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Abstract: Walking has become an indispensable and sustainable way of travel for college students
in their daily lives and improving the walkability of the college campus will increase the
convenience of student life. This paper develops a new campus walkability assessment tool, which
optimizes the Walk Score method based on the frequency, variety, and distance of students’” walking
to and from public facilities. The campus Walk Score is the product of four components. A
preliminary score is calculated through 13 types of facility weight and 3 types of cure of time-decay,
and the final score also factors in intersection density and block length. We examine the old and
new campuses of Tianjin University to test the tool’s application and evaluate the rationality of
facility layout and walkability, and to give suggestions for improvement. The results show that the
old campus’ multi-center layout has a high degree of walkability, while the centralized layout of the
new campus results in lower walkability. In addition, the diversified distribution of facilities
surrounding the old campus promotes the walkability of peripheral places. This assessment tool can
help urban planners and campus designers make decisions about how to adjust the facility layout
of existing campuses in different regions or to evaluate the campus schemes based on the results of
their walkability assessment.
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1. Introduction

Walking, as a sustainable way of travel, plays a significant role in promoting the economy, the
environment, and human health, which also has important social benefits [1-3]. As an important
factor affecting the built environment, walkability has been widely used in the domains of health and
physical activity, planning, transport, and urban design. Walkability can be broadly understood as
the degree to which a particular environment induces walking activities and pedestrian friendliness,
while measuring the space proximity, walking convenience, and comfort between the destination
and the starting point. Because of the diversity of evaluation factors and different built environments,
it can be difficult to define the concept of walkability [4]. Consequently, the current research on
walkability mainly includes two directions.

One direction accepts the multi-dimensional definition of the term “walkability” by combining
the environmental and social factors that induce walking, as well as the pedestrian’s own attributes.
For example, many scholars have focused on neighborhood walkability, defined as the capacity to
support physical activity, including the access to different destinations, city block size, street
connectivity, residential density, aesthetics, sidewalk access, and other community features [5-7].
Some scholars have also given more comprehensive definitions combining pedestrian’s walking
preference, safety, comfort, and friendliness for walking with built environment characteristics and
the means, outcomes, and influences related to a walkable environment [8,9].

Sustainability 2020, 12, 10116; d0i:10.3390/su122310116 www.mdpi.com/journal/sustainability



Sustainability 2020, 12, 10116 2 of 22

The other direction uses qualitative analysis and quantitative empirical research to measure
walkability using field audit methods and to explore walking’s association with health, the
environment, economics, social capital, and other subjects [10-12]. The methods to measure
walkability can be divided into a subjective evaluation of the walking environment based on
questionnaires, an objective evaluation system based on field audits, and an integrated method
combining subjective and objective measures, as well as a proposed walkability index method
integrating various environmental characteristics (i.e., land use mix, residential density, street
connectivity) [12].

As a powerful method of assessing walkability, using a GIS algorithm, Walk Score has become
a valid and reliable proxy to evaluate access to nearby facilities such as coffee shops, restaurants,
grocery stores, drug stores, schools, and bars [5,6]. It avoids the shortcomings of time-consuming and
laborious field observation and inaccurate subjective evaluation data. Due to its accessibility, global
scope, and the objectivity of its measurement, Walk Score is increasingly recognized as an important
international quantitative measurement method [1]. In addition, it takes the number and the types of
facilities as well as their layout pattern into consideration. Walk Score also looks at the time and
distance it takes to walk to destinations, the population density, and the street length and intersection
density to adjust the value. Using a standardized scale from 0-100, with higher values indicating a
more walkable environment, Walk Score divides that scale into five intervals: 0-24 car-dependent,
50-69 somewhat walkable, 70-89 very walkable, and 90-100 walker’s paradise (Walk Score® 2011).

Users can easily search and get dynamic visual outcomes by inputting the address of locations
on the Walk Score platform. However, other studies focus on the impact on travel behavior of facility
layout and distribution, mainly in terms of accessibility and spatial equity [13,14]. Many GIS-based
methods (i.e., network analysis, distance-based, gravity-based or potential, topological or
infrastructure-based methods) are widely used to study the spatial accessibility of a single facility or
multiple facilities [15]. For example, Kyushik Oh proposed the concept of a service index, using the
network analysis function of GIS to analyze park accessibility in Seoul, Korea [16]. Another research
study applied a method called integrated spatial equity evaluation (ISEE) to study the spatial equity
of various urban-service facilities in Tehran, Iran, as a way to verify the ISEE method [13].

Although different from the above methods, Walk Score takes the block length and the
intersection density into account and calculates the shortest distance from the starting point to
various service facilities based on the actual road network distance. Research on the application of
Walk Score has mostly concentrated on North America and Australia, and mostly focused on adults.
Only a few articles have studied other regions (Asia) and special groups (the elderly, women, and
the disabled) [4]. Additionally, Cubukcu et al. stated that the research on the application of various
quantitative walkability methods is mostly concentrated in developed countries, and Asia should not
be undertested as the verification and application of current research methods [17]. Meanwhile, the
literature on Walk Score mostly focuses on the neighborhood, community, district, and city scale, and
to date, campus walkability has not been measured using the Walk Score method. At the same time,
the facility weight in the Walk Score calculation does not make a detailed classification of users, and
the differences of the curve of time-decay (one of the factors affect the Walk Score calculation)
between different groups of people who go to different facilities are not taken into account. Finally,
the walking demand of campus students has not been considered in the study of Walk Score.

As a part of the city, university campuses play an important role in enriching urban life, creating
a sustainable built environment, and promoting economic development and environmental
protection. Different from primary and middle schools, university campuses have certain similarities
with cities because of their mix of functions, large scale, and population diversity, even though their
special spatial pattern, land use, and functional form are significantly different from other areas of
the city (residential, commercial, and industrial). As Salingaros wrote, “a college or university
campus represents an urban microcosm, with its limited yet often extensive area and restricted
mixture of uses; the pedestrian realm is paramount, since students have to walk from building to
building” [18]. Therefore, it is very important to study the spatial quality and the walking
environment of the campus. The research on the walkability of university campuses is mostly based
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on the combination of various existing field-audit methods and the empirical verification and
comparative study of a single campus or multiple campuses based on that evaluation system [19-21].
The research on campus walkability based on the distribution of public service facilities is rarely
involved.

There are two main knowledge gaps. 1. As a useful measurement walkability tool in real estate,
public health, and urban neighborhood environment, the Walk Score method has not been applied
to campus settings to evaluate the campus walkability from a macro-perspective. 2. The process of
campus planning and decision making has also not used the Walk Score method to evaluate,
investigate, and adjust the distribution of facilities in existing or new campus plans to improve
walkability and sustainability. To fill these gaps and as a complement to the existing research, this
paper proposes an evaluation tool for measuring campus walkability based on an optimized Walk
Score method.

This tool combines the specific Chinese campus features, intersection density, block length,
actual needs of students for the use and use frequency of campus facilities, as well as students’
comfort time, tolerance time, and resistance time to arrive at various kinds of facilities. We present
novel methods to establish 13 types of campus facilities and the facility weight, which considers the
requirement of each facility through the data of students’ weekly use frequency of each type of
facility. Moreover, instead of mechanically following the original Walk Score method which uses the
single cure of time-decay, we establish three types of curve of time-decay based on students’ actual
walking to different facility. Additionally, for the intersection density and block length, which will
reduce the raw score from the facility weight and walking time, we also adjust the buffer distance to
calculate these two components around each origin according to the difference of the campus scale
and city scale. Further, we apply the measurement system to two campuses in Tianjin University,
China (the old campus and the new campus) to test whether this tool is valid when evaluating and
comparing campus walkability as well as diagnosing reasons for an area’s low Walk Score.
Additionally, we aim to analyze the impact of the layout of university facilities on the walkability of
campuses and identify the association between Walk Score and the geographic location of a building
on a campus.

This paper is organized as follows. Firstly, we review the research literature, aiming to define
and measure walkability and to identify studies associated with the Walk Score method as well as
campus walkability studies. Secondly, through the questionnaire survey, we collect the pertinent data
about the students” use of university facilities and present the evaluation tool of an optimized Walk
Score to measure campus walkability. Then, we use this tool to measure the walkability of two
Chinese campuses from the aspects of the overall Walk Score and classified facilities” Walk Score.
Moreover, the paper presents further reasonable layout suggestions, calculating the Walk Score of
the new campus to assess and improve the walkability of the whole campus. Finally, this paper
discusses the value of this tool in urban planning, policy-making, and campus planning, and points
out the limitations of this study and the future research direction.

2. Literature Review

2.1. Characteristics Affecting Walkability and Measuring Walkability

Many studies have shown that a good pedestrian-friendly environment can bring several
benefits such as strengthening social interaction or cohesiveness, improving individual health and
environmental health, as well as economic development [22,23]. Built environment characteristics
play a vital role in affecting pedestrian-oriented environment and improving walkability, and the
configuration of urban areas can influence pedestrians’ walking trips [24,25]. Different scholars have
presented different numbers of built environment characteristics affecting environment walkability.
Forsyth presented more than 200 variables impacting walkability, including aspects of street pattern,
pedestrian-oriented design elements, and destinations, and she found that different walking
purposes have different associations with an environment’s physical characteristics [26]. Moreover,
Lee and Moudon used theoretical and empirical approaches to select 13 VIP (variables have strong
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theoretical support) and 19 non-VIP built environment variables to analyze the associations between
physical-environment features and the probability of walking [27].

Additionally, some scholars focus on a specific characteristic and analyze its effect on walkability
[28,29]. Boeing focused on the effect of circuity on travel and human choice for settlement. His
findings show that the circuity of drivable networks is higher than that of walkable networks and,
compared with straight-line distances, network-based distances play an important role in studying
urban travel and access [28]. Ahmadpoor et al. studied the effect of environment legibility on people’s
navigation experience when they use digital-map devices and found that digital maps can produce
poor recognition memory of the road they followed and the properties of the environment they
encountered compared with the direct experience [29]. Meanwhile, Ahmadpoor and Shahab studied
the development of spatial knowledge theories and analyzed the important role of spatial knowledge
in how people perceive and interact with the surrounding environment. They further explored how
spatial knowledge acquisition (direct experience, physical map, and mobile maps) in the physical
environment affected spatial knowledge [30]. Moreover, Gao et al. studied the urban morphology of
Chinese urban villages and analyzed the effects of formal city planning on these settlements’
development. The researchers examined the morphology of an area of Dayuan Village in Guangzhou
in terms of its urban density, accessibility, functional mix, and urban interface. They also studied the
relationships among these four elements, and they found that different types of streets have a
considerable impact on different elements. Their framework can be used to analyze the urban
morphology characteristics of other Chinese urban villages [31].

Generally, walkability can be conceived in the following aspects: accessibility to destinations,
street-connectivity, pedestrian amenities, aesthetics, residential density, land use mix, and safety [32-
34]. Based on these characteristics, many scholars have put forward different walkability metrics,
such as Pedestrian Environment Index, Walkability Index, Walking Access Index, Walk
Opportunities Index, Walk Score, etc. [12,23,35-42]. These indices mainly refer to residential density
[12,23,35,38,39,42], intersection density [12,23,35,38,39], land use mix [12,23], and distances to
different destinations [37]. Frank et al. presented a walkability index combining residential density,
intersection density, and land-use mix, and subsequently added retail floor area ratio into the
equation. They also presented another Walkability Index and use this new index to analyze the effect
of walkability on adults’ physical activity [12,35]. Accordingly, Glazier combined population density,
residential dwelling density, street connectivity, and retail outlets density to present another
walkability index for Canadian settings [38]. Similar to the metrics discussed above, Peiravian et al.
combined four sub-indices (land use density index, population density index, commercial density
index, and intersection density index) to put forward a Pedestrian-friendly Index, multiplying each
component index instead of directly summing them, which avoids influences between components
[23]. Additionally, for the effect of travel distance and walking time on walkability, Saghapour
presented a Walking Access Index (WAI) based on the combination of points of interest (POI) density
and two types of walking time (desirable and maximum travel time) and found that WAI has a
stronger relationship with recorded walking trips [37]. Although these indices have taken into
account different aspects of built-environment characteristics, these methodologies seldom consider
the effect of facilities” layouts on the levels of walkability.

