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ABSTRACT Owing to the challenges faced by two-lane entrance ramps in merging areas on expressways
in handling the growing traffic volume, designers are considering implementing three-lane entrance ramps.
This approach alleviates capacity bottlenecks and facilitates efficient, safe, and green operations. However,
according to the traditional design strategy, the long auxiliary lanes will bring large land occupation and
construction consumption, creating obstacles to the reconstruction. To address this issue, this study proposes
two new strategies and discusses the applicability of each scheme. A VISSIM microsimulation model was
developed and calibrated using the collected data, and five evaluation indicators assessing environmental
protection, capacity, traffic efficiency, safety, and construction consumption were selected. This study also
presents a comprehensive evaluation(CE) method that combines the CRITIC (Criteria Importance Through
Intercriteria Correlation) method and TOPSIS(Technique for Order Preference by Similarity to an Ideal
Solution), which considers the association between indicators and offers a more rational evaluation, aiming
to recommend optimal designs for various traffic cases. The results indicate that two-lane ramps are still
the preferred choice for lower traffic volumes and merging ratios, whereas three-lane ramps demonstrate
excellent potential for application under heavy traffic conditions. The CE reveals substantial improvements
in optimal designs, with capacity, delay, CO emissions, and conflicts showing maximum enhancements of
approximately 20%, 45%, 5%, and 55%, respectively.

INDEX TERMS Expressway, three-lane entrance ramp, design method, CE, sustainable transportation, low
carbon.

I. INTRODUCTION
Urban expressways function as main transportation arteries,
taking the essential task of efficient transportation. However,
with the increasing population density and motor vehicle
ownership in cities, there are pressing needs for urban road
reconstruction and expansion to fulfill residents’ escalating
transportation demands.

Exits and entrances on urban expressways, which play
a vital role in traffic flow transitions, emerge as decisive
factors affecting the overall operating quality of expressways
and have been generally regarded as the bottleneck section.

The associate editor coordinating the review of this manuscript and

approving it for publication was Daniela Cristina Momete .

Frequent lane changes in merging areas invariably result in
more complicated traffic conditions, even causing disruptions
in the traffic flow on the mainline. As a result, merging areas
frequently experience heightened congestion and conflicts
compared to general sections [1], [2], [3]. Studies have also
provided statistical data to indicate significantly higher crash
rates in the merging area [4], [5], [6].

Additionally, issues about rising fuel consumption and
pollutant emissions from congestion and conflicts have drawn
considerable attention [7], [8]. Notably, despite that emission
standards are constantly being improved, extreme congestion
can offset the benefit and further exacerbate the pollution
problem [9]. Research indicates that emissions significantly
increase during the transition of traffic flow from free to
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congestion [10]. Emissions produced by motor vehicles in
urban settings have recently drawn special attention due to
the increasing emphasis on sustainability [11], [12].

Cities have achieved certain progress in congestion and
emission management by formulating and implementing
restriction policies [13], [14], [15]. However, these tactics
obstruct urban development and even conflict with rising
living and production standards. Furthermore, studies have
concluded that these restriction strategies provide limited
benefits and may foster new contradictions over the long
term, triggering a backlash in congestion and emissions [16],
[17], [18].

Based on observations and data collection of traffic
flow, several prediction models have been developed to
analyze the characteristics of traffic flow in the merging
areas. These models offer valuable approaches for reducing
congestion and emissions by predicting speed variations,
capacity, and driver’s behavior [19], [20], [21], [22]. Fur-
thermore, researchers work on devising innovative traffic
strategies, including coordinated control of speed and lanes
as well as presenting new path designs [23], [24], [25].
While integrating road pricing with other strategies helps
alleviate traffic pressure at interchanges to some extent, these
approaches may inevitably have negative effects on drivers
and passengers [26], [27].

Discussions also focused on the theme of planning and
design of expressway entrances. Based on observations
and documentation of ramps, scholars have evaluated the
effects of geometric design and traffic volume on congestion,
safety, and other multifaceted operational benefits [28],
[29]. Studies about multi-lane entrance ramps highlight
advantages associated with additional auxiliary lanes [30],
[31]. However, the omission or shortening of auxiliary lanes
does not appear to significantly affect operational efficiency
in certain conditions [32]. The detrimental impact of overflow
traffic from ramps on the capacity in merging areas has
also been established, suggesting a correlation between the
number of lanes and capacity bottlenecks [33], [34]. These
studies provide important references and inspiration for the
design of three-lane ramps. With mainline lanes expanding
from the initial two to four or even five, there has been
a substantial increase in capacity. Accordingly, it can be
hypothesized that augmenting the number of ramp lanes
can effectively mitigate on-ramp queue lengths and prevent
spillbacks by enhancing storage capacity, which will break
the capacity bottleneck in the merging areas.

Actual observations may not be available for some new
traffic strategies or design schemes since they have not been
constructed. Perhaps their digital twin would be a better
object for the study. In recent years, numerical simulation
techniques such as the VISSIM have been introduced and
widely utilized for transportation, and have been proven the
effectiveness and reliability [35], [36]. For accurate and reli-
able results, the simulation model must realistically represent
the characteristics of the actual traffic flow and microscopic

driving behavior. Consequently, studies propose and optimize
the VISSIM modeling and calibration procedure [37], [38],
[39]. By accurately developing and calibrating the simulation
model, it is possible to closely restore traffic flow in the
merging areas, thereby providing a solid foundation for
evaluation [40].

Multi-criteria decision-making (MCDM) is based on
the principles of operations research, assigning weights
to selected indicators in scheme evaluation. In this way,
it provides scoring details for schemes decision-making
in complex cases [41]. Among that, the commonly used
methods include the entropy method and the CRITIC
method. The entropy method calculates weights based on the
variability degree of indicators using information entropy,
having shown promising results in evaluating sustainable
transportation designs [42], [43]. However, the entropy
method has inherent limitations because it fails to account for
the correlation between indicators. In contrast, the CRITIC
method effectively addresses this problem by introducing
contrast intensity and correlation indicators [44]. Currently,
the CRITIC method has gained widespread applications not
only in transportation [45], [46], [47] but also in diverse fields
such as manufacturing [48], construction [49], medicine [50],
energy, and environment [51].

Furthermore, as another significant MCDM method, the
TOPSIS has also been widely used in various disciplines
[52], [53], [54]. The TOPSIS is an intragroup comprehensive
evaluation method that effectively utilizes information from
the original data and provides an accurate reflection of gaps
between schemes [55].
Currently, expressway entrance ramps typically consist of

one or two lanes, which is inadequate to meet escalating
transportation demands in certain cases. The implementation
of three-lane ramps may be a key solution to alleviate
capacity bottlenecks in merging areas. However, current
specifications lack specific guidance for the three-lane
design. Consequently, the primary challenge for designers
is determining an appropriate design strategy, particularly
regarding merging path planning and geometric design in the
merging areas. Following the conventional design strategy,
the connection and transition between a three-lane ramp and
the mainline should be established by two auxiliary lanes.
However, this requirement will result in increased land and
resource consumption in construction, while the expansion
of urban expressways is often hampered by limited land
resources.

This study aims to propose a sustainable three-lane
entrance design method with the applicability evaluation of
the design using MCDM. Inspired by a special two-lane
entrance ramp without an auxiliary lane on the Xi’an Ring
Expressway, three design schemes for three-lane entrances
with different traffic organization methods and geometric
formswere proposed. To assess the quantified performance of
each design in terms of environmental protection, efficiency,
and safety under various traffic scenarios, a VISSIM model
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is developed and calibrated based on measured traffic data.
Finally, CE combining the CRITIC method and TOPSIS
scores each design and suggests the optimal design for
different traffic scenarios.

The remainder of this paper is organized as follows.
Section II introduces the research methodology, including
data collection, scheme design, numerical simulation, and
evaluation. Section III provides an overview of data col-
lection and scheme design. The simulation and evaluation
results, along with the sensitivity analysis, are presented in
Section IV. Section V discusses the findings of the study, and
conclusions are presented in Section VI.

II. METHODOLOGY
A. FIELD DATA COLLECTION
Accurate traffic data are essential for supporting the analysis
and evaluation. Data collection should be scheduled during
rush hour, but without accidents, obvious congestion, and
facility maintenance to minimize disturbances to drivers.
These details should be determined based on prior investi-
gations [56]. The following data should be collected.

• Traffic volume on the mainline and the ramp approach-
ing the merging nose.

• Vehicle speeds on the mainline and the ramp approach-
ing the merging nose.

• Proportion of trucks and buses within the traffic flow.

B. IMPROVEMENT SCHEME DESIGN
This study focuses on the development of sustainable
designs for three-lane entrance ramps, including traffic
characterization and applicability evaluation. Currently, the
specification has not proposed the design method for three-
lane ramps. Following the conventional design strategy for
two-lane ramps, lengthy auxiliary lanes are required in the
three-lane ramp design scheme, resulting in substantial land
and resource consumption in the construction. Therefore,
this study proposes various schemes with different auxiliary
lane designs for three-lane ramps, matching specific traffic
characteristics.

C. DEVELOPMENT AND CALIBRATION OF SIMULATION
MODEL
1) MODEL DEVELOPMENT
Because almost no three-lane ramps have been constructed
yet, it is difficult to observe and analyze their operational
performance directly. Therefore, the evaluation uses the
VISSIM micro-simulation to replicate both existing and
optimized schemes. Each detail is set closely to resemble
the actual conditions, including geometric parameters, traffic
characteristics, and vehicle paths.

2) MODEL CALIBRATION
To enhance the fidelity of the VISSIM simulation model,
calibration is necessary to align it more closely with actual
conditions. Calibration parameters typically include gap

FIGURE 1. Relationships between the three traffic paraments. Kj denotes
the jam density, vm denotes the critical speed, Qm denotes the maximum
volume, Km denotes the optimal density which takes half of Kj , and vf
denotes the smooth speed as density approaches 0.

acceptance, car-following, and lane-changing models [57].
Previous studies have employed capacity as a calibration
indicator because it directly reflects the accuracy of the
VISSIMmodel. Themean absolute percentage error (MAPE)
is commonly utilized as an evaluation indicator to quantify
the error between the VISSIM model and reality. (1) shows
the MAPE calculation process [42], [43].

MAPEC =

∑n
i=1 C

i
v +

∑n
i=1 C

i
f∑n

i=1 C
i
f

(1)

where C i
v denotes the simulated capacity in the VISSIM

model (veh/h), while C i
f denotes the investigated capacity, i

denotes the traffic flow, and n denotes the total through and
merging traffic flows.

Given that relying on a single indicator may not be
sufficient for calibration purposes, vehicle density, which is
another of the three traffic parameters, is also considered,
as shown in (2). Furthermore, the speed precision can be
inferred from the precision of capacity and vehicle density
based on the relationship between the three traffic parameters.

MAPEK =

∑n
i=1 K

i
v +

∑n
i=1 K

i
f∑n

i=1 K
i
f

(2)

where K i
v denotes the simulated vehicle density in VISSIM

(veh/km), K i
f denotes the investigated vehicle density.

In addition, it is necessary to calibrate the simulation for
more traffic conditions because of the dynamic nature of
traffic. Following the Greenshields Model, both volume and
density initially increase concurrently in real traffic flow. The
maximum volume occurs when the density reaches half the
jam value. Similarly, the interrelationship between the three
traffic parameters can be deduced, as shown in Figure 1.

Results obtained from the VISSIM simulation for the three
traffic parameters can be used for the fit of a quadratic
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polynomial to K and Q. Additionally, the goodness of fit,
as measured by the coefficient of determination, enables the
assessment of the compatibility between the Greenshields
Formula and the observed data.

3) INDEXES SELECTION
The operational performance evaluation of each design
scheme should encompass considerations of the environmen-
tal impact, transportation efficiency, and safety. Commonly
employed nodes results in VISSIM analysis, including CO
and NOx emissions, fuel consumption, travel time, delay,
and the number of stops [58], [59]. In addition, the Federal
Highway Administration introduced the Surrogate Safety
AssessmentModel, predicting and evaluating traffic conflicts
from trajectory data generated by VISSIM. This model has
been extensively employed and validated [60].

For three-lane ramps, the primary improvement effect
should be reflected in capacity, which can be quantified by
the number of vehicles in the VISSIM results. Additionally,
this study also considers representative CO emissions, delays,
and the number of conflicts as other indicators for evaluating
sustainability. The merging areas have distinctive lengths in
each design, owning to the variance in the auxiliary lane
configurations. Because partial indicators are directly related
to the travel distance of vehicles, it is crucial to control this
variable during the simulation. Hence, this study opts for
the selection of the same range of nodes for simulation data
collection, which should cover the longest merging area.

D. SENSITIVITY ANALYSIS OF SCHEME PERFORMANCE
Due to the dynamic nature of traffic operations, further
research is required to examine the applicability of these
designs in additional traffic scenarios beyond the investiga-
tion. Considering that the traffic volume and diverging ratio
play crucial roles in controlling the formation of capacity
bottlenecks, they can be selected as control variables.
A sensitivity analysis is necessary to explore how the
indicators vary with these variables.

E. COMPREHENSIVE EVALUATION METHODOLOGY
1) EVALUATION METHOD
Sustainable transportation encompasses not only the enhance-
ment of transportation efficiency but also the mitigation
of environmental impact. In particular, the environmental
impact is not limited to the reduction in fuel consumption
and pollutant emissions during operation, and the burden of
construction also cannot be ignored. Schemes with larger
construction volumes lead to increased consumption of
materials and resources. Moreover, they encroach upon more
land resources and jeopardize existing ecology. Achieving
sustainability goals requires a balance between these aspects.

Therefore, it is necessary to adopt the CE method to
allocate weights to individual indicators, thereby scoring each
design scheme. Specific indicators to support the evaluation
should include capacity, delay, CO emissions, the number

FIGURE 2. Flowchart of the CE method.

of conflicts, and construction costs. Several factors, such as
resource consumption, construction time, and labor input,
are involved in construction, but not all of them can be
quantitatively expressed because of their variability based on
project conditions. Therefore, the additional area is selected
as the fifth indicator, which is consistent with all other cost
considerations. The additional square can be defined as the
additional area of the new scheme over the original scheme
within the mainline, including the auxiliary lanes and taper.

Since evaluation indicators originate from different fields
and exhibit different quantitative levels, an intuitive approach
is insufficient. Therefore, this study proposes the utilization
of the CE method that incorporates the CRITIC and TOPSIS
methods to score the performance of each scheme, providing
comprehensive support for the decision-making processes.

The TOPSIS ranks evaluation objects by their proximity
to idealized targets. It avoids subjectivity and portrays
the comprehensive impact intensity of various indicators
without strict limitations on sample volume, and has been
widely utilized in objective scheme scoring. However,
before applying the TOPSIS, the entropy method is usually
employed for weight assignment. Although the entropy
method provides a brief objective weighting process, some
defects cannot be ignored, as they fail to consider the effects
between indicators. As a complex and integrated system, road
traffic data inherently contain connections and fluctuations,
which matches the feature of the CRITIC method. Figure 2
illustrates the CE method process.

2) WEIGHT ASSIGNMENT BASED ON CRITIC METHOD
Objective weight assignment methods, such as entropy and
standard deviationmethods, primarily focus on the data itself.
They overlook the volatility and correlation among the data,
which hold valuable information. In contrast, the CRITIC
method effectively capitalizes on these characteristics by
employing two key indices: the volatility (contrast intensity)
and the conflict (correlation). The contrast intensity, repre-
sented as the standard deviation, assigns higher weights to
indices exhibiting greater fluctuations. The conflict can be
quantified by the correlation coefficient, where the higher
coefficient indicates the lower conflict andweight conversely.
Following the normalization, each weight was calculated
by multiplying the contrast intensity by the conflict of
the index. Through this approach, the evaluation will be
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not solely reliant on the magnitude of each index, but
also incorporates the objective nature of the data, thereby
facilitating a scientific and comprehensive evaluation.

In each case, each design is evaluated with five indicators,
and the matrix Ak for the original data in the k th case can be
constructed, as shown in (3).

