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Abstract

In response to the growing safety challenges posed by large-scale and specialized freight
transportation on China’s rapidly expanding highway network, this study investigates
the operational characteristics of trucks in interchange diverging areas—a critical segment
with elevated accident risks. Leveraging high-frequency trajectory data collected from
16 interchanges, we analyze speed profiles and acceleration behavior of heavy trucks across
key sections: the diversion influence zone, preparation zone, transition segment, and
deceleration lane. A key contribution of this work is the development of a continuous
speed prediction model based on Partial Least Squares Regression, which integrates road
geometric parameters and driving behavior features to estimate speeds at four critical
cross-sections of the diverging process. Furthermore, we propose a comprehensive safety
evaluation framework incorporating three novel indicators: longitudinal speed consistency,
lateral stability, and deceleration comfort. The model demonstrates strong performance,
with all mean absolute percentage errors below 10% during validation using data from
four independent interchanges. Comparative analysis with existing safety standards
confirms the practical applicability and accuracy of the proposed methodology. This
research offers three major contributions: (1) a systematic approach for processing large-
scale trajectory data and predicting truck speeds in diverging areas; (2) a safety assessment
framework tailored for geometric design consistency evaluation; and (3) empirical support
for optimizing traffic safety facilities in interchange design and operation. The findings
address a significant gap in current highway design guidelines and provide actionable
insights for enhancing safety in truck-dominated transportation environments.

Keywords: road engineering; safety assessment; operating speed prediction model; divert-
ing zone; heavy goods vehicles

1. Introduction

As a cornerstone of China’s integrated transportation system, road freight accounted
for 41.88 billion tons—approximately 80.7% of the total freight volume—in 2024 [1]. The
safety of truck operations is critical to the stability of supply and industrial chains yet
remains a serious concern, especially in interchange areas [2,3]. Notably, 43.81% of all
truck accidents occur in these zones, with one injury per four accidents and one fatality per
twenty [4]. Statistical data show that 70% of interchange accidents occur in entrance/exit
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zones. Each 1% increase in highway mileage raises merging/diverging area accidents by
3.5% and 2.23%, respectively [3]. In diverging areas, rear-end collisions caused by sudden
deceleration account for 40% of all accidents [5], where trucks—due to their size and
performance—often cause mobile bottlenecks and barrier effects [5]. Accidents here can
trigger regional congestion and secondary collisions, often resulting from the dysfunctional
interaction of driver behavior, road geometry, vehicle traits, and traffic conditions. Speed,
in particular, serves as a key indicator of driver response to risk and can reveal underlying
safety issues [6]. Thus, studying the speed characteristics of trucks during expressway exits
is essential to clarify the impact of geometric design, optimize deceleration-zone strategies,
and improve safety standards.

Current research is limited by vehicle type and spatial coverage, failing to capture
continuous speed profiles of trucks at mainline-ramp transitions. Some scholars have
enhanced data collection quality through methods such as cross-sectional speed measure-
ment [7,8], video data [9,10], real-vehicle experiments [11], and simulation experiments [12],
establishing operational speed models based on diverse data sources [13]. However, these
traditional approaches exhibit certain limitations. For instance, cross-sectional speed data
collected via ETC gantries, aerial video, or radar speed guns typically provide limited
information for specific sections, failing to comprehensively reflect speed variation charac-
teristics across large-scale interchange sections in complex terrain [14,15]. While real-vehicle
experiments and simulations can yield continuous, wide-range speed data, they are costly
and significantly influenced by driver behavior and experimental vehicle conditions, thus
failing to fully capture natural driving patterns. In contrast, floating car data leverages
satellite navigation and wireless information transmission technologies to continuously
monitor vehicle movement across extensive areas. It is widely applied in studies such
as road network coverage analysis [16], traffic state recognition [17], and vehicle speed
prediction [18], thereby partially addressing the limitations of the aforementioned data
collection methods.

To effectively quantify road traffic safety performance, researchers have achieved
safety evaluations for various areas of interchange structures through different theoretical
approaches and model analyses. Evaluation methods based on human factors engineering
theory [19,20], traffic conflict theory [21,22], travel speed coordination theory [23,24], and
safety sight distance [25,26] represent the most mature categories of interchange safety
assessment methodologies currently available. Among these, operating speed-based con-
sistency evaluation is most common in design practice [27]. Speed not only reflects driver
risk response but also informs sight distance, comfort, conflict risk, and alignment de-
sign. [6]. Lamm et al. [28] first proposed a linear consistency evaluation standard based
on operating speed. Building upon this, researchers have developed typical consistency
evaluation metrics such as the speed reduction factor method, speed gradient method,
and speed distribution method [29-31]. Recent studies have incorporated metrics such
as the 85th percentile single-vehicle speed deviation [32], acceleration variation [33], and
comprehensive visual comfort indices [34] into evaluation systems, while also considering
the coupled effects of curvature and longitudinal gradient on speed [35,36].

Based on speed consistency, current safety evaluation systems are widely used but face
challenges such as unclear indicator locations and limitations in truck speed analysis due to
vehicle types, geometric design, and data collection methods. To address these issues, this
study develops a comprehensive safety evaluation framework for interchange diverging
areas. Using high-frequency truck trajectory data from 16 interchanges, we analyze truck
operational characteristics and establish a continuous speed prediction model via partial
least squares regression to estimate speeds at four key cross-sections. A novel safety
evaluation framework integrating longitudinal speed consistency, lateral stability, and
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deceleration comfort is proposed and validated with field data. This study provides a
practical tool for assessing and optimizing geometric design and safety in truck-dominated
diverge areas.

The structure of this manuscript is organized as follows: Section 2 details the data
sources and preprocessing methods for truck trajectory data; Section 3 analyzes the opera-
tional characteristics of trucks in interchange diversion zones; Section 4 proposes a safety
evaluation framework incorporating speed prediction, lateral stability, and comfort metrics;
Section 5 validates the model and method through case studies; and Section 6 summarizes
the conclusions and suggests future research directions. The overall research workflow is
illustrated in Figure 1.
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Figure 1. Technology Roadmap.

2. Data
2.1. Data Source

This study leveraged the “One Road, Three Parties” platform across three expressways
in a region of western China, collecting anonymized floating truck trajectory data under
natural driving conditions. Data collection occurred from June to September 2023, primarily
during daytime hours with dry road surfaces under free-flow traffic conditions. Data
was captured at a frequency of 1 Hz, encompassing vehicle ID, time, longitude, latitude,
instantaneous speed per second, travel direction, and the clockwise angle between the
travel direction and true north. Raw data was stored in CSV format. The collection
route involved 16 deceleration zones across 9 interchanges on three expressways in the
region. The mainline consists of a dual-lane, four-lane expressway with a design speed of
120 km/h and a speed limit of 100 km/h for large vehicles. Each lane is 3.75 m wide, and
all deceleration lanes are single-lane direct deceleration lanes. To eliminate interference
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factors such as weaving zones, the selected interchange sections featured well-maintained
upstream and downstream alignment conditions. Data collection periods avoided holiday
peak times to ensure traffic primarily maintained a free-flow state of 400 pcu/h. The
collection routes are illustrated in Figure 2.

Figure 2. Schematic Diagram of the Study Section.

2.2. Data Processing
1.  Data Preprocessing

The original data for this study utilized GCJ-02 coordinates (Mars coordinate sys-
tem). After densification conversion processing, corresponding real-world trajectory data
was obtained. Velocity data units were converted to km/h, and the original data was re-
ordered by vehicle ID and chronological sequence. Three expressway trajectories involving
10,204 freight vehicles were preliminarily screened. Following data conversion, splitting,
and sorting, partial trajectory data for individual freight vehicles was derived.

2. Data Space Slicing

Given that the data space was confined within the boundaries of the expressway,
to enhance processing efficiency and reduce redundancy for the limited number of tra-
jectories entering and exiting the highway, spatiotemporal tags were applied to vehicle
trajectories at toll stations and service areas. These trajectories were segmented into two
categories, entering and exiting the expressway, as shown in Figure 3, and were stored in
spatial sequence.

Figure 3. Bicycle Trajectory Data Spatial Slicing.
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3. Anomaly Data Processing

Due to weather conditions and equipment aging, truck trajectories often contain
anomalies. This study leveraged Python (PyCharm Community Edition 2023.2.1) to process
and clean floating vehicle data based on its characteristics, specifically including: removing
records with missing fields or insufficient character lengths; removing duplicate time and
coordinate entries within single-vehicle trajectories and reordering them chronologically;
discarding entire segments with three or more consecutive missing rows, while interpo-
lating and filling gaps for segments with two or fewer missing rows; directly deleting
sporadic records where coordinate anomalies caused distorted velocity, acceleration, or
jerk values.

4.  Database Construction

Based on vehicle ID, interchange ID, driving direction, and interchange exit/entry
type, data is standardized and stored in modules across two main categories: exit segment
trajectory modules and auxiliary information modules. Trajectory modules incorporate
driving data for both straight-through and diverging freight vehicles on exit segments,
covering dimensions such as road station numbers, fundamental motion attributes, and
spatio-temporal positions. The auxiliary module primarily contains traffic safety facilities,
road document libraries, and trajectory visualization files within the GIS system, enabling
optimized simplification and standardized management of the data structure. The specific
matching results are shown in Figure 4.
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Figure 4. Construction of a Truck Trajectory Database for Interchange Ramp Exit Sections.

2.3. Experimental Data Explanation

Using Python to traverse the trajectory database and road database, each trajectory
point undergoes milestone matching through the road milestone system to identify and
mark vehicles passing through the center milestones of each interchange entrance/exit
road. When a truck trajectory passes the start of a transition section and its projected
distance from the main road continues to increase beyond the main road width boundary,
the truck is classified as an exit truck. Following this principle, three trucks exiting the
main highway and entering the ramp are extracted. These exit trucks are then categorized
based on interchange exit numbers, ultimately yielding approximately 1500 valid truck
trajectories exiting the main road. Basic road information and sample collection volumes
are detailed in Table 1.
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Table 1. Collect basic information and quantity of samples.

Export Interchange l\l/fauilme H.aréll1 Des;gn Speed  Variable SpeEd Exit Ramp Sample Size
Number Type Shoulder Widt of Ramp Lane Lengt Type (Vehicles)
w (m) VL (m) LVSL (m)
1 B Horn 25 40 236 Direct- 257
connect
2 B Horn 25 40 233 Circular ring 45
3 B Horn 3.0 40 197 Circular ring 40
4 B Horn 3.0 40 215 Direct- 85
connect
5 A Horn 35 40 140 Semi-direct 46
connection
6 B Horn 25 40 220 Direct- 4
connect
7 A Horn 25 40 27 Semi-direct 180
connection
8 A Horn 25 40 230 Direct- 40
connect
9 Y-type 3.0 40 213 Semi-direct 156
connection
10 A Horn 3.0 60 157 Direct- 346
connect
11 A Horn 3.0 40 195 Direct- 41
connect
12 A Horn 3.0 40 195 Direct- 82
connect
13 B Horn 25 40 230 Circular ring 51
14 A Horn 3.0 40 158 Semi-direct 49
connection
Direct-
15 Y-type 3.0 60 142 e 46
16 A Horn 3.0 40 136 Direct- 39
connect

3. Analysis of Truck Driving Characteristics in the Diverting Zone
3.1. Definition of the Diverting Zone Driving Section

The traffic diversion section of a highway interchange includes the exit ramp diverting
zone and the upstream influence zone on the mainline. The exit ramp diverting zone
consists of a transition section and deceleration lanes, designed based on secondary de-
celeration theories from the American AASHTO and Japanese Highway Design Manuals.
The AASHTO model assumes vehicles enter the transition zone at mainline average speed
and decelerate in stages, while the Japanese approach recommends engine deceleration
upon entering the transition zone, followed by braking in the deceleration lane. The
upstream influence zone undergoes traffic flow transition from steady to turbulent due
to lane-changing and deceleration of exiting vehicles. Although both China’s Highway
Capacity Manual and the U.S. HCM define this zone, considering the dense traffic signs
in interchange areas, this study defines the upstream zone as the 2000 m section before
the exit. The truck departure process is divided into sections S1-54 (Figure 5), each with
distinct features: S1 involves initial observation of traffic conditions with stable speeds; S2
includes target lane observation and gradual speed control; S3 shows further deceleration
due to concentrated exit information; 54 involves significant deceleration influenced by
ramp geometry to achieve a safe exit speed.
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S4 Variable
Speed Lane

Figure 5. Schematic of the Study Area for Interchange Diversion Sections.

3.2. Operational Speed Analysis

To clarify the impact of truck speed variations on the capacity of diverting zones,
this study statistically analyzed the magnitude and standard deviation of truck speed
changes across the first 12 interchange sections (51-54) listed in Table 1. This approach
accounted for truck drivers’ elevated vantage point and expansive field of view, while
acknowledging constraints imposed by vehicle power and dimensions. By analyzing the
gradual deceleration and lane-changing speed control processes influenced by exit advance
warning signs across different sections, the dynamic characteristics of truck driving states
were quantified. Specific statistical results are presented in Table 2.

Table 2. Statistics on Speed Variations in Diversion Vehicle Sections.

Interval Section Average Speed Reduction (km/h) SD Average Cumulative Decrease (%)
Section S1 0.01 6.87 0.2
Section 52 2.60 6.23 2.1
Section S3 9.58 717 12.7
54 Diverting Zone 4.40 3.86 18.2
S4 Deceleration Lane 8.30 6.00 28.7

As shown in Table 2, the largest cumulative deceleration occurs within the 0-500 m
pre-ramp zone and the deceleration lane of the ramp, with reductions exceeding 10% in
both sections. This indicates that when trucks exit the mainline onto the ramp at high
speeds, drivers tend to decelerate early to better control the vehicle and further reduce
speed within the deceleration lane based on the road geometry ahead.

Four sets of interchange diverting zones were selected, encompassing three types: loop
ramps, direct ramps, and semi-direct ramps. Speed data for sections S2 to 54 underwent
smoothing processing, and the speed trend changes for mainline trucks and diverted trucks
are illustrated in Figure 6.

From the overall speed variation characteristics, truck speeds in the Diverting zone
exhibit a convergent decrease as the distance to the diversion nose diminishes. This
indicates that the mainline traffic environment exerts weaker constraints on trucks. Upon
entering the exit ramp, however, the approaching alignment changes cause drivers’ speed
choices to converge, demonstrating that the ramp alignment at the diversion nose exerts
stronger constraints on truck speed behavior. Regarding deceleration trends, some high-
speed trucks on Section 52 begin slowing down, while most trucks on Section S3 decelerate
significantly. Furthermore, the majority of trucks reach the start of the transition section
at speeds lower than the average speed of trucks proceeding straight on the mainline,
reflecting that diverted trucks generally decelerate in advance. Under free-flow conditions,
trucks proceeding straight on the mainline are minimally affected by the diversion, with
speed fluctuations within a 5 km/h range. At some exits with low diversion volumes,
straight-through trucks even exhibit a slight increase in speed. Additionally, truck speed
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distributions vary by ramp type. Loop ramps exhibit more pronounced speed changes
than non-loop ramps, with diversion nose-end speeds ranging from 50 to 70 km/h. while
non-loop ramps record 60-80 km /h. Differences between direct-connect and non-direct-
connect ramps are minor. However, the ramp nose passage speeds across all ramp types
significantly exceeded design speeds. Under conditions such as slippery surfaces and
poor visibility, trucks” poor braking performance increases the risk of rollovers, scrapes,
and rear-end collisions. Tolerant design approaches are necessary to mitigate these safety
hazards. The significant speed drop observed in sections S3 and 54 (as shown in Table 2
and Figure 5), coupled with the concentration of deceleration events, indicates a potential
shift from free-flow to congested or synchronized flow conditions near the divergence nose.
This localized breakdown acts as a mobile bottleneck, which aligns with the capacity-drop
phenomenon described in fundamental diagram studies [37].
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Figure 6. Overall Speed Trend of Vehicles in the Diverting Zone.

3.3. Longitudinal Acceleration Analysis

Previous analysis indicates that regardless of initial speed, most trucks exhibit a degree
of deceleration upon entering the 500-m warning zone before an exit. This phenomenon
suggests that as vehicles approach the diverging lanes, drivers typically slow down to
better adapt to the impending traffic conditions and road characteristics. To clarify the oper-
ational pattern differences among trucks on various interchange exit sections, longitudinal
acceleration variation diagrams were plotted for three interchange diverting zones: loop
exits, direct-connect ramp exits, and semi-direct-connect ramp exits. These diagrams use
the diversion nose tip as the origin, vehicle position as the horizontal axis, and vehicle
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acceleration value as the vertical axis. The longitudinal acceleration variations are shown
in Figure 7.
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Figure 7. Overall Trend Chart of Longitudinal Acceleration.

As shown in Figure 6, vehicle acceleration generally decreases as the distance to the
diverging ramp nose diminishes. Near the ramp exit, the average acceleration rapidly turns
negative, indicating that vehicles begin to decelerate. Acceleration in the mainline exit
section fluctuates between —0.2 and 0.2 m/s?. Within 350-460 m before the diverging nose
tip, vehicles enter the exit recognition sight distance range, where the average acceleration
falls below —0.2 m/s?, indicating noticeable braking. Upon entering the transition zone,
rapid speed control is required, manifested as small speed changes but large acceleration
variations. Upon entering deceleration lanes, two deceleration strategies emerge based on
interchange exit configurations. At loop ramps, where high curvature and short sight dis-
tance prevail, trucks achieve average decelerations around —1 m/ s2. In contrast, direct and
semi-direct interchange exits feature smooth alignments, resulting in gradual deceleration
changes. Once speeds reach safe expectations, acceleration approaches zero.

4. Traffic Safety Evaluation Method for Diverting Zones
4.1. Safety Evaluation Process for Diverting Zones

Atinterchange exit sections, truck driving conditions are influenced by multiple factors.
Operating speed and longitudinal acceleration can to some extent characterize vehicle
safety and comfort. For operational interchanges, on-site measurements can collect vehicle
speed and acceleration data, enabling driving safety assessments through data analysis.
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For interchange exit sections in the design phase, however, where route delineation is
unclear and actual vehicle data cannot be obtained, safety evaluations remain limited to
assessing alignment parameters and their combinations. An operating speed model can
predict characteristic cross-section speeds based on design parameters, while a vehicle
turning radius model relies on speed data. Integrating these two approaches enables the
development of a safety evaluation methodology and a process for assessing truck driving
safety during the design stage.

When conducting safety evaluations, the operational speed model for the diverting
zone established earlier is first used to calculate the speeds of trucks passing through
each characteristic section. This enables an assessment of speed coordination on the road
segments adjacent to the interchange exit. Subsequently, based on the predicted operating
speeds and incorporating truck driving parameters, the critical turning radius model
is applied. Starting from the vehicle’s critical slip index and critical overturning index,
the critical lateral exit angle required for trucks to safely exit the mainline is derived.
By comparing this value with the existing design value, the safety assessment of the
interchange exit section is achieved. Additionally, by integrating the truck operating speed
model at the diversion nose end with longitudinal acceleration comfort indicators, the
comfort level of the truck deceleration process throughout the entire diversion phase is
evaluated. The evaluation process is illustrated in Figure 8.

| Road Design Data |

|

| Road Geometric Variable Parameters |
I

v

| Operational Speed Prediction Model | | Truck operating parameters |

| Feature Point Running Speed | |

5 >l Critical Turning Radius Model |
Prediction Value

| Speed Gradient Change Index I Lane Change Distance Metric | I Lateral Stability Index
[ I

I
Evaluation of Longitudinal Speed | Lane Change Space Safety |
Coordination Assessment
|

v
| Evaluation of Distinctive Units in the |
Diversion Zone

| Speed Transition Comfort Evaluation H Safety Eva}ualign Results for the
Diversion Zone

Figure 8. Safety Evaluation Process for Trucks in Interchange Diverting Zones.

4.2. Establishment of a Flow Rate Prediction Model for the Diversion Zone
4.2.1. Characteristic Section Classification

Given that lane segmentation aims to achieve precise speed and safety statistical analy-
sis, this paper segments the road characteristic units within the interchange diversion zone
based on the principle of alignment design consistency. This approach integrates objective
truck travel patterns, driver anticipation characteristics, and road structural changes. In the
upstream influence zone of the mainline, truck speed and acceleration exhibit a continuous
decreasing trend, transitioning from the initial coasting deceleration phase to the braking
deceleration phase after identifying the upcoming exit. At interchange exit sections, trucks
complete lane changes during transition zones before entering deceleration lanes for further
slowing. Based on these characteristics, the interchange diverting zone is divided into four
segments: the diverting influence zone, diverting preparation zone, transition zone, and
deceleration lane, as illustrated in Figure 9.
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Figure 9. Schematic Diagram of Interchange Diverting Zones.

4.2.2. Determination of Parameters for Operational Speed Prediction Model

Based on existing scholarly research findings and empirical models, this paper consid-
ers the location of characteristic points and the design criteria for road combinations before
and after them. It identifies potential independent variable parameters for the characteristic
point operating speed model and statistically analyzes the geometric design parameters
and trajectory data of 12 highway interchange deceleration zones for modeling purposes.
The geometric design parameters and variable definitions for each interchange deceleration
zone are presented in Table 3.

Table 3. Geometric Design Parameters Statistics Table.

Export Number
Variable
1 2 3 4 5 6 7 8 9 10 11 12

Li/m 80 77 80 58 79 58 73 78 95 85 90 110
Lq/m 140 150 150 178 154 139 142 135 62 110 50 85
Li/m 130 162 165 131 133 74 116 98 100 100 100 130
Ly/m 90 65 65 105 100 123 99 115 57 95 40 65
Ri/m 2400 9999 2000 2000 2000 1200 1200 4000 2200 2500 2000 9999
Rp/m 1000 2000 1500 900 1000 200 989 300 600 450 400 600
R3/m 120 160 140 180 60 55 135 250 540 300 140 400

C 2.29 1 2.75 2.75 2.75 4.58 4.58 1.38 25 22 2.75 1

(@) 1.00 1.00 1.00 1.11 1.00 5.00 1.01 3.33 1.67 222 2.50 1.67

Cs 8.33 6.25 1.00 5.56 16.67  18.18 741 4.00 1.85 3.33 7.14 2.50

Cw 1.00 1.00 1.00 1.00 1.17 1.27 1.00 1.00 1.00 1.00 1.00 1.00
i1/ % —-157 —-150  0.50 0.50 2.50 -0.31 1.00 0.30 0.44 1.30 0.30 —1.16
in/% 125 —-044 —-2.00 0.30 -173 146 —-146  0.30 0.44 —-145  0.30 —0.30
a/° 20 0 27 45 45 25 25 24 55 18 18 0

K 0.05 0.05 0.05 0.07 0.05 0.07 0.05 0.05 0.04 0.05 0.04 0.04
Ls/m 70 75 250 75 70 30 60 30 30 70 75 40

Lt denotes the transition segment length; Ly denotes the deceleration lane length; L; denotes the dashed transition
line length; L, denotes the guide line length; R; denotes the mainline circular curve radius at the interchange exit;
Ry denotes the diverging nose circular curve radius; R3 denotes the ramp control curve radius; C; denotes the
mainline curvature radius parameter at the interchange exit; C; is the curvature radius parameter at the diversion
nose tip; C3 is the minimum curve radius parameter for the ramp within 1.25 times the stopping sight distance
behind the diverging nose; Cy is the widening circular curve radius influence coefficient; 7; is the longitudinal
gradient of the mainline before the transition point; i, is the longitudinal gradient of the mainline after the
transition point; 4; is the transition angle of the mainline circular curve at the interchange exit; K is the transition
rate; L is the transition curve length.

Given the strong interdependence among design parameters at interchange exit sec-
tions, traditional correlation analysis methods can only serve as preliminary exploratory
tools, struggling to overcome multicollinearity issues and comprehensively extract effec-
tive variables. Therefore, this paper employs the Variable Importance Projection (VIP)
method to screen suitable variables. Based on partial least squares regression principles,
this method characterizes the explanatory power of independent variables toward the de-
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pendent variable through composite principal components when strong correlations exist
among independent variables. It then selects independent variables for model construction
based on their explanatory power, represented by the VIP value, as detailed in Equation (1).
Researchers indicate that variables with VIP values below 0.8 contribute minimally to the
dependent variable [38], while those above 1 exhibit significant explanatory power and
effectively account for the dependent variable [39]. Values between 0.8 and 1 demonstrate
limited explanatory capability. From a model simplification perspective, this paper adopts
a VIP value of 1 as the primary screening threshold. Variables below 0.8 are excluded, while
those between 0.8 and 1 are retained or excluded based on relevant empirical judgments.

k m
VIP = | 50— ) Py, o)}, ey

Z 72(% Cl'l) h=1
h=1

In the formula, VIP; represents the VIP value of the jth feature, and k denotes the
number of independent variables. ¢, denotes the principal component extracted from the
relevant independent variables, r(y, c;) is the correlation coefficient between the dependent
variable and the principal component, and wy,; is the weight of the independent variable on
the principal component.

Through screening and analysis of relevant variables at four characteristic cross-
sections—the starting point of the diverting preparation zone, the starting point of the
transition section, the diversion point, and the diversion nose tip—the final variables were
determined as shown in Equation (2). The meanings of each variable are detailed in Table 3.

Vi =f(W)
Vi=f(V1,K L1)

Vd :f(Vt,K, Ld,ZU)

Vr = f(Vd, Cz, CW X C3, Lz)

@)

4.2.3. Method for Constructing Operational Speed Prediction Models

In existing studies, multiple linear regression is commonly employed for predicting
vehicle speeds. However, within interchange diverting zones, speed variation exhibits
complex dynamics characterized by distinct phased and continuous transitions. Addition-
ally, significant correlations exist among road geometric parameters within these zones.
Using ordinary least squares regression in such scenarios often induces multicollinearity,
leading to unstable regression coefficients and diminished model predictive performance.
To accurately predict truck speeds at key sections within interchange deceleration zones,
this study employs Partial Least Squares Regression (PLSR) to construct a predictive model.
The PLSR method simultaneously accounts for the covariance structures of both indepen-
dent and dependent variables. By reducing dimensionality to extract representative latent
factors for regression modeling, it effectively overcomes multicollinearity issues.

To ensure the predictive performance and practical applicability of the model, the
following metrics are employed to evaluate its fitting quality and predictive capability: the
coefficient of determination R?, the independent variable goodness-of-fit index R%, the
dependent variable goodness-of-fit index R2, and the predictive capability Q2.

4.2.4. Speed Model Development

For the four characteristic cross-sections—the starting point of the diverting prepa-
ration zone, the starting point of the transition section, the diversion point, and the di-
version nose—this paper constructs prediction models, respectively. Variable selection is
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based on the results of variable importance in projection (VIP) analysis, load analysis, and
correlation assessment.

e  Prediction Model for Initial Speed in the Diverting Preparation Zone

Selecting the starting velocity V of the mainline diverting impact zone as the primary
explanatory variable, the relationship is fitted using an exponential model, expressed
as follows:

Vi = 46.422 00071:V0). v < @)

The model exhibits an R? value of 0.91, indicating that the independent variables
account for 91% of the variance in the dependent variable. This demonstrates excellent
model fit. Furthermore, the parameters passed statistical significance tests, confirming
that mainline speed significantly influences the starting speed in the diverting prepara-
tion zone. Following coefficient testing, the t-values for each variable were 9.906 and
14.451, respectively, with a significance level of p < 0.05. At a 95% confidence level, all
variables in the model were deemed statistically significant, indicating that the model
passed statistical testing.

e  Gradient Segment Start Speed Prediction Model

Select the starting velocity V1, gradient rate K, and length L, of the diversion guide
line in the diverting preparation zone as primary independent variables. By extracting
two latent components for PLSR modeling, a regression equation was constructed. After
inverse normalization, the velocity prediction expression was obtained:

Vi = 0.56V; + 138.478K + 0.076L; + 18.368; V; < V4 ()

The operational speed model for trucks at the start of the gradient section yielded
F=8.69 and p = 0.008 (p < 0.01), indicating that the regression equation passed the F-test
and that the regression relationship exists within a 95% confidence interval. The model’s
independent variable fit index R% = 0.82 and dependent variable fit index R2 = 0.94, with
the model prediction index Q? = 0.86, all exceed 0.5. This indicates acceptable model fit
results and demonstrates the model possesses good predictive capability.

e  Speed Prediction Model for Diversion Points

The variables selected for model construction include: acceleration lane start velocity
Vi, deceleration lane length Ly, right-hand hard shoulder width w, and deceleration gradi-
ent rate K. After extracting three latent components, the regression model was fitted and
inverted to yield the following prediction expression:

Vq = 0.722V; +100.081K + 0.023L4 — 2.413w + 18.549 (5)

The operational speed model for trucks at the start of the gradient section yielded
F=17.17 and p = 0.001 (p < 0.05), indicating that the regression equation passed the F-test
and that the regression relationship exists within a 95% confidence interval. The model’s
independent variable fit index R3, = 0.855 and dependent variable fit index R3 = 0.95,
with the model prediction index Q% = 0.916, all exceed 0.5. This indicates acceptable model
fit results and demonstrates the model possesses good predictive capability.

e Divergent Nasal Velocity Prediction Model

The following variables were selected as independent variables: truck operating speed
at the diversion point V4, curvature radius parameter at the diversion nose Cp, minimum
curvature radius parameter within the ramp visibility zone under the influence of the
circular curve widening coefficient C3, and guide line length L,. After extracting three
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latent components from the regression model, fitting was performed. Following inverse
normalization, the following prediction expression was obtained:

Vi = 0.915V4 — 0.368C, — 0.364C,,C3 — 0.152L, + 12.878 (6)

The operational speed model for trucks at the start of the gradient section yielded
F=5.39 and p = 0.031 (p < 0.05), indicating that the regression equation passed the F-test
and that the regression relationship exists within a 95% confidence interval. The model’s
independent variable fit index R% = 0.89 and dependent variable fit index R% = 0.963,
with the model prediction index Q% = 0.84, all exceed 0.5. This indicates acceptable model
fit results and demonstrates the model possesses good predictive capability.

Based on the results of parametric characterization of operating speeds at the start of
the interchange diverting zone, the start of the transition section, the diversion point, and
the diversion nose, a model was established using the PLSR method to achieve continuous
prediction of speed changes for trucks in the diverting zone. The specific prediction formula
is shown in Equation (7).

Vi = 46.422 (00071+V0). v <

Vi = 0.56V; + 138.478K + 0.076L; + 18.368; V; < Vi;

V4 = 0.722V; + 100.081K + 0.023Ly4 — 2.413w + 18.549; V4 < Vy;
Vy = 0915V, — 0.368C, — 0.364Cy C5 — 0.152L, + 12.878; V;, < V.

@)

The model established in this paper utilizes data collected from a highway with a
design speed of 120 km/h and a speed limit of 100 km/h for large vehicles. Vehicle speeds
primarily range between 60 km/h and 110 km/h. The primary subject of study is the
deceleration lane diverting zone with a width of 3.5 m on a variable-speed lane.

Notably, the continuous speed prediction model (Equation (7)) integrates the geometric
and behavioral features across all four characteristic sections, ensuring a smooth and
physically consistent speed profile throughout the diverting zone. This approach effectively
eliminates potential derivative discontinuities at section boundaries, thereby enhancing the
realism and applicability of the model for safety evaluations.

4.3. Safety Evaluation Criteria

e  Evaluation of Longitudinal Speed Coordination

Based on the predicted operating speeds at the start and end points of characteristic
road segments, the absolute value of the speed difference |Av85| between adjacent segments
can be obtained. This serves as one of the fundamental indicators for evaluating road speed
coordination. Building upon this, the operating speed gradient indicator |AIv]| is proposed.
This metric represents the change in operating speed within a 100 m segment, reflecting the
intensity of speed variation over a given length. It serves as a complementary evaluation
indicator to |Av85| for assessing speed coordination between adjacent segments. The
calculation method for the operating speed gradient is shown in Equation (8).

ALy = 1298

100 ®)

In the formula, L represents the length of the analysis unit section, m.

The risk evaluation in this study adopts the threshold criteria from the Chinese na-
tional standard [40], which classifies safety risk based on the absolute speed difference
between adjacent sections (|Av85|) and the operating speed gradient (|AIv|). These em-
pirically derived thresholds, widely implemented in Chinese design practice, categorize
risk into three levels: low risk (lvgs | <10 km/h and | Iy | < 10 km/(h-m)), medium risk
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(10km/h < lvgs| <20km/hand |1, | <10 km/(h-m)), and high risk (lvgs| > 20 km/h
or | I, | >10 km/(h-m)).

e  Lateral Stability Evaluation

Compared to passenger cars, trucks have a higher center of gravity and longer wheel-
base. When traveling at high speeds, they experience smaller changes in curvature and
require a larger turning radius to safely and smoothly exit the main roadway. The stable exit
angle at critical slip conditions can be determined using vehicle speed, lateral coefficient
of adhesion, and road superelevation. To prevent rollover, the exit angle must satisfy the
critical slip condition for the vehicle under wet road surface conditions. Therefore, this
paper proposes a safety evaluation index for exit ramp departure angles at interchange exit
section based on truck lateral lane-change safety, derived from vehicle dynamics, as shown
in Equation (9). The detailed derivation process is provided in Appendix A.

per,w = - ©)

£Q

¢cr,i= i

In the formula, ¢cr,w represents the lateral stability departure angle coefficient for
trucks on wet road surfaces; a;, denotes the lateral stability departure angle on wet road
surfaces, calculated from the most unfavorable angle with a lateral adhesion coefficient
@ set at 0.25; ¢ is the lateral stability departure angle coefficient for trucks on snow-
covered or icy road surfaces; w; is the lateral stability departure angle on snow-covered or
icy road surfaces, calculated based on the most unfavorable angle, with the lateral adhesion
coefficient ¢ set to 0.1 during calculation.

The actual longitudinal length traveled during vehicle diversion is related to vehicle
speed, body length, and steering capability. Trucks, with their longer bodies and poorer
steering ability, require greater diversion lengths at high speeds. If acceleration lanes or
gradually fading dashed lines are too short, leaving insufficient space for lane changes,
vehicles may intrude into guide lanes, collide, or scrape against guardrails. Therefore, a
safety evaluation index for lane change space at interchange exit sections based on truck
diversion length is proposed, as shown in Equation (10).

Ecr,w = LLDw

’ 1
€ = Lbi (10)
ai = T,

In the formula, &y represents the space allowance coefficient for truck lane changes
under wet road conditions; Lp,, denotes the lane change distance for trucks to satisfy the
minimum lateral stability radius under wet road conditions, calculated using a lateral
adhesion coefficient ¢ of 0.25; e, ; is the space allowance coefficient for truck lane changes
under snowy or icy road conditions; Lp; is the lane change distance for trucks to satisfy
the minimum lateral stability radius under snowy or icy road conditions, with the lateral
adhesion coefficient ¢ set to 0.1.

By evaluating the safety of truck lateral lane changes at interchange exit sections using
the exit angle and deceleration space safety indicators, and based on predicted truck speeds
at key cross-sections, the design rationality and safety of interchange exit sections can be
assessed from both longitudinal and lateral perspectives. The stability evaluation criteria
for the deceleration zone are as follows: When ¢crw < 1 and eqrw < 1, it is classified as
low risk; When ¢erw > 1, i < land ecrw <101 Porw < 1and ecrw > 1,61 < 1,1t s
classified as medium risk; All other cases are classified as high risk. The “barrier effect”
caused by trucks decelerating and changing lanes not only creates a safety hazard but also
reduces the effective capacity of the mainline lanes in the influence zone. This observation
resonates with the fluid-dynamic analogy proposed by [41], where traffic is treated as a
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continuum fluid and bottlenecks are akin to hydraulic shocks. Our proposed safety metrics
(longitudinal speed gradient |Al, | and lateral stability indices) could thus serve as practical
proxies for identifying the onset of flow breakdown and capacity constraints in interchange
areas, bridging the gap between microscopic safety analysis and macroscopic flow theory.

e  Speed Transition Comfort Evaluation

At interchange exit sections, vehicles predominantly decelerate through braking.
Changes in longitudinal deceleration reflect drivers’ speed control behaviors. Excessively
low or high deceleration rates pose issues of inefficiency and compromised safety and
comfort, respectively. Ramp profiles with significant geometric changes exert strong
constraints on vehicle speeds. The merging nose speed, as the initial speed entering the
ramp, is constrained by the control curve and influences both driving risks and strategies.
This study calculates the minimum ramp control curve speed vs. for different control curve
radii and pavement conditions from a vehicle stability perspective, referencing relevant
methodologies. It then determines the average deceleration for each characteristic section
based on predicted operating speeds using the following formula.

VeV

= 2590,

(11)

In the formula, Vi denotes the safe passing speed at the starting point of the ramp
control curve in km/h. When the calculated pavement condition is wet, its value is V; 4,
when the calculated pavement condition is snow-covered or icy, its value is V; ;.

The complete deceleration process for diverted vehicles includes both the mainline
deceleration section and the ramp deceleration section. The terminal speed at the end of the
ramp deceleration section is closely related to the radius of the ramp control curve. Using
the design speed as the terminal speed for the transition curve may underestimate ramp
safety. Therefore, the maximum terminal speed for the ramp must be determined from a
safety perspective, calculated using the following formula.

Vs = /127R (¢ + i) (12)

In the formula, the lateral adhesion coefficient ¢ is set to 0.25 for wet pavement during
rainfall and 0.1 for icy or snow-covered pavement after snowfall.

The Chinese Driver’s Manual recommends a deceleration value of 1.0-1.5 m/s? for
comfortable deceleration and 1.5-2.0 m/s? for basic comfort. Therefore, based on decelera-
tion comfort during the traffic diversion deceleration phase and using the deceleration value
at adjacent cross-sections as the standard, the comfort level of road section deceleration can
be classified into three categories: comfortable, basic comfort, and uncomfortable.

5. Case Study Verification

This study collected and processed floating vehicle data for heavy trucks in 16 in-
terchange diverting zones. Interchange zones 1-12 were used for analysis and modeling,
while zones 13-16 served as case studies for application and validation. The four selected
interchange mainlines for case validation have a design speed of 120 km/h, with a speed
limit of 100 km/h for large vehicles. The interchange exit configurations include direct de-
celeration lanes for single-lane traffic at both trumpet and Y-type interchanges. Ramp types
encompass direct ramps, semi-direct ramps, and loop ramps. The parameters required for
safety evaluation of the deceleration zones are listed in Table 4.
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Table 4. Interchange Ramp Exit Design and Evaluation Parameters.

Export Number
Variable
13 14 15 16
K 0.053 0.059 0.047 0.050
Li/m 120.00 100.00 100.00 82.00
Lg/m 155.00 90.00 57.00 54.00
Ly/m 110.00 58.00 42.00 52.00
w/m 2.50 3.50 3.50 3.50
(@) 5.00 244 2.08 1.25
Cs 7.14 2.44 2.08 11.11
Cw 1.17 1.00 1.00 1.00
Ry/m 200.00 410.00 480.00 800.00
R3/m 60 120.00 320 90.00
Ls/m 120 331 250 75

5.1. Operational Speed Prediction and Coordination Evaluation

Since the safety evaluation results depend on the effective prediction of operating
speeds, the Mean Absolute Percentage Error (MAPE), Mean Absolute Error (MAE), and
Mean Percentage Error (MPE) were selected to measure the accuracy of the model es-
tablished in this paper. Substituting the variable parameters for each diverting zone
from Table 5 into the operational speed prediction model equation yields the predicted
operational speeds for heavy trucks in the diverting zones. The error values between
the measured and predicted values were calculated using the above equation, as shown
in Table 5.

Table 5. Calculation Results for Speed Deviation.

Export Vi Vi Vg Ve Vi Vi Va V; V1 Vi Va V,

Number MAPE (%) MAE (km/h) MPE (%)
13 0.7 3.6 3.1 2.6 0.6 2.9 2.5 1.8 —-0.7 3.6 3.1 —2.6
14 1.8 4.3 2.0 6.3 1.6 3.5 1.5 4.5 1.8 4.3 2.0 6.3
15 1.5 59 53 4.1 1.5 5.6 4.5 34 —-15 —-59 53 —41
16 1.4 1.1 0.4 4.3 1.3 0.9 0.3 2.9 14 1.1 —04 43

Calculations show that the mean absolute percentage errors MAPE for the freight
train speed prediction models at the gradient point, diversion point, and diversion nose are
1.3%, 3.7%, 2.7%, and 4.3%, respectively. with MAPE values below 10% for all characteristic
sections. The maximum absolute error was 5.6 km/h, indicating that the difference between
the model-calculated and actual operating speeds remained under 10 km/h. This demon-
strates that the established operating speed prediction model is applicable for forecasting
truck speeds at interchange exits on mainline highways with a 100 km/h speed limit for
large vehicles, specifically those featuring single-lane direct deceleration lanes.

Based on operational speed prediction results, the speed coordination of each charac-
teristic section was evaluated. As shown in Table 6, operational speed predictions identified
2 medium-risk and 2 high-risk sections, while actual measurements revealed 1 medium-risk
and 2 high-risk sections. Comparing the evaluation results from predicted and measured
values reveals that actual risk was overestimated only at the Y-interchange exit. This pri-
marily stems from the high-quality alignment at the Y-interchange exit, where the ramp
design speed is 60 km/h. Drivers tend to maintain higher expected speeds and show
little willingness to decelerate. The evaluation results for other road sections were largely
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consistent, suggesting that the method can, to a certain extent, adequately represent the
actual coordination of truck operating speeds in these segments.

Table 6. Featured Section Speed Coordination Evaluation Table.

Prediction Actual Measurement
Export Number
lvgs | 11 Evaluation Results | vgs | 111 Evaluation Results
Diverting Impact Zone 3.02 1.01 Low risk 2.43 0.81 Low risk
13 Diverting Preparation Zone = 4.55 2.28 Low risk 8.08 4.04 Low risk
Transition Section 2.23 2.97 Low risk 1.76 2.34 Low risk
Deceleration Lane 15.32 9.88 Moderate risk 10.86 7.00 Moderate risk
Diverting Impact Zone 4.72 1.57 Low risk 6.37 2.12 Low risk
14 Diverting Preparation Zone = 6.69 3.34 Low risk 8.56 4.28 Low risk
Transition Section 5.86 8.62 Low risk 3.90 5.73 Low risk
Deceleration Lane 4.54 5.04 Low risk 7.45 8.28 Low risk
Diverting Impact Zone 8.42 2.81 Low risk 6.88 2.29 Low risk
15 Diverting Preparation Zone  11.88 5.94 Moderate risk 7.81 3.91 Low risk
Transition Section 8.60 10.12 High risk 9.76 11.48 High risk
Deceleration Lane 1.86 3.26 Low risk 2.93 5.14 Low risk
Diverting Impact Zone 5.03 1.68 Low risk 6.31 2.10 Low risk
16 Diverting Preparation Zone 9.54 4.77 Low risk 9.16 5.08 Low risk
Transition Section 6.94 9.64 Low risk 4.73 6.57 Low risk
Deceleration Lane 6.06 11.23 High risk 8.29 15.35 High risk
5.2. Lane Change Stability Evaluation
To safely exit the main roadway, vehicles must complete deceleration and lane changes
within the transition zone. Considering the most unfavorable scenario—where vehicles
travel at a constant speed from the transition zone’s starting point—and incorporating the
two most adverse lateral friction coefficients for wet and icy/snow-covered road surfaces,
the evaluation results for the transition zone exit angle are shown in Table 7.
Table 7. Critical Flow Angle Coefficient Table.
Prediction Actual Measurement
Export
Number Wet Runoff Angle Snowmelt Runoff Wet Runoff Angle Snowmelt Runoff
Coefficient Angle Coefficient Coefficient Angle Coefficient
13 0.54 0.82 0.54 0.82
14 0.60 0.91 0.60 0.91
15 0.55 0.83 0.55 0.83
16 0.52 0.77 0.52 0.77

Analysis reveals that the departure angle coefficients derived from predicted versus
actual running speeds under slippery and snow-covered/icy road conditions are all less
than 1. This indicates that trucks can safely navigate circular curves at normal speeds using
the minimum circular curve trajectory even during adverse weather conditions.

When trucks complete lane changes at high speeds, they require a larger turning radius.
To ensure vehicles can execute normal lane changes under adverse weather conditions, it is
necessary to design appropriate lengths for the gradual dashed lines, providing sufficient
longitudinal space for vehicles to merge onto the ramp. Based on the preceding analysis,
vehicles must traverse the holding area and undergo steering and steering-maintenance
phases before fully entering the ramp. Integrating relevant scholarly research with this
paper’s observations on truck diversion initiation points, it is determined that over 85%



Sustainability 2025, 17, 9194

19 of 24

of trucks begin lane changes approximately 20 m after the transition zone’s starting point.
Therefore, from a safety perspective, the holding area length is set at 20 m. The minimum
turning radius for trucks under worst-case conditions can be calculated using Equation
(A2). The evaluation results for the lane-change reservation length are presented in Table 8.

Table 8. Flow Distribution Coefficient Table.

Prediction Actual Measurement
Export S A 1 S A 1
.ee now Accumulation . now Accumulation
Number Wet Condition ... Wet Condition ...
Condition Condition
13 0.35 0.59 0.34 0.56
14 0.45 0.77 0.43 0.73
15 0.42 0.69 0.45 0.75
16 0.49 0.81 0.49 0.79
Analysis reveals that the lateral separation coefficients derived from predicted ver-
sus actual running speeds under wet and snow-covered/icy road conditions are all less
than 1. This indicates that trucks can still maintain sufficient longitudinal clearance to
navigate curved sections at normal speeds with minimal turning radius during adverse
weather conditions.
5.3. Evaluation of Comfort in Traffic Diversion and Speed Reduction
Vehicles exiting the mainline from high speeds primarily rely on braking for decelera-
tion control. Excessive deceleration causes tire-to-road surface wear and increases driver
tension and discomfort, thereby heightening the risk of operational errors and accidents.
Considering truck deceleration states across different road sections, the deceleration evalu-
ation for the diversion process is presented in Table 9, covering both mainline deceleration
and ramp deceleration aspects.
Table 9. Statistical Table of Average Maximum Deceleration by Road Segment.
Prediction Actual Measurement
. Maximum . Maximum
E t Maximum Deceleration on Maximum Deceleration on
N XP({; Maximum Deceleration on Post-Snowfall Maximum Deceleration on Post-Snowfall
umber Deceleration on Wet Ramp Ram Deceleration on Wet Ramp Ram
Mainline (m/s?) Deceleration Decel P Mainline (m/s2) Deceleration Decel P
Section (m/s?) eceleration Section (m/s?) eceleration
Section (m/s?) Section (m/s?)
13 0.57 0.79 1.15 0.41 0.71 1.07
14 0.55 0.08 0.34 0.48 0.15 0.42
15 0.66 0.00 0.28 0.79 0 0.20
16 0.64 0.68 1.56 0.87 0.81 1.70

Calculations of maximum average deceleration across key sections of the mainline
and ramp deceleration zones reveal that deceleration levels on all key sections fall below
the comfort requirement of 1.5 m/s? under normal conditions. Only the transition ramp at
Interchange 16 achieves deceleration within the basic comfort range of 1.5-2 m/s? for vehi-
cles traveling after snowfall. Post-snowfall deceleration rates are relatively high. Therefore,
under adverse weather conditions, drivers should be alerted to slow down promptly at
mainline exit sections to ensure sufficient safety deceleration distance is maintained.

6. Conclusions

This study utilizes high-frequency trajectory data from floating vehicles to conduct
an in-depth investigation into the speed characteristics and safety issues of heavy trucks
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operating in interchange deceleration zones. A predictive model for deceleration zone

speeds was developed, and a speed-based safety evaluation method for deceleration zone

driving was proposed. Key findings include:

1.

A robust data processing pipeline was developed using floating car trajectory data
from logistics trucks. The framework incorporates trajectory preprocessing, anomaly
detection and cleaning, data quality assessment, and road information matching.
Through integration with road design parameters and traffic facility information, a
multi-dimensional “vehicle-road” database was established, providing a solid foun-
dation for subsequent analysis.

Based on the trajectory database and road characteristics, the diverging area was
divided into functional sections for detailed analysis. The study revealed that: most
trucks begin deceleration approximately 200 m before entering taper sections; operat-
ing speeds at divergence noses consistently exceed design speeds, with significant
variations among different ramp types; deceleration rates at loop ramps are sub-
stantially higher than other ramp configurations; and over 85% of trucks initiate
lane-changing within 20 m after entering taper sections.

The diverging area was segmented into four characteristic sections based on truck
behavior patterns. Using Variable Importance in Projection analysis and Partial Least
Squares Regression, operating speed prediction models were developed for key loca-
tions including the divergence preparation area, taper section beginning, divergence
point, and divergence nose. The models effectively address multicollinearity among
variables and demonstrate strong explanatory power for speed variation patterns.

A comprehensive safety assessment framework was established, evaluating opera-
tional safety from three perspectives: speed consistency between consecutive sections,
vehicle stability during lane-changing maneuvers, and driver comfort during deceler-
ation. The models were validated using four case studies, showing prediction errors
below 10% MAPE. The safety evaluation results align well with actual field conditions,
demonstrating practical applicability for engineering design and safety management.

This study developed a prediction model for truck operating speeds in freeway inter-

change diverging areas, yet several limitations remain that warrant further investigation:

1.

The current research primarily focuses on truck speed characteristics under free-
flow conditions and does not fully capture operational patterns under non-free-flow
traffic volumes. Future studies should expand the range of observation samples by
incorporating variables such as different interchange types and traffic volumes to
enhance the model’s applicability.

Although the high-frequency floating car data used in this study offer extensive spatial
and temporal coverage, they insufficiently account for truck-specific characteristics
and the influence of diverse geographical environments on vehicle speeds in exit
areas, leading to certain biases in speed prediction for specific vehicle types.

This study concentrates solely on diverging areas of interchanges and does not thor-
oughly investigate truck driving behavior in merging areas and on ramps. Subsequent
research may extend the scope to include these segments to provide a more compre-
hensive understanding.
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Appendix A
Derivation of the Lateral Stability Evaluation Formula

At the transition section of a highway interchange exit, as shown in Figure Al, the
vehicle’s original direction of travel is AB. If the vehicle needs to depart the main roadway,
the driver must turn the steering wheel to alter the vehicle’s turning angle «, changing the
direction of travel from AB to AC in order to safely and efficiently enter the deceleration
lane. AC represents the vehicle’s actual trajectory, which approximates a spiral curve. For
simplified calculations, since the length of AC is relatively short and meets both engineering
precision requirements and vehicle maneuverability needs, it can be treated as a circular
curve with constant radius. This curve has its center at point O, radius R, and central
angle .

of

Figure A1. Vehicle Turning Radius Diagram.

Based on the geometric relationship of the vehicle’s trajectory during steering,
Equation (A1) can be derived.

{ R = oiep) (A1)
B=2a

In the formula, & denotes the outlet angle; B denotes the central angle.

When a vehicle travels along a circular curve, it experiences centrifugal force. Excessive
centrifugal force can cause the vehicle to slide laterally. To ensure driving safety, the lateral
force must not exceed the lateral friction force between the tires and the road surface. This
yields the minimum circular curve radius Formula (A2) for preventing vehicle skidding.
Based on force analysis, when the critical slip angle for heavy trucks on wet roads is
satisfied, most trucks will not overturn.

VZ

R o+ (A2)
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In the formula, ¢ represents the lateral adhesion coefficient, typically taken as
¢ = (0.6 ~ 0.7) Pmax; in denotes the pavement superelevation, set at 2%.

The minimum radius required to prevent lateral slip at a given speed can be calculated
using the following equation R. By solving the simultaneous equations, the required
slip angle range for maintaining vehicle slip stability can be determined, as shown in
Equation (A3).
127(¢ +in)d

2V2

The lateral adhesion coefficient ¢ is determined by the adhesion capacity between the

o< %arccos[l - ] (A3)

road surface and the tire, with its value most significantly influenced by weather conditions.
The range of lateral adhesion coefficients under various weather conditions is shown
in Table A1.

Table A1l. Range of values for the lateral adhesion coefficient.

Road Surface Conditions Generally Dry Wet Icy and Snowy Slippery Ice

Lateral Attachment Coefficient ¢ 0.4~0.8 0.25~0.4 0.1~0.2 0.06

By determining the chord angle and the radius of the circular curve, the length of
chord AC can be calculated. Using trigonometric functions, the longitudinal travel distance
Lpy of the truck during the lane change along arc length AC is obtained, as shown in
Equation (A4).

LDZ = RSil’l(ZlX) (A4)

After entering the transition zone, trucks must pass through the waiting area, turning
phase, and turn-holding phase before fully exiting the main roadway. Therefore, the
distance required for truck lane changes is as per Equation (A5).

V2 sin(2«)

Lp=Lpi+ Loy = Lpj + ————2
D D1 D2 D1 127(§9+lh)

(A5)
In the formula, Lp represents the minimum trajectory length for vehicle stability, m;
Lp1 denotes the length of the vehicle’s pre-steering zone, m; Lp, indicates the length of the
vehicle’s steering phase, m.
Based on the above derivation, safety evaluation indicators for the exit ramp section
of interchange overpasses have been established to assess the safety of lateral lane changes
by trucks.
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