27 Case #28 Case #29 Case #30
Point Existing
slope point slope

�Z1 −0.083 −0.018 Existing 0.017 0.041 −0.083 −0.018 Existing 0.017 0.041
in. (mm) (−2.11) (−0.46) (0.43) (1.04) (−2.11) (−0.46) (0.43) (1.04)
�Z2 – – – – – −0.25 −0.25 −0.25 −0.25 −0.25
in. (mm) (−6.35) (−6.35) (−6.35) (−6.35) (−6.35)

CAD and then to Excel. 30 different frog geometries were created bymodifying the existing
geometry as shown in Table 2. The contact analysis procedure followed the following steps:
(1) position wheel at 8 in. (20.3 cm) from TPF longitudinal direction and at 4 in. (10.2 cm)
above wing rail, (2) lower wheel in 0.05 in. (1.3mm) increments until both profiles (i.e.
wheel and wing) overlap, (3) move wheel profile 0.1 in. (2.5mm) toward point and (4)
repeat steps 2–3 until wheel contacts opposite wing rail. These steps will be repeated for
each frog cross section (0.5 in. increment) from 8 to 40 in. (20.32 cm to 101.6 cm) from the
TPF. An assumption was made that the back-to-back distance of all wheels is consistent,
and the lateral wheel movement was restricted based on standard guard rail clearances.

Impact quantification

Wheel–rail interaction is dependent on a variety of factors, including wheel-rail contact,
train speeds, mechanical properties of train and track, and track geometry. In the frog
area, the wheel’s vertical trajectory is not smooth and is known to present a dip-like
shape (Figure 9). Several studies have quantified the impact generated by wheels passing
through frogs [32–35]. Within these, Pletz [32] described a simplified method to estimate
the impact on the frog from the vertical wheel trajectory while traversing the turnout as
illustrated in Figure 9.

Based on this methodology, the impact can be estimated by considering the train speed
(v), impact angle (α) and mass of the wheel (mwheel) as is shown in Equation (2):

P = v × α × mwheel (2)

In this study, the wheel mass and speed of train are assumed to be constant for all cases,
thus only the impact angle (α) was used to calculate impact (P) for each frog design case.
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Figure 9. Vertical wheel trajectory in turnout transition zone demonstrating the impact angle (α)
[32,33].

Figure 10. Vertical wheel trajectory (top) and contact location (bottom) for new and worn wheel.

New and worn wheel examples are shown in Figure 7, and the vertical wheel trajectory and
contact point location between wheel and frog (Case #1) for both new and worn wheel are
shown in Figure 10.

Newwheels were shown to have stable vertical wheel trajectory before the transfer point
while a worn wheel presents a gradual decrease of vertical trajectory (lateral direction
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wheel movement) as it approaches the transfer point (Figure 10, top). These differ from the
behaviour demonstrated in Figure 9 and are due to the conformal geometry of the wing
in the frog under study. Specifically, for the flat top geometry (Figure 2a and Figure 9), the
flat wing results in a downward trajectory of the wheel before the transfer as the wing sup-
port moves outwards on the conical wheel tread. Conversely, in the conformal geometry,
the lateral slope of the wing compensates for the wheel tread shape and allows the wheel
to maintain its vertical trajectory. This lowers the impact angle (α) compared to flat top
geometry which aligns with the purpose of conformal frog geometry. After the transfer
point, upward movement was observed in the new wheel as it climbs the point slope while
the worn wheel falls on to the point once the wheel loses support from the wing rail. Based
on the vertical wheel trajectory, the impact angle α can be calculated for each combination
of wheel and frog geometry as shown in Figure 10 (top).

Contact location results presented in Figure 10 (bottom) demonstrate both new and
worn wheels only contact the wing rail before the transfer occurs. After transfer, the new
wheel showed substantial lateral shift in contact position, which demonstrates the contact
point of the frog was changed from wing to point. For the worn wheel, the lateral shift in
contact position was observed after gradual decrease behaviour (same with vertical wheel
trajectory result).

Based on the behaviour observed above, the amount of impact for each section of frog
was calculated for all 400 wheels and 30 different geometries using the impact angle α, and
total impact was derived for each case by adding all impacts for every section.

Analysis results

Individual effects of each parameter

Transfer point analyses were performed using the values selected for the three critical
geometry parameters that were previously introduced (i.e. point slope, �Z1, and �Z2).
Transfer point distributions were generated (Figure 11) by varying each parameter while
holding all other dimensions constant at their baseline design values. This allowed exami-
nation of the individual effect of each parameter on the transfer distribution performance
of different designs.

Results demonstrate that the three different point slopes show considerable differences
in transfer location from 10 in. (25.4 cm) to 27 in. (68.6 cm). For Case #13 (i.e. 1:65 slope),
around 15% of wheel transfers are observed at 11.5 in. (29.2 cm) due to the higher height
of the point tip with a gradual point slope compared to other cases. Comparatively, Case
#3 (i.e. 1:36 slope) showed no transfers at this location leading to higher number of trans-
fers between 22.5 in. (57.2 cm) and 26.5 in. (67.3 cm). Lastly, the existing geometry showed
higher transfer of wheels from 11.5 in. (29.2 cm) to 16.5 in. (41.9 cm), where the point
slope exists, after which most wheels that were not picked up by the point slope were then
transferred late into the frog, between 27 in. (68.6 cm) and 38 in. (96.5 cm).

Next, the effect of �Z1 was evaluated and showed considerable differences between
11.5 in. (29.2 cm) to 16.5 in. (41.9 cm). For Case #21 (i.e. �Z1 of −0.083 in.), more than
40% of wheels transfer at 11.5 in. (29.2 cm) due to the low wing height. By increasing the
�Z1 value from Case #21 to Case #25, the number of wheels transferred around 11.5 in.
(29.2 cm) decreases greatly.
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Figure 11. Transfer point distribution analysis results depending on each parameter: (a) result of three
different point slope, (b) result of five different�Z1, (c) result according to the presence of�Z2.

Lastly, the effects of the introduction of a longitudinal wing slope (i.e. �Z2) to the frog
design were evaluated. Similar result of transfer distribution was observed except for the
section from 26 in. (66 cm) to 40 in. (101.6 cm). For the designwith�Z2 (i.e. Case #28), the
majority of wheels (including hollow worn wheels) are transferred before 32 in. (81.3 cm)
due to the presence of the longitudinal wing slope that lowers wheels onto the point. How-
ever, results for the existing geometry (without�Z2) showed the last wheel transfer at 38 in.
(96.5 cm), with such transfers being hollow worn wheels.

Based on the results observed, different parameters affect the wheel-frog interaction
at different locations and an optimised frog geometry needs to ensure a well-distributed
wheel transfer location to avoid transfer concentrationwhichmay lead to high degradation,
and low total impact (i.e. low α) at the transfer point from wheel to point. Therefore, by
combining the appropriate dimension for each parameter, and based on the total impact
for each case, an optimised frog geometry case is proposed in the following section.

Impact comparison

The total impact fromwheel to frog was quantified using Equation (2) and considering the
vertical wheel trajectory for each geometry case. Results obtained were normalised to the
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Figure 12. Quantified relative total impact for all frog geometry cases.

Figure 13. Quantified relative maximum impact for each frog geometry case.

total impact results of the existing geometry case and the relative total impact for each case
is presented in Figure 12.

Additionally, to avoid wheel transfer concentration, the maximum impact quantified at
a specific section for each geometry case results are shown in Figure 13.

Compared to the existing geometry (i.e. Case #23), Cases #1 to #10 (1:36 point slope)
showed higher total impacts while Cases #11 to #20 (1:65 point slope) showed lower total
impacts. This finding demonstrates that total impact is more greatly affected by differences
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in point slope as compared to the other two parameters. In evaluating an optimised frog
geometry, Case #11 showed the lowest total impact with a 42% decrease compared to the
existing geometry case. However, as previously mentioned, it is also important to avoid
high concentrations of transfers which may lead to high degradation. In this regard, Cases
#1, #6, #7, #8, #11, #16, #21, #22, #26, #27 and #28 were excluded as optimal geometries
as they presented higher impact at specific section than the existing geometry (Figure 12).
Therefore, the remaining 19 cases, including the existing frog geometry, were compared
using the total impact, and Case #12 (point slope of 1:65, �Z1 of −0.018 in. and without
wing slope (�Z2)) showed the greatest relative impact reduction of−28% compared to the
existing geometry (Case #23).

Conclusion

This paper presented a parametric study to optimise the geometry of a railway turnout frog
by lowering the total impact from wheel to frog and avoiding impact concentration based
on result of transfer point distribution and vertical wheel trajectory from a static profile
interaction model. Three parameters (i.e. point slope,�Z1 and�Z2) were considered and
their effects were investigated and quantified. From the evaluation of the impact results
for 30 different frog geometry cases using 400 representative wheel profiles, the following
conclusions are presented:

• Transfer point distribution analysis result indicated that each parameter affects differ-
ent locations of frog geometry and proper combination of these is essential to reach
an optimised geometry. Mainly affected regions are: 10 in. (25.4 cm) to 27 in. (68.6 cm)
for point slope; 26 in. (66 cm) to 40 in. (101.6 cm) for �Z1 and 26 in. (66 cm) to 38 in.
(96.5 cm) for �Z2.

• To estimate the impact fromwheel to frog, impact angleα (i.e. dip angle of wheel vertical
trajectory) was calculated for each wheel and geometry case. Based on themethodology
applied in this study, total impact was more significantly affected by frog geometry than
by wheel condition.

• Based on the calculated α values and transfer point distribution, total impact for each
30 geometry cases was derived and compared. Although Case #11 showed largest total
impact reduction (i.e. −41%) it was excluded due to high concentration of impacts at
a single point (i.e. 11.5 in. (29.2 cm)). Therefore, Case #12 (point slope of 1:65, �Z1 of
−0.018 in. (−0.46mm) and without wing slope (�Z2)) with −28% reduction in total
impact was selected as the most optimised frog geometry for this study.

• Although the existence of �Z2 (which creates a longitudinal wing slope) can avoid
late transfers from wing to point, the methodology used in this paper showed minimal
impacts from late-transfer wheels.

The above conclusions provide an estimate of the response of the wheel–frog interac-
tion with the changes in dimensions for three frog geometry parameters. Furthermore, by
conducting this parametric study, an optimised frog geometry with reduced impact was
proposed. However, it should be noted that the analysis method employed in this study
is solely based on static geometric interaction and does not reflect all possible dynamic
interaction and impact conditions. Therefore, dynamic and contact modelling should be
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performed in subsequent studies to further understand the dynamic interactions with field
measurement used for model validation.
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