Ak =


V1,k D1,k E1,k C1,k S1,k
V2,k D2,k E2,k C2,k S2,k
· · · · · · · · · · · · · · ·

Vi,k Di,k Ei,k Ci,k Si,k

 (3)

where Vi,k denotes the number of vehicles of ith design in k th

case, andDi,k , Ei,k , Ci,k , Si,k denote the delay, CO emissions,
number of conflicts, and additional square, respectively.

Due to the different measurement units for each indicator,
it is necessary to normalize each set of data to solve
the problem of homogenization of different qualitative
indicators. Considering that all five indicators are expected
to exhibit lower numerical values, each of them is essential
to be reverse-processed. Initially, elements in Ak are denoted
as xij, where i represents the ith design and j represents the jth

index in the order of V , D, E , C and S. Then Ak should be
transformed into X as described in (4).

X =
[
x1 x2 x3 x4 x5

]
(4)

where xj can be denoted as (5).

X =
[
x1j x2j · · · xij

]T (5)

The inverse normalization for xij can be processed from (6).

x ′
ij =

max{x1j, x2j, . . . , xij} − xij
max{x1j, x2j, . . . , xij} − min{x1j, x2j, . . . , xij}

(6)

As one of the key indices of the CRITIC method, the
contrast intensity is expressed as the standard deviation,
calculated as in (7) and (8).

x ′
j =

1
n

∑n
i=1 x

′
ij

(7)

Sj =

√∑n
i=1(x

′
ij − x ′

j )
2

n− 1
(8)

where Sj denotes the standard deviation of the jth indicator
and n denotes the number of design schemes.
The standard deviation is a measure of the fluctuation in

the values of each indicator. A higher standard deviation
indicates a greater variation in the indicator values, providing
more information and stronger evaluation intensity, thereby
a higher weight should be assigned to these indicators.
As another crucial factor, the conflict between indicators is
expressed using the correlation coefficient, as shown in (9).

Rj =

m∑
j′=1

(1 − rj,j′ ) (9)

where rj,j′ denotes the correlation coefficient of the jth and j′th

indicators, m denotes the number of indicators.

Within the CRITIC method, the stronger correlation
between two indicators indicates less conflict, which shows
the same information and repeated details in the evaluation.
Consequently, the evaluation intensity of that indicator should
be weakened, and the weight assigned to it should be reduced.
The information volume is calculated using (10).

Cj = Sj ×
m∑
j′=1

(1 − rj,j′ ) = Sj × Rj (10)

As Cj increases, the jth indicator plays a more significant
role. Therefore, moreweight should be assigned to it, whereas
the objective weight of the jth index in the k th case can be
calculated using (11).

wk,j =
Cj∑m
j=1 Cj

(11)

3) EVALUATION BASED ON THE TOPSIS
The TOPSIS is a frequently used intragroup evaluation
method, that effectively utilizes information from the original
data and provides an accurate reflection of the gaps between
schemes. Utilizing a normalized original data matrix, the
TOPSIS employs the cosine method to determine the optimal
and worst schemes from available options. Subsequently,
it calculates the distance between each evaluation object with
the optimal and worst schemes to establish their proximity,
serving as evidence for evaluation. Given that the weights for
each indicator in each case have already been calculated using
the CRITIC method, the TOPSIS model can be conveniently
employed for the final scoring. The steps outlined are as
follows:

The weighted index of the ith design in the k th case can be
calculated using (12).

Zk,ij = wk,j × x ′
ij (12)

The optimal and inferior ideal points of the jth index are
defined as the maximum and minimum weighted values of
the five designs, respectively, as shown in (13) and (14).

Z+

j = max(Zij) (13)

Z−

j = min(Zij) (14)

The distances from the optimal and inferior ideal points to
each indicator in the ith case are defined by (15) and (16),
respectively.

D+

i =

√√√√√ 4∑
j=1

(Z+

j − Zij)2 (15)

D−

i =

√√√√√ 4∑
j=1

(Z−

j − Zij)2 (16)
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FIGURE 3. The location and type of Interchange G, which is a Trumpet-A
type situated on the Xi’an Ring Expressway. The authors used the UAV to
take aerial photos of the actual situation.

The score for the ith design in the k th case can be calculated
using (17).

Sk,i =
D−

i

D+

i + D−

i

(17)

III. DESCRIPTION OF DATA AND DESIGN
A. CASE DESCRIPTION
Figure 3 illustrates Interchange G, which is a Trumpet-A
interchange situated on the Xi’an Ring Expressway. This
interchange features a distinctive traffic organization in the
merging area, where a two-lane entrance ramp directly
connects to the mainline without an auxiliary lane. The main
line of the expressway consists of six lanes at the speed limit
of 120 km/h, and the ramp is operated at the speed limit of
60 km/h.

Expressways in urban areas typically exhibit the 24-hour
traffic volume cycle, as well as heavy congestion occurs
during peak hours. Xi’an, where Interchange G is located,
has a resident population of over 13 million, with a density of
7.1 thousand people per square kilometer in the major urban
area, and the number of motor vehicles in Xi’an has reached
3.736 million. Despite the introduction of a traffic restriction
policy in Xi’an in 2019, it is hardly the fundamental strategy
under the trend of continuous traffic growth.

Currently, traffic volume on the Xi’an Ring Expressway
is consistently close to saturation levels, and some two-lane
entrance ramps have been struggling to deal with traffic
flow during rush hours. Hence, this study focused on the
conversion of Interchange G into a three-lane entrance ramp
as well as evaluating the benefits. Since conventional designs
with lengthy auxiliary lanes can result in resource wastage in
certain situations, it is imperative to optimize the design to
address spatial and cost-related concerns.

B. DATA COLLECTION
Figure 4 shows the average congestion delay index on the
Xi’an Ring Expressway near Interchange G for a specific

FIGURE 4. The average congestion delay index of the Xi’an Ring
Expressway near Interchange G in a specific week. 8 denotes
8:00-8:59 a.m., and the other values indicate the same meaning.

TABLE 1. Trafffic data collection results of G interchange during rush
hours.

FIGURE 5. The position of radars and the range for data collection. The
red dot indicates the location of the radars, while the yellow square
represents the range for data collection.

week, using data queried from the open access platform of
AMAP, Ltd. s

One-hour periods during the morning and evening rush
hours are selected to conduct the research, being depicted
in the data. Two radars were positioned approaching the
merging nose on the mainline and ramp, as shown in Figure 5.
The collected traffic data are presented in Table 1.
Traffic volume at the highest peak hour plays a decisive

factor in road design, therefore the data from 5:00-5:59 p.m.
were selected to be input into the VISSIM model. The
following conclusions can be drawn from Table 1.

• The speed of vehicles on the mainline and the ramp was
below the designed speed, at 59.7km/h and 39.3km/h
respectively.

• Trucks and buses occurred in a low proportion less than
10%, and were restricted to the curb lane.
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FIGURE 6. Two-lane entrance ramp designs. (a)CTE. (b)NTE.

FIGURE 7. The double auxiliary-lane three-lane entrance(DATE) design.

• Merging vehicles accounted for nearly 40% of the total
traffic.

Moreover, the UAV video shows that Chinese drivers
always engage in aggressive driving behavior during conges-
tion, such as occupying the emergency lane to merge into the
mainline, which perhaps once again emphasizes the urgency
of three-lane ramps.

C. DESIGN SCHEME
In the design of a two-lane entrance ramp, designers typically
incorporate an auxiliary lane after the merging point to match
the lane balance principle as recommended by AASHTO
[61]. This design can be called the conventional two-lane
entrance (CTE), which always provides better efficiency than
the nonauxiliary-lane two-lane entrance(NTE), although it
requires more space and expense. Figure 6 shows these two
designs.

This study proposes three design schemes for three-lane
entrance ramps based on CTE and NTE, with primary
differences focusing on the auxiliary lane design. In the first
scheme, the authors fully utilize the double-lane auxiliary
lane in the merging area, which exclusively takes reference
to the conventional strategy. This design can be called the
double auxiliary-lane three-lane entrance(DATE), as shown
in Figure 7. DATE strictly adheres to the lane balance
principle, vehicles in the outermost lane on the ramp should
merge into the mainline through two transitions, which can
guarantee relatively smooth traffic under the heavy merging
volume. However, this scheme requires over 1000m of
auxiliary lane, significantly increasing construction costs and
resource consumption.

To alleviate the construction pressure, a compromise
design called the speed limit lane three-lane entrance (STE)
is proposed. In this design, the first section of the two-lane
auxiliary lane is shortened and transformed into a speed limit
lane, as shown in Figure 8. Vehicles on the curb lane of
the speed limit lane are subjected to a lower speed limit,
providing more opportunities for lane changes to merge.

FIGURE 8. The speed limit-lane three-lane entrance(STE) design, replacing
the first section of the auxiliary lane of DATE with a speed limit lane.

FIGURE 9. A single auxiliary-lane three-lane entrance (SATE) design.
(a)Lane 3 on the ramp connects the auxiliary lane. (b)Lane 2 on the ramp
connects the auxiliary lane. (c)Lane 1 on the ramp connects the auxiliary
lane.

Traffic safety is the primary consideration on the speed-
limited lane, therefore the length of the speed-limited lane
should not be less than the stopping sight distance required
for emergency braking. Although STE partially saves space
and costs of construction, it poses the potential for reduced
merging efficiency.

This study also proposes the single auxiliary-lane three-
lane entrance(SATE) design, categorized into three distinct
types as shown in Figure 9(a), (b), and (c), respectively.
The difference between the three designs is reflected in the
connecting targets of each lane of the ramp. In Figure 9(a),
Lane 3 is connected to the auxiliary lane, while vehicles
on Lanes 1&2 merge directly into the mainline, which may
disrupt the traffic flow and present an accident hazard.
Figure 9(c) shows the contrary, the auxiliary lane directly
connected to Lane 1, traffic on Lanes 2&3mustmerge into the
mainline through the auxiliary lane. The design in Figure 9(c)
may have the least impact on the mainline among the three
designs, and might be optimal from the subjective view.
However, it is still necessary to provide certain objective
results to support the judgment.

As almost no three-lane ramps have yet been constructed,
a numerical simulation is necessary for subsequent eval-
uation, with VISSIM serving as an appropriate tool for
this purpose. To construct the simulation model, essential
geometric details were derived from the Green Book
(A Policy on Geometric Design of Highways and Streets)
[61]. By taking these specified dimensions, the simulation
model can accurately restore these designs. The critical
details are as follows.

117720 VOLUME 11, 2023



Y. Liu et al.: Evaluation of Sustainable Design Method for Three-Lane Entrance Ramps

• The acceleration lane length is 300m, meeting the
requirement specified in the Green Book.

• The auxiliary lane length is 450m, complying with the
stipulations in the Green Book.

• The taper length is 180m, adhering to the Green Book’s
requirement for a 1:50 tapering rate.

• The speed limit lane length is 185m, satisfying the
stipulated stopping sight distance at a speed limit of
100km/h as outlined in the Green Book.

IV. RESULT AND ANALYSIS
A. SIMULATION RESULT
Based on this description, simulation can be performed for the
above five designs, including CTE, NTE, DATE, STE, and
SATE. The following data were input into the VISSIMmodel
according to the standard calibration procedure proposed in
previous studies [42], [62].

• Geometric parameters for each design.
• The through andmerging traffic volumes during the rush
hour were 3187 and 1846, respectively, as listed in table
1, with the merging ratio of 36.7%.

• Trucks and Buses accounted for 7.6% of traffic, whereas
the remaining 92.4% were cars.

• Speed of vehicles spread from 27.9 to 89.1km/h on the
mainline and 24.8 to 57.2km/h on the ramp.

Table 2 shows the calculated results of the MAPE
for the five designs, each of which is less than 5%.
These calibration accuracies can be accepted in practical
engineering applications, as indicated in previous studies
[42], [43].

In addition, the authors entered more traffic situations into
the VISSIM model to gain further verification. Figure 10
shows the fitting between the density and volume on the
mainline from the simulation result. A visible peak occurred
at the traffic volume of approximately 6000veh/h with a
density of approximately 150veh/km, subsequently showing
a decreasing trend that matches the actual. More than 99%
goodness of fit of the quadratic polynomial also proves the
significant compliance of the density and traffic volume with
the Greenshields Model, which shows the rationality and
accuracy of the VISSIM simulation.

The results of the simulation VISSIM with investigated
data entered are listed in Table 3. Figure 11 shows the
comparison of the performance of design schemes.

The results demonstrate the superior performance of
all four enhanced designs compared with NTE under the
investigated traffic conditions. DATE showed the most
notable overall improvement, exhibiting enhancements of
7.2% in capacity, 3.1% in CO emissions, 45.3% in delays,
and 49.0% in conflict. The other three enhanced designs also
outperformed NTE in all aspects. Notably, SATE performed
better than CTE in terms of delay, whereas CTE exhibited
slightly lower levels of conflict. STE performs enhancements
of 6.1% in capacity, 1.6% in CO emissions, 35.0% in delays,
and 40.4% in conflicts.

FIGURE 10. The correlation between density with traffic volume on the
mainline in various traffic situations. Green dots denote simulation data,
the green line denotes the fitted curve and the dotted line denotes the
theoretical curve.

FIGURE 11. The comparison of the performance among the five designs
in terms of CO emissions, delay, and conflicts.

B. SENSITIVITY ANALYSIS
With reference to the Capacity Manual, traffic volumes
at 2460veh/h and 7200veh/h corresponding to the level of
service A and E are taken as the boundary, then traffic
volumes can be divided into seven groups according to a
certain interval [62]. Considering that the merging ratio of
the interchange should be less than 50%, 40%, and 10% are
taken as the maximum and minimum bounds respectively.
Thus, 28 situations with different traffic volumes andmerging
ratios are input into the VISSIM simulation. Table 4 presents
the simulation schedule.

The three SATE schemes were initially compared to
identify a superior design for subsequent analyses and
evaluations. Since all three schemes offer the same additional
capacity storage space, performance in terms of delay and
conflict plays a crucial role in scheme comparison. The
results are shown in Figure 12.

SATE-c works better under the vast majority of traffic,
while SATE-b only shows slightly fewer conflicts under
heavy traffic with a merging ratio of more than 30% and
traffic volume of over 5620veh/h. Therefore, SATE-c was
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TABLE 2. Results of the MAPE calculation for each design.

TABLE 3. The operational performance of each design with investigation data.

TABLE 4. Operational performance of each of the five designs using the investigation data.

selected as the optimal design, serving as SATE in the final
evaluation.

Subsequently, the performance of each design on different
indicators was compared to NTE, it is clear that the four
optimized schemes show different degrees of improvement
in each aspect. Thus, an in-depth analysis of these various
improvements is provided in this part.

Figure 13 shows the improvement of each optimized
scheme compared to NTE in terms of capacity. Since higher
capacity values imply better performance, the improvement
ratio should be defined as Ratio = (Improved scheme -
NTE)/NTE × 100%.

In Figure 13, it can be observed that the divide occurs
around a volume of 5000veh/h, which corresponds to the
beginning of a capacity bottleneck in NTE. As shown
in Figure 10, traffic flows begin to collapse in NTE as
flows exceed 6,000 veh/h, whereas the three-lane ramp
demonstrated evident improvements in this regard. DATE
exhibited themost substantial improvement, with amaximum
ratio of 26.1%,which can be attributed to its enhanced storage
capacity. STE and SATE follow suit, with improvement ratios
related to the additional space they provide. CTE improved at
a relatively low rate in most traffic situations. Consequently,
it can be concluded that the three-lane ramp effectively
alleviates capacity bottlenecks by offering additional capacity
storage.

The opposite calculation to the improvement ratios of
capacity was used for the other three indicators as they show
better performance with lower values, it should be defined as
Ratio = (NTE - Improved scheme)/NTE × 100%.
Figure 14(a) shows that CTE achieves the best improve-

ment in the delay at low traffic volume and merging ratio,
where the peak of 18.9% occurs at 3250veh/h volume and
10% merging ratio. Subsequently, the improvement faded
rapidly as the volume increased. Similar trends are shown
in Figure 14(d), where SATE shows a more significant
peak in improvement rates under smoother traffic conditions.
This phenomenon may be explained by the fact that SATE
provides more space for smooth passage on the ramp and
acceleration lane with less than a certain merging traffic
volume. However, a more rapid decline in the improvement
rate appears as traffic volumes increase, and congestion is
even worse than CTE. This may be because vehicles on
STAE change lanes more frequently, which will be limited by
congested traffic, whereas this deficiency is not accentuated
in a smooth traffic situation.

In contrast, DATE provides the best improvement rate with
a minimum value of over 17.4%, closing to the peak of CTE,
as shown in Figure 14(b). Moreover, the improvement ratio
increases steadily with increasing traffic volume and merging
ratio, which continues to the volume of 5620veh/h, with a
peak of 45.6%. From Figure 14(c), it can be noticed that
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FIGURE 12. Comparison between the three SATE. (a)delay. (b)number of
conflicts.

FIGURE 13. Improvement ratio of the scheme compared to NTE in terms
of capacity(%). (a) CTE. (b)DATE. (c)STE. (d)SATE.

STE provides lower improvement rates compared to DATE,
as well as it expires more quickly in heavy traffic situations.
The three-lane ramp also shows limits to the improvement
in delay, as the improvement ratios produce fading under
overweight traffic, where the capacity bottleneck has been
reached.

Figure 15 shows an improvement in CO emissions. At low
traffic volumes, there is limited improvement because less
congestion and delays are produced under low traffic pres-
sure. In these cases, significant benefits are not prominently

FIGURE 14. Improvement ratio of the scheme compared to NTE in terms
of delay(%). (a) CTE. (b)DATE. (c)STE. (d)SATE.

FIGURE 15. Improvement ratio of the scheme compared to NTE in terms
of CO emission(%). (a) CTE. (b)DATE. (c)STE. (d)SATE.

visible due to the large emission base. Subsequently, as the
traffic volume increased, the improvement in CO emissions
also gradually increased. However, this improvement rapidly
diminishes again with the arrival of capacity bottlenecks.
Notably, the peak improvements in DATE and STE appear
under heavier traffic conditions, attributable to improvements
in capacity. Conversely, CTE and SATE reached their limits
of carbon emission improvement earlier, highlighting their
applicability in scenarios with smoother traffic flow.

As shown in Figure 16, all three three-lane ramp designs
demonstrated the ability to improve conflict under heavy
traffic, which may benefit from the increased capacity
space. However, more frequent conflicts emerged in SATE
during relatively smooth traffic conditions. These conflicts
occurred primarily at the connections between the ramps
and the auxiliary lanes, presumably because SATE required
vehicles on all three ramps to merge into one auxiliary lane.
Nevertheless, SATE again shows an improvement in conflicts
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FIGURE 16. Improvement ratio of the scheme compared to NTE in terms
of conflict(%). (a) CTE. (b)DATE. (c)STE. (d)SATE.

compared to CTE as traffic volumes increase. This may be
attributed to the fact that the section is already congested and
vehicle speeds are dropping dramatically. In this situation,
more queuing space may be provided in SATE reducing
conflicts.

C. EVALUATION RESULT
The sensitivity analysis provides a general judgment on
the applicability of this design. Obviously, DATE performs
substantially better than the other schemes in terms of
traffic operations, with its potential being fully highlighted
as traffic pressure increases. However, in situations of low
traffic volumes and merger ratios, DATE fails to stand out
as a significant advantage to offset its drawbacks of being
more consumed in construction, and similar problems exist
with other three-lane ramp designs. Therefore, the sensitivity
analysis results can only provide a subjective reference for
designers, while more decision-making details need to be
obtained by objective and specific scoring using the CE.

Prior to the CE, it is essential to quantify the additional
square of each design scheme, which is the fifth indicator
selected. The additional square is defined as the increased
area of the optimized solution behind the merging nose
compared to NTE, as shown in Figure 17.
According to the CE procedure provided in Section II-E,

weights assigned to each indicator for each traffic situation
can be calculated, and each design scheme can be scored.
Table 5 shows the results of the CRITIC calculated weights
for the investigated traffic as an example, with 5033veh/h
volume and 36.7% merging ratio. The results of the entropy
method are also presented for comparison.

From the results, weights calculated from the entropy
method exhibit a relatively average, which only concerns
the single indicator value without their connection, creating
an imbalance in the evaluation overly focused on traffic
performance. The CRITIC method screens out the two

FIGURE 17. The additional square of each design in relation to the NTE.
(a)CTE. (b)DATE. (c)STE. (d)SATE.

FIGURE 18. The optimal design for each situation, 1 to 5 denote NTE, CTE,
DATE, STE, and SATE, respectively.

main categories of traffic performance and construction cost
through the interconnection of indicators, assigning more
reasonable weights. It again highlights the advantages of the
CE method provided in this paper.

Table 6 shows the final scoring results of the five designs
for the investigated traffic situation through the TOPSIS with
the CRITIC calculated weights, which suggests DATE is the
optimal one.

The final score for each design under the 28 traffic
situations was calculated based on the CE procedure, and the
optimal design for each situation is listed in Figure 18.

V. DISCUSSION
As shown in Figure 18, CTE takes up several blocks at the
bottom left, which corroborates with the information acquired
in the sensitivity analysis. The performance of CTE does not
significantly trail that of the three-lane ramp designs under
smooth traffic conditions, as well as it requires less land
space, thereby making it an appropriate choice under these
conditions.

As the traffic volume and merging ratio increase, SATE
emerges as the preferred optimal choice. SATE effectively
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TABLE 5. Operational performance of the of five designs with investigation data.

TABLE 6. Operational performance of each design for investigated traffic
situation.

utilizes an additional space in the merging areas, providing
more capacity storage. Despite the fact that frequent lane
changes due to vehicles entering the auxiliary lane from the
ramp create a higher number of conflicts, SATE outperforms
CTE in reducing delays. These improvements may be
primarily derived from the deceleration lanes and ramps.
However, it is essential to note that SATE’s effectiveness
is limited to relatively smooth traffic conditions, as it
experiences gradual deterioration with increasing volume and
merging ratio.

DATE occupies most of the blocks in the upper right
triangle of the Figure. Despite the higher construction
consumption and land occupation, the great potential of
DATE under heavy traffic pressure remains a strong attraction
for designers. In contrast, the STE is not considered to be
a superior design in the vast majority of scenarios, being
recommended in only rare cases. Overall, STE does not
present a significant performance advantage over SATE,
while it requires considerably more construction costs,
thereby making it less attractive to designers.

Significantly, in the three right-most blocks, NTE and CTE
reemerge as the best solutions. But in fact, CTE and NTE
are not considered to support a smooth transition for traffic
flow under these situations. Thus, this explains that all the
improved designs fail in these cases because the mainline has
been saturated, it is necessary to expand the entire mainline
at this point.

For each case, the performance of capacity, delay,
CO emissions, and conflicts in numerical value for the
optimal design is compared with NTE, with the improvement
ratio shown in Figure 19. For comparison, an additional
square of the design is also listed. Similar reasons apply to
CTE appearing at 4040veh/h volume and 40% merging ratio,
in which SATE negligibly improves CTE or even shows more
conflicts, yet the potential and advantages of DATE and STE
have not been fully explored.

FIGURE 19. The improvement ratio of the optimal design in each case
relative to NTE(%). (a) delay. (b) CO emissions. (c) number of conflicts.
(d) additional square.

Figure 19 illustrates the significant improvement of
the optimal design scheme for various traffic conditions
compared to NTE, particularly under heavy traffic before
the bottleneck is reached. The optimized design achieves
the best benefits at 5000 to 6500veh/h volume, and the
improvement ratio ranges around 15%, 40%, 4%, and 40%
in capacity, delay, CO emissions, and conflicts respectively.
In summary, as the traffic volume and merge ratio increase,
it is necessary to optimize and expand NTE to achieve better
traffic efficiency.

VI. CONCLUSION
Merging areas at interchanges are frequently regarded as
bottlenecks that impede smooth traffic flows. Existing single
or double-lane entrance ramps have become inadequate in
accommodating increasing traffic. To address this issue, the
authors propose a sustainable design method for three-lane
entrance ramps to enhance operational efficiency in merging
areas while minimizing resource consumption. Additionally,
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the CE method is used to assess the applicability of these
design schemes, thereby filling the gap in the design
guidance for three-lane entrance ramps within the existing
specifications.

Based on a certain interchange in Xi’an, this paper
proposes several new three-lane entrance design strategies
that are distinct from conventional practice. Then the
VISSIM simulation model is developed and calibrated to
evaluate the specific performance of each design in different
traffic conditions. Four indicators including capacity, delay,
CO emissions, and conflicts, were used to quantify the
specific performance of each design in terms of efficiency,
environmental protection, and safety. The additional square
was also considered, measuring elements such as the cost
and resource consumption of the construction. Finally, a CE
method was developed based on the CRITIC method and
TOPSIS, which assigns objective weights to indicators and
scores for designs. Some significant conclusions drawn from
this study are as follows

• Three-lane ramps provide more capacity storage and
increase the capacity bottleneck in the merging area,
which improves delays, CO emissions, and conflicts in
traffic operation to varying degrees.

• DATE has the best comprehensive improvement, albeit
not obvious under a low traffic volume and merging
ratio. Its capacity is maximized under heavy traffic
pressure, yet considering the high construction cost, it is
mainly recommended to use at traffic volumes over
5000veh/h with a merging ratio of more than 20%.

• CTE and SATE perform better with volume below
4000veh/h or merging ratios below 10%. SATE provides
more ramp capacity storage to improve delay and CO
emissions on the ramp and acceleration lanes, but can
also contribute to frequent lane changes to increase
conflicts around the merging nose.

• Three-lane ramps also gradually fail once traffic volume
exceeds 6400veh/h. At this point, the mainline capacity
has reached saturation and congestion.

• The CE method provided in this paper demonstrates
excellent superiority in the design evaluation of trans-
portation. Because CRITIC considers the association
between indicators more deeply compared with the
traditional entropy method, which helps obtain a more
rational weight assignment.

This paper shows the application of the sustainable design
method and evaluation for the three-lane entrance ramp on
Interchange G, because many expressways in urban areas
face similar problems, this method can be supported for
promotion. In the example in this paper, the consideration
of the additional square is limited to the mainline, while
in the specific engineering practice, the additional square
and re-source consumption from the ramp expansion can
be considered based on the actual design details, which
would provide a more comprehensive and accurate result.
The CE method based on the CRITIC method and TOPSIS
proposed in this study provides designers with clear guidance

and evidence for making decisions in scheme selection
with convenient application. However, some additional issues
still need to be researched before this method can be
used in the future, such as whether it still provides an
accurate assessment in more complex cases such as four-lane
mainlines or adjacent continuous entrances.
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