2.2. Walk Score

As an international walkability measurement metric based on the combination of facility layout,
street connectivity, and block length, Walk Score has led many scholars to make in-depth
explorations of it, looking at aspects of the living environment, urban design features and qualities,
walkability, affordability, physical activity, and walking behavior [43—46]. The validity of Walk Score
as a standardized method to measure walkability has also been examined [41-43]. Duncan et al. used
GIS to verify the reliability of utilizing Walk Score to measure neighborhood walkability both in
multiple geographic locations and at multiple special scales [43]. Walk Score also correlates well with
actual walking behavior. A study of 391 U.S. immigrants from Cuba conducted by Brown et al. found
that every 10-point increase in Walk Score will increase “purpose walking” by 19% [44]. Koschinsky
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and Talen investigated the relationship between walkability and affordability and discussed
neighborhood factors that may affect these two features [46]. Many scholars have also optimized Walk
Score, combining population density, walk share, and trip type as well as different scales of
intersection density and block scale. Weinberger used three optimized Walk Score models, based on
walk share for different trip types, to analyze the correlation between Walk Score and walking [42].

Since the introduction of Walk Score in China in 2012, many Chinese scholars have also
investigated it. Based on differences in urban development stage, urban spatial environment, block
scale, road network density, and residents’ travel habits, scholars have optimized and improved the
Walk Score evaluation system, and applied this method to the study of parks, neighborhoods,
communities, and cities [47-51]. A study of the adjustment of Walk Score for the walkability of the
elderly, conducted by Huang, Hu, and Li, recommended improving the Walk Score evaluation
system from the perspective of the elderly, discussing the influence of three types of communities
with different facility layout patterns on walkability in Shanghai [49]. Examining recreational places
and parks, which are omitted in Walk Score, Wu and Shen used Walk Score to evaluate the social
service function of urban parks and green space in Futian District, Shenzhen, and the results provide
a basis for incorporating Walk Score into the construction and evaluation of urban parks and green
space [50].

For the comparisons of walkability between different cities, Long et al. used a simplified Walk
Score method to assess and compare the street walkability of various Chinese cities based on
visualized outcomes. The results show that the Walk Score pattern is polarized, that the Walk Score
of western and eastern Chinese cities is higher than that of northwestern and northern ones, and that
the provincial-capital and sub-provincial cities are higher than prefecture-level cities and
municipalities [52]. Furthermore, many scholars have studied the relationship between Walk Score
and environmental and social factors such as street function, facility layout, green ratio, real estate,
and other characteristics [51,53]. Long et al. analyzed the association between Chengdu streets” Walk
Score with street function, distance to different destinations, and green ratio, and found that the Walk
Score of the residential streets is the highest and the distance from the origin to the administrative
center has an effect on the street walkability [51]. Another research study used the adjusted Walk
Score method to measure the walkability of certain areas in Shenzhen, analyzing the association
between Walk Score and population density, house price and other attributes, finding that Walk
Score has a positive relationship with population density and house price [53].

Although Walk Score has been validated as a reliable macro-scale evaluation method to assess
the walkability of urban areas, this metric still has limitations. The most striking is that Walk Score
omits the subjective feelings of pedestrