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ABSTRACT

The geometricelementof interchange ramps are selected to provide a comfortable and safe passage. In

previous studigsfield measurement®n interchange ramps revealed that the lateral acceleration
experienced by drivers was lower than tlesignvaluederived from the globaéquationof motion for a
known radius, superelevatioand speedThis studyaimsto explain the deviations using tigeometric
criteria, noting that the discrepancy between the recorded lateral acceleratithredesignvalueis due to
the driving (vehicle path)radius and the criticafjeometricelements of the horizontal curve (radius,
superelevation, deflection angteirvature change ratejdth, number of traffic lanes arirections).The
sample consists of over 1@@ivers with various characteristi¢gge group, experience, genesgc). The
measurements were conducted on 8 interchange ramp cliheepresented diagrarasrrelateeitherthe
driving or thedifferential radiuswith the critical geometricelementsof the curvesand highlight the
significance of eachNew equations establishdor direct calculation of theriving and thedifferential
radius, which can contribute to the selection of the minimum radius, the speeth lidnit pavement
conditionsfor each new interchange ramp and the differentiaticheturrentvalueswhen incorporated
into the geometricroad design guidelinesThe comfort, tolerangeand safety limits of driving and
differential radius are established dependingesignradius, which complementise corresponding limits
established for lateral acceleration and longitudinal deceleiatiaterchange rampga previous research

Keywords: interchanges, lateral acceleration, driving radius,design radius, geometric elements,
geometricroad design guidelinesspeed comfort limit, tolerance limit, safety limit
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INTRODUCTION

Many studies have shown that taristinggeometricoaddesignis conservativéLevinson, 2007,
Neves, 2014, Xu et al, 201&ic). While a safety threshold is desirable, it is a highly significant issue
whether this should so profoundly influengeometricroad design The technological advancement of
t o dsavghitleshasmodifiedthe comforttoleranceand safety limits of drivers. Speed measurements on
interchange ramp4d (akakis, Apostoleris & Psariano2022,2023& 2024,Lytras et al. 2024, Jafarov &
Zaluga 2020 De Jong, 2017 have demonstratetthat driversconsistently exceed the speed and lateral
acceleration limitsetby geometricoad design guidelinesgdicatingmore aggressive driving behavior

The ability of drivers to choose their driving radius is a characteristic example of inconsistent
design, which can lead to dangerous situations, especially on smaller path radii where drivers experience
higher lateral acceleratiahanthe design value, given the constant speed and superelevation. This risk
steeplyincreases with higher speedis.the other hand, driving larger radius than diesignones, means
that thegeometriadesign overestimates safety by increasing design costs unnecessarily.

This study analyzes this issue to encougammetriadesign guidelines toe modified and consider
it in correspondingnanuals regarding thgroper selection of thdesign speed dhe minimum design
radiuswithin the concept operformanceébased desigr-or this to happerthe correlation between the
differential radius and the criticgeometricelements of the curvggacemustbe analyzedn the following
this paper aimso providethe necessary datasapportthis taskin the case of interchange ramp design

PAST STUDIES

Roadgeometricdesign manuals use the global equation of motiuétion 1) to calculate the
minimum allowable horizontal radiusetting the design speed (V), the maximum superelevation (q), and
the value of the provided lateral friction coefficien) hey consider sufficient.

0 — 4P Y ———— (1)

Deviation Between Recorded Lateral Acceleration and Expected One

In previous stuigsby Trakakis, Apostoleris & Psarianos, 2028 5 intechange ramp@-igure 1)
with 6 horizontal curvesiover 650 measuremestused and by Lytras et al., 2024using existing
measurements on a diamond interchange (Figyrditjrepancywas observethetween the unbalanced
lateral acceleration experienced by the driver an@miieipated by desigmalues based orEquation 1

For the calculationin theEquation lwas given the constant value of the i \sgeeddithin the
curve (V), the curveenterlineadius (Ryand the curve'design superelevation (q). The results are presented
in Figure 1.
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Figure 1 Correlation between lateral acceleration recorded and anticipated by design values

(Trakakis Apostoleris & Psarianos,2023)
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Figure 2 Correlation between lateral acceleratiorrecorded and anticipated by designvalues (Lytras

et al.,2024)

Difference BetweenDesignRadius andReal Vehicle Path Radius

Aminfar et al, 2023examinedb couples of reversed curves with radii ranging from 155m to 590m,
calculating the driving radiusy taking horizontal coordinates of the path every €e@3 he drivingradius

4
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1 (Rdr)foundlarger than thelesignradius(Rdes) with the value directly depending on the length of the
2 common tangent of reverse curves (d) and the spaad)(¥ccording tdequation 2
3
4 YQU'YQQip Y@t pHp Q MWINOQ pdp 0AQMINond ®Q (2)
5
6 A study byDas et al., 2014vas conducted on 8 horizontal curves with radii ranging from 202m to
7 1537, on twoway roads with a road widttangingfrom 6m to 12m The placement of the vehicle on the
8 horizontal curve was calculated based on the distaritefadnt left wheel from thedge of the pavement
9 Researchers concludégigures 3 leftand 4 that as the radius increases the vehgkhifting towards the
10 center.
11
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22 Maljkovic & Cvitanic, 2021utilized 20 driversfor field measurementsising a GPS devicen a
23  two-lane rural roadvith curve radiiranging from 80m to 315nunder freeflow conditions and on dry
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pavementThevehicle path radius (Ryvas estimated baseah the length of the curve trajectory (L) and
the degree of change in heaglifbc), according tdEquation3.

Y

h

The methodologwas basedoonal cul ati ng
at the 15th percentile, accordingBquation4.

W'Y

pTT

the di

3

fferenti al

(4)

radi

The study investigated the impact of the road curve's design radius (R), the curve length (L), the deflection
(U)

stronger correlation between the differential radius and the curve lérwhiriving radius foundl2%

angl e

smalleror 25% largerthan thedesignradiusin curve radiilarger or smaller than 150m respectively.

and

t s8) @n the quevdFigurei 5N The ceefficeataf déterminatioshowed a

Researchers concluddiaht driversunderestimate the actual curvature in smaller radii in searoford

comfort
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Figure 5 Individual scatter plots of percentage difference between radii versugeometric elements
(Maljkovic & Cvitanic , 2021)

The authors propose that tteferential radius be calculatetepending on curve lengbased on

Equationb.
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wYp Bp lid ¢cprw (5)

The research dglennon et al., 198%howed that most drivers choose to dowe smaller radius
than the designradius (Figure 6). However, their assertion that drivers begiraneuversand speed
adjustment 3 seconds before entering the curve may have influenced the réeltshitle's path radius
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DATA COLLECTION

Method

To ensure unbiased measuremegigen that the number of 8 curves is not a very lacgeve
samplea sufficient sample size was needédotal of more tharl60 driverg74% male and 26% female)
participated in the study, using their personal vehi@Wisro, Hatchback, Sedan, SUV and MPV tgpe
Their driving experience ranged from 6 months to 35 yédrs distribution of drivers' gendeclosely
followed theresearch findings dhe International Transport ForuniITF, 2020) which confirm that the
percentage of male drivers worldwide ranges between 70% and 80%.

In total, the study examindglhorizontal curves, with ove850 measurements taken, each curve
tested by at least 105 driveiiie EU regulation for mandatory new car equipment from July 2024 includes
intelligent speed assistancgtention warning in case of driver drowsiness or distraction, event data
recorders as well as an emergency stop sidaad keeping system, automated braking for vehicles, etc.
The need to adapt the study to today's vehickgth innovative active safety featureand better
maintenance standards imposed rhgdernregulationson vehicle manufacturerded to two vehicle
participation restrictions. No vehicles older tisyears were included, and all vehicles had to have well
maintained tires and recesthteimposedregularinspections. The average vehicle age way®&ars, with
a minimum of 2 years and a maximum ofears and the tires were up to 1.5 years old and in good
condition.

The nost drivers (86%) used thawn vehicle To ensure familiarity with the vehicle, drivers not
using their personalehiclesunderwent training and test runs outside the study area. Drivers were required
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to have never driven the specific examined route béboiest the most adverse scenario, i.e., unfamiliarity
with the ramp'geometricelements.

A researcher accompanied each driver as a passangee front seatolely to operate the
measuing equipment. The passenger did not provide any instructepsess comforndsafety feelings,
or give route information within the curve. The passenger's role was to activatpithmentl km before
entering theamp(within the previous tangent) and deactivate it 1 km after taem pndl(atthe following
tangent)

All measurements were conducted on days with low traffic volyime®arly weekend mornings
or holiday$, always maintaining a Level of Service All passages were on completely dry pavement, as
sideand tangential frictiowoefficients were also measurddhe measuring procedure took place between
2020 and 202 Measurements were suspended and resumed on subsequent days if rain started

Measuring Equipment

This study required great precision to be conducted effectively. Since its foundation relates to lateral
acceleration and speed, allowing for the calculation of the driving radius for a known superelevation based
on Equation 1equipment that measures lateral acceleration and speed with high accuracy and frequency
was necessary. Therefore, tfiericom 4000RG(Figure 7)was selectedas inits various versions, has
demonstrated its reliability in numerous similar studdayromatis et al., 2023Aoun et al., 201,7/Ruth
and Brown, 2010Hamernik et al., 2006Eubanks et al., 1993, elcand is widely used in the scientific
community.

Vericom measures horizontal coordinates in the WGS '84 system, altitude, spesxctedaichtion
(in the X, Y, and Z axes, presenting the values as friction coefficient expressed as a percentage of
gravitational acceleration) every 0.01 secontlsis way, the researcher can know the exact position
(tangent, clothoid, arc) where any driver reaction occurred and evaluate it accordingly. Thus, speed within
thecurve combined with lateral accelerati@sulted imo margin for error.

Vericom must be calibrated before use to establish the zero measurement in the 3D model. For this
reason, the placement and calibration inside each vehiclepsgi@med in enclosed garages where the
longitudinal and lateral gradient values are approximately 2elditionally, the Vericom recordings must
be corrected for the longitudinal gradient, which inherently factors in the longitudinal acceleration

Measurements were initially stored in t¥ericond ternalmemory, then copied toraicro-SD
cardfor transferringhe data to the computer. Data processing was done thRyofjle 5, an application
by Vericom Computers, which exported each measurement into a separate CSV file.

-

Figure 7 Vericom 4000RG
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Selectednterchanges

1.

2.

To select the appropriate interchange raripsfollowingconditions had to be met

Interchange ramps withariationsin designradiuswere selected. The curves examined have a
radius between 39m and 300m with an averagausof 140m.

Different typesof interchanges and rampgere selectedo examine alltypesand achieve the
desired variation in radilnterchangesf trumpet type (Egaleo & 2, Schisto§ Skaramagas and
Alimou Interchangepnd thredeg directionaltype (Syggrou Interchanypevere selectedAll the
selectednterchanges are in the Attiki prefecture of Greddee typesof the interchange ramps

were loop (radius 39m and 50m), sethrectional(radius 120m and 150m), and directional (radius
80m, 175m, 205m, and 300m).

Theroad surfacdnad to be wellmaintained to ensure that driving behavior would not be affected
and to record representative lateral acceleratidnes.

The maximum longitudinal gradient of interchange ramps should not exceed 7% on downgrades as
required by theRAA 2008 guidelines or the maximum allowable values of #&&SHTQ 2018
guidelines, which differentiate the maximum grade for upgrades and downgrades based on the ramp
design speed. For design speeds over 70 km/h, the maximum allowable grade is 5%, while for
design speeds up to 30 km/h, it is 8%. This restriction, in this research, mainly concerns the
increasing influence of the longitudinal gradient on speed. This restriction was also maintained for
the tangents preceding the curves.

. The superelevation of the curve should not exceedaoas much as possible §¥ithin the

guidelines marginse. AASHTO,2018r RAA,2008)
The interchanges selected for investigatiom sections diighways andirepresented ifrigure8.

Thespeed limits ar80km/h for the 39m40 km/h for the 50m and 80m radicisrves 50 km/h for

the 120m and 150m radiaarves 60km/hfor the 205m radius cunand 80km/h for the 300m radiosrve
based orthe warning signs before the curves
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Figure 8 Selected interchange ramp$R, s, q are radius, gradient, superelevation respectivély
RESULTS

Lateral Acceleration and DesignRadius

A key objective of the study is to explain the discrepancies (Figure 1) between the recorded lateral
acceleration and the value derived from gleemetricelementausing Equation 1ITherecorded values of
lateral acceleration corresponding to the 85th percentile as a function of the radius of the examined
interchange ramp curve are isolated and presented. It is noted that the radius is calculated at the median axis
of the pavement.

Previous studies on interchange rampsakakis, Apostoleris & Psarianos, 2023 2024) have
demonstrated that the 85th percentile coincides with the safety threshold as perceived by the driver during
traversal through interchange ramps and constitutes the critical factor of lateral acceleration. For the speed
at which the lateral acceleration of the 85th percentile was recorded, the theoretical lateral acceleration is
calculated based on Equation 1. The superelevation has been measured from availalblel@ss in the
study areas anidclinometers placed transversely on the axis. The results are presented in Figure 9.

10



© 00O ~NOO O~ WNE

Trakakis E.A., Apostoleris KMavromatis S& Psarianos B.

6.00

5.00

4.00

3.00

Lateral acceleration {m/s?)

2.00

1.00

® Gy-85th Percentile
# Gy-Global Equation of Motion (GEM)
L
®
*
[ ] *
[ ]
L 2 L 4
* B
L 2
L 4
0 50 100 150 200 250 300 350
Design Radius (m)

Figure 9 Correlation between the 85th percentile of lateral acceleration and thealuesanticipated by
design(Equation 1) as a function of thecurve radius

In Figure 9, the discrepancy between the recorded value and the expected value based on Equation

1 is immediately evident. Moreover, tbesignradius appears to influence the discrepancy between them.
Therecorded lateral acceleration is consistently lower than the equilibrium value, especially in radii greater
than 80n. The largest discrepancies are found in caiwigh radii of 126n, 150m, 175m, and 300nmwith

di fferences of 0.58 m/s]|, 0. 32 m/ s |thedeSignradius i/ s | ,
not the onlyfactor affecting this discrepancy.

To explain this discrepancy, Equation 1 must be used, given that the VERICOM 4000RG

equipment has been tested on accurate trajectories and numerous studiegleideidn Equation 1,
speed (V) is a constant with a specific valaeeach measurement. The superelevation (q) also takes a
specific value, and it cannot be assumed that the vehicle's placemerdraihgl€urve forms aompound
inclinationthat significantly differs from the curve's superelevatibmerefore, the only remaining factor

is the radius. This viewpoint had already formed when the researchers from the passenger seat observed

different trajectories within the curve in most field measurements. However, this view was further
supported by data from literature

Driving Path Radius andDesignRadius

values

acceleration of the respective percentile, the speed corresponding to this value, and the superelevation. The

driving

To explain the deviation®sulted for each examined radius of the curve ramp, the driving radius
of the 15th, 50th, and 85th percentiles were recorded, as derived from Equation 1 using the lateral

radii were correlated with thldesignradii, as presented in Figw#0and 11

11
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Figure 10 Correlation between Driving Path Radius andDesignRadiusin Interchange Ramps
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Figure 11 Correlation between Driving RadiusPercentilesand DesignRadiusin Interchange
Ramps

A very strong correlation betweeither the inhererdriving radiusor thepercentiles and thaesign

radiuswas observeds the coefficient of determination is practically equal to one ineaotlation Also,
thedriving radius values corresponding to the 15th percentiléagge than thedesignradius values for

12
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radii up to 27®. Similarly, thedriving radiusvalues are evelargerat the 50th and 85th percentilas
drivers choose to drive on larger radihe highest rate of change appears to exist wesmgnradii of
175m, as will be shown in the following figures.

Theinherentdriving radiiand corresponding fahe 85th, 50thand 15th percentiles are functions
of thedesignradius througteEquationst and?7, 8, and9, respectivelyParameteRd is the driving radiys
R is thedesignradiusand R the coefficient of determination

YQa PRI L LY PP oL @
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€)
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Differential Radius andDesignRadius

To better understand Figw&0and 11 Figure 2 and Table 1 are provided in combination, which
illustratesthe differential radius values for eadbsignradius, the driving radii as derived from Equation
1, and the rate of change of ttiéerentialradius. The rate of change is typically presented following the
methodology oMaljkovic & Cvitanic, 2021 Still, it is not adopted in this study sintteere isno strong
correlation between the rate of change of differential ra@i®s%)and thedesignradius derived from the
results of this research.

TABLE 1 Driving Radius and Differential Radius Depending onDesignRadius

R Rdes | PRs | PRs | Rdso | PRo | ®Ro | Rdis | PRs | PRs
(m | (m) | (m | (%) | (M [ (M | (%) | (m | (m | (%)
39 42 3 8 41 2 5 40 1 3
50 57 7 14 53 3 6 51 1
80 96 16 20 88 8 10 82 2
120 | 148 28 23 134 14 12 127 7
150 | 187 37 25 169 19 13 161 11
175 | 218 43 25 195 20 11 184 9
205 | 252 47 23 228 23 11 217 12
300 | 353 53 18 324 24 8 301 1

OO |NIOO|WIN

13
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Figure 12 Correlation between Differential Radius andDesignRadius in Interchange Ramps

wYP p T (10)

Where:

R (m) is the Design Radius of the curve,

Rdhs 50,85(m)is theDriving Radius for each percentile,

gR (m) is the Mathematical Differential Radius between driving and design radius &

gR (%)is the Differential Radius Rate of Change (relative error) resulting from Equation 10.

Figure 2 and Table 1 shoa correlation between the values of the differential radius artkHdign
radius. At the same time, it is observed that the differential radius value remains positive up to the curve
with the maximum measured radius (300m). However, the inflection point of the differential radius appears
at a radius of 250m. This means that positive differential radius values will be maintained for curves with
radii up to 525m. This is logical since radii greater than 500m, especially with small deflection angles, do
not differ in drivers' perception from tangents at interchaniggsas et al., 202 For the rate of change
of the differential radius as a function of thesignradius, no significant correlation was fouird
contradiction with the conclusioasawn byMaljkovic & Cvitanic 2021(Figure 5a), and therefore it is not
further analyzed.

The correlation between differential atelsignradii is much stronger when analyzed in individual
percentiles, as shown in Figurg, judging by the higleoefficient of determination valueghe findings of
this study suggest that drivers position themselves in such a way that they fo#lairajectoryof alarger
radius directly influenced by thdesignradius value. This occurs progressively up to radii of 300m for the
85th percentile, up to 260m for the 50th percentile, and up to 200m for the 15th percentile, based on the
mathematical value of the differential radius in Figuse 1

According to the equations, the mathematical value of the differential radius for the 85th and 50th
percentiles will be zero at a radius of approximately 530m, and for the 15th percentile at a radius of

14
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approximately 450m. This result perfectly matches the overall diagram (F@unetich predicts aerc
differentialradius at alesignradius of 525mTherefore Figures 10,11,15 arequationss to 9 arelimited
to radii of up to 300mAlso, tre use of Figure$2,13, 14 andEquations 1 to 16 is limited to radii up to
525m for the inherent driving radius and 85th and 50th percentiles and 450m 16t thexcentile.
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Figure 13 Correlation betweenMathematical Differential Radius and DesignRadius in Interchange
Ramps

| seconddegree polynomial relationship best describes the correlation between the individual
percentiles of the differential radius and tlesigrradius. For the 85th, 50th and 15th percentiles, Equations
11, 12, and Brespectively are derived.

WYY va mrnnyy ™MuTTY PR LW

(11)
Y TeowX W
WYL & mMinntY mocyy X& ¢oX

(12)
Y oWt
WYp v& TMINMTNOY T™WTWYW T

(13)

Y Ty TTw

The coefficient of determination for the 85th percentile could have been even higher, approaching
the value 1, if there had been less deviation between the differential radius recorded for the curve with a
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designradius of 175m and that predicted by Equatidn This deviation is possibly due to the small
deflection angle of the alignment in that specific curve, as explétednthis study.

Furthermore, for all three percentiles ggbusdeviations from the trend lingre observed in the
curves with radii of 50m and 150m, for the 85th and 50th percentiles in the curve with a radius of 120m,
and for the 85th percentile in the curve with a radius of 175m. The reason lieg#othetricelements
The curves with radii of 50m and 150m have a road width of 4m, larger than all other curves except the one
with a radius of 39m. The curve with a radius of 120m has 2 lanes (1 more than 6 of the remaining 7 curves),
while the curve with a radius of 175m is the only one with dpposingdirections without a physicalr
structuralseparation between tho directions

Hence it is deemed appropriate for the calculation of the differential radius to be primarily
dependedn the design radiubut also secondarily on tt@newidth (b), the number ofanes in the same
direction(N) and the number of directioms undivided pavemenisl).

Concerninghevalues ofb, N, and d (Tabl8) and Figure 3, threeequations were created for the
calculation ofthe mathematical value of differential radiugR) as a function oflesignradius (R),lane
width (b), numberof lanes(N) in the same directionr(ostly one and, in some cases, ywandnumber of
directions(d) on undivided pavemds for interchange ramps£quations 4, 15, and B concern the
differential radius for the 85th, 50th, and 15th percentiles, respectively.”

WYY LG minnyy ™MeY p® o ML IO Q ¢/ p (14)
WYL TTd minntYy ™oY p® O MO Q pBU (15)
WYp LA TMINNSY 1LY p&® O M 0 Q p@u (16)

Critical Values of Driving & Differential Radius as a Function ofDesignRadius

The 85th, 50th, and 15th percentifgesenteds the safety, tolerance and comfort limit / threshold
valuesrespectively, in studies of lateratceleratiorand longitudinabdecelerationTrakakis, Apostoleris
& Psarianos, 2023 & 2024 However, in the case of the differential radius, these conditions are reversed.
The 85th percentile corresponds to twnfort limit / threshold valuethe 50th percentile remains the
tolerancdimit / thresholdvalug and the 15th percentile becomes the sdietiy / thresholdvalue This
happens becaudateral acceleration decreases with increasing rg@igaation 1).The larger radius the
road users drive, the more comftréyseek within the curve.

Therefore, Figure4is the modified Figure3and constitutes a consolidated diagreassifying
as comfort tolerantor safe the differential radius value depending ondisignradius in interchange
ramps Similarly, Figure 5 is the modified Figure 1, where the limit/threshold values for comfort,
toleranceand safety are directly calculated based on the driving radius. Now, alolagsideacceleration
and longitudinal deceleration valyesw threshold values have been established for both differential and
driving radii based on driving behavior in interchange ranience, the calculation of theomfort
toleranceand safety limit values can take place utiliziggiations7, 8and9in the cases where tlgkeiving
radius is directly sought as a function of tiesignradius In cases where the differential radius isgbepe
of work, thenEquations 1 and ¥ are recommended for the direct calculation of the comfort limit,
Equations 2 and 5 for the tolerance limit, an&quations B and ¥ for the safety limit This method
represents a first approach to the issue in an effort to distinguish between road safety and operational
criteria which will be supported by even more data in future research

#he difference between the resulisrived fromthe models for thelriving andthe differential
radius is not significant. However, it is recommended to choose the differential radius as a study criterion
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1 since its calculation includes elements of the ramp's @st#n, but also because it is judged to the a
2  appropriatevay of expressing and evaluating the results.
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11  Figure 15 Driving Radius Critical Values and DesignRadiusin Interchange Ramps
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The modelgresented through Figured and b offer standard values as a basis for ¢thigical
driving & differentialradiusin a curve of interchange randepending on thdesignradius.It appearghat
the 15th percentile/safety limit almost approaches the design radipecially fothe driving radius factor.

TABLE 2 ExpectedCritical Values of Driving & Differential Radius Depending onDesign Ramp
Radiusin Interchange Ramps

Driving Radius (m) Differential Radius (m)
DesignRadius Comfort Tolerance Safety Cquort Tolgrgnce nggty
(m) Limit (Res) | Limit (Rso) | Limit (Reg) | St Limit Limit
(oRes) (oRs0) (oRus)
50 61 56 54 6 3 2
75 91 83 79 15 8 4
100 121 110 105 23 12 7
125 151 138 130 30 16 9
150 181 165 156 36 19 11
175 212 192 181 41 21 12
200 242 220 207 45 23 13
225 272 247 232 47 25 13
250 302 274 257 49 26 14
275 332 302 283 50 27 13
300 362 329 308 50 27 13

Differential Radius and Basic Geometric Elements

In addition to thedesignradius studied in the previous figures and the superelevatiatysed
through lateral acceleration addsignradius, additionajeometricelement®f each curve's horizontal and
vertical alignmenin the interchange ramp were examined. In Ta8hilecluded criticameasuredeometric
elements are included for each value ofdbsignradius of the ramp curve

TABLE 3 BasicGeometric Elements of the Curves of the Examined Interchanges

RO | (my | 509 | (gracts) | 99| (gradsiem) F(zncih) F(enowk) F(enﬂl)s (r?w) N|d
39 108 4.4 174 7% 1611 42 41 40 45 | 1 1
50 105 -0.5 300 6% 2857 57 53 51 4 1 1
80 155 | -6.9 114 6% 735 96 88 82 [325|1 1
120 70 -1.6 45 2% 643 148 134 127 | 3.25| 2 1
150 100 6.5 48 4% 480 187 169 161 4 1 1
175 45 -7.0 18 5% 400 218 195 184 3 1 2
205 185 | -1.7 73 6% 395 252 228 217 | 3.25| 2 1
300 52 -3.9 10 4.5% 192 353 324 301 [ 3.25| 1 1
Where:

R (m) is thedesignradius of the curve,
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L (m) is thelength of thedesigncurve of the examined ramp
s (%) is the road gradient

o (grades)is the deflection anglél grade.9degrees)

g (%) is the superelevation of the road
CCR is thecurvaturechangerate given by theEquationd 6 ¥— -, (17)

Rdhs 50.85(m)is thedriving radius for each percentile,
b is the road width for the examined direction,
N is the number of lanes in the rainghe same direction &

dis the number of directions imdividedramys (1 or 2)

Curve Length
For each examined curvihe designlength was measured and correlated with the differential
radius, as shown in Figuré.1The calculated length pertains to the entire curve, including the entry and

exit clothoid

S.

Although thecurve lengthwas considered bWaljkovic & Cvitanic, 2021to be the most critical
factor affecting the differential radius (Figure 5b & Equatirthis is not confirmed by the present study.
Even when the measurements are divided into individual percentiles, the coefficient of determination
remains very low, and in a generalized set, it is even lower.
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Figure 16 Correlation between Differential Radiusand Curve Length in Interchange Ramps

Road Gradient
The longitudinakoadgradient significantly affects driving behavior, mainly regarding the speed.

For each curve examined, the longitudinal gradient was correlated with the differential fdubus

observation from Figure7lindicates that even in the detailed analyses across percentiles, there is no strong

correl

ati

on

(R] & 0.10)
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Figure 17 Correlation between Differential Radius andRoad Gradientin Interchange Ramps

Deflection Angle

The deflection angle is a highly significant factor influencing driving behavior. Greeknetric

design guidelinesGMOE-X, 200]) base the selection of the clothoid param@#fey on the central angle
wh i

(0),

ch i s

directly
guidelinesRAA, 2008(such as the transition fromangentto curve without clothoid) andRAL, 2012

r el

ated

t o

t he

def |

ecti

(combination of horizontal and verticalignmen} are determined based on the deflection angle. The
correlation of the deflection angle of each examined curve in combination with the differential radius

(Figure B) demonstrated that road radii on interchange ramps are directly affected by the deflection angle.
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Figure 18 Correlation between Differential Radius andDeflection Anglein Interchange Ramps

Oncurves with a small deflection angle, drivers choose a laiyéng radiusthan thedesignone,
as the differential radius approaches higher values. Increasing the deflection angle dierditem®ntial
radius, meaning that thiiving radius approaches tidesignradius more closely.

Based on Figure3dl thedriving radius of the 175m radius curdeviates from thdrendlinemore
than the other radii on theB5th percentile This is explained by the relatively small deflection angle
(o=18graabs) for that specific curve. A small change in direction combined witbhderateo largedesign
radius value (typical values for interchange ramps) allows drivers to choosedidviey radii.

Another example could be a curve with a small deflection goglEgraes) and adesignradius
of 300m, where the differential radius measures 353m, 323m, and 301m for the 85th, 50th, and 15th
percentiles, respectively. However, in this specific curve rdd@usvalue induces themost significant
impact.

Curvature ChangeRate (CCR)

Figure D includes only the CCR for the 85th and 50th percentiles, as the values for the 15th
percentile were not as reliable, mainly due to the combination of the correlation between the deflection
angle and curve lengtkorthe 85th percentilparticularly andfor the 50h subsequentlythe coefficient
of determinationR?) is quite high, and the approach of the driving radius taéisegnradius in large CCR
and correspondingly the large differential radii in small CCR is reasonably explained. Therefore, the
differential radius could be directly explained by the CCRhierchangaamps, where the curve length
does not vary as much among curves with different radii, as it d@ggemetricdesign in the main road
network.
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Figure 19 Correlation between Differential Radius and Curvature Change Ratein Interchange

Ramps

CONCLUCIONS
Thediffererceobserved betwedateral acceleratioand itstheoretical value in interchange ramps
is due to the driving radiufkoad usersegularly choose to drive larger radii in mosgrainedpaths

comfortable than the design radii, positioning their vehicle on the curve to receive the lateral acceleration
they feel comfortableA driving radius that approaches tHesignvalue means that drivedgive at the

limits they perceivéeheir driving taskas safe.

Figures 10 and 11 can now directly result in the consistently larger driving radius (compared to the
designone), and in combination with Figure 15, the established comfort toleeamcsafetylimits as
perceived by drivers based on their vehicle trajectories castlmeatel.

Analyzingthe differential radius in individual percentiles (15th, 50th, and 85th) reveals a strong
correlation with thelesigrradius. The 15th, 50th, and 85th percentiles are established as the limits of safety,

tolerance, and comfort of the differential radius according to this study, complementing the above limits
for the mathematical value of théesignradius and thosestablishedfor lateral acceleration and
longitudinal deceleration in previous researtirakakis, Apostoleris, and Psarianos 2023, and 2024

The deviations in lateral acceleration armbnsequently, in the actual radius are preferably

expressedut i | i zing the

interchange ramps reaches up to radii of 52Radii greater than 525m are treated as tangents by drivers,

mat hemat i

cal

singd its ausage frange ime

di

especially at small deflection angles, and it is not deemed appropriate to include them in this study's model.

Equations 4, 15, and b are integral equations for calculating the differential radius in interchange
ramps,consideringhedesignradius as well as critical crosgctional elements such as the lane width, the

number of lanes in the same direction and the number of directions on single carriageways. Following this
methodology, the calculation of the differential radius is obtained with the highest possible reliability, based
on the corresponding coefficients of determination.
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The correlation between the differential radius and lggsienetricelementshowed a stronignked
relationship only with theesignradius, the deflection angle and the curvature change rate (CCR). The total
length of the curve and the longitudinal slope did not seem to affect the differential radius. Superelevation
was not examined separately since it is includdgjumation 1 for calculating the differential radius.

Thestudy's conclusioresgree with the study byminfar et al. 202 the increase of the differential
radius along with the increase of thlesignone, given that the driving radius is always larger than the
designone. In contrast, they completely disagree with the findingslalfkovic & Cvitanic, 2021and
Glennon, J.C., et al., 198%/ho in most cases find a smaller driving radius compared efignone.

Maljkovic & Cvitanic, 2021agree on a larger driving radius only for curves with radii up to 150m.
Howe v er (%) indexEggaion5 as a percentage value) they recommend as an evaluation factor of
the resultgproves to beatatisticallyinsignificant based on the findings of the present study, which considers
the absolute value o®R (m) as a key factor. Al so,
parameter for the differential radius and not significant atoalthe deflection angle, in contrast to the
outcomeof the present research.

However, theneasurementsrea key factoin determining results, and the abovementioned studies
took place on the main road network, notrégérchanges like the present resear¢herefore,it may be
concluded thatlriving along an interchangampis a different task than one @anopen highwayand the
geometriadesign of rampshouldconsider it accordingly

Both the figures, tableand equations are proposed tocbesidered properlyin the geometric
roaddesign manualsspecially in the casef design exception procedurabowing designerdo assess
accordinglythe constantarger driving radius and the corresponding lower lateral acceledrti@rsseek
when traversinginterchange rampsWithin a performancéased designconcept the minimum
recommended design radialues by design policiesan be reduceth same challengig environments
without safetyconcernsincedriverstend to drive larger radihan constructedrinally, the deflection angle
can now bencorporatedn the selectiomprocesf horizontal radias a secondamfluencingfactor after
speed and the coefficiexdf tangential andidefriction.

23



O~NOOT A~ WNPF

Trakakis E.A., Apostoleris KMavromatis S& Psarianos B.

REFERENCES
1. American Association of Highway and Transportation Official®20licy on theGeometricDesign of
Highways and Street2018).

2. Aminfar, Alireza, Amin Mirza Boroujerdian, and Arastoo Karimi. "Evaluation of reverse curves
focusing on the lateral friction demand on féame divided highways.Transportation Engineering3
(2023): 100188.

3. Aoun, Joelle, et al'Operational and safety performance investigation of skew superelevation runoff."
Transportation research record 2638.1 (20174485

4. Das, Vivek R., M. Jayashree, and S. Rahul. "Lateral placement of vehicles on horizontal curves."
Transportation Research Procedid (2016): 4561.

5. De Jong, J. Evaluation of driving behaviour in horizontal curves in interchanges using floating car and
meteorological datdRoad safety & simulation international conferen2@17.

6. Eubanks, Jerry J., et #.Comparison of Devices Used to Measure Vehicle Braking Deceler&tmn
930665. SAE Technical Paper, 1993.

7. Felipe, Emmanuel LeomReliability-based design for highway horizontal curvBéss. University of
British Columbia, 1996.

8. Glennon, John C., et &afety and operational considerations for design of rural highway cuNes
FHWA-RD-86-035. United States. Federal Highway Administration. Safety Design Division, 1985.

9. Hamernik, Jubal D., et aQuantifying the effects of surface debrisvehicle deceleration rate and anti
lock brake system#lo. 200601-1676. SAE Technical Paper, 2006.

10.International Transport Forum (ITHRoad Safety Repo202Q

11Jafarov, R. M., and V. P. Zaluga. "Application of the speed prediction model (V85 idesign of
freeway interchangeslOP Conference Series: Materials Science and Engineekiog 832. No. 1.
IOP Publishing, 2020.

12 Levison, William H., et alDevelopment of a driver vehicle module (dvm) for the interactive highway
safety design model (ihsdmyo. FHWA-HRT-08-019. United States. Federal Highway Administration.
Office of Research and Technology Services, 2007.

13.LytrasM. etal. Studyof dynamicvehicleselementin diamondinterchangeDiplomaThesis,2023.

14 Maljkovic, Biljana, and Drazen Cvitanic. "Analysis of Vehicle Path Radii on Horizontal Curves for
Two-Lane Rural Roads32nd DAAAM International Symposiug021.

15Mavromatis, Stergios, et al. "An evaluation of the passing process throughefuate parameters
assessmentEuropean Transport Research Reviesvl (2023): 8.

24



O~NOOT A~ WNPF

33

Trakakis E.A., Apostoleris KMavromatis S& Psarianos B.

16.Ministry of Environment, Regional Planning and Public Wofksidelines forthe Design of
InterchangeRamps’ Draft Edition (OMOE-AK), Greece, 2001.

17 Ministry of Environment, Regional Planning and Public WokRgidelines for the Design of Road
Projects(OMOE-X), Greece, 2001.

18 Neves T.Experimental evaluation of comfort and safety in lidbty vehiclesThesis to obtain the
Master of Science Degree Mechanical Engineering, 2014.

19RAL, 2012.Ri chtl i ni en fuer die Anlage von LandstracCe
RuralRoads) FGSV For schungs g-ed&érdetsssvésenf t f ¢r Strassen

20.Road and Transportation Research AssociaGanidelines for the Design of Motorways RA&sIogne,
Germany (2011).

21.Ruth, Richard, and Timothy BrowB009 Crown Victoria PCM EDR Accuracy in Steady State and ABS
Braking ConditionsNo. 201601-1000. SAE Technical Paper, 2010.

22 Trakakis Antonios E., Apostoleris Konstantinos, and Psarianos Batgkal AcceleratiorPatterns in
Interchange Ramps. No. TRBARB-02020. 2023.

23.TrakakisAntonios E.,Apostoleris Konstantinos, and Psarianos Basiteral Acceleration: Research
at aLarge Radius Curve of a Diamond Interchanlye. TRBAM-24-01369. 2024.

24 Trakakis Antonios E.Apostoleris Konstantinos, and Psarianos Basingitudinal Deceleration
Patterns in Interchange Ramgso. TRBAM-23-02021. 2023.

25.TrakakisAntonios E, Apostoleris Konstantinos, and Psarianos Basil. "Vehicles lateral acceleration and
speed profiles investigation at the entry area of interchange ramps as a critag@omatricroad

design."Transportation research proced@® (2023): 1320.

26.Xu, Jin, et al. "An experimental study on lateral acceleration of cars in different environments in
Sichuan, Southwest Chindlscrete Dynamics in nature and Soci2gg15

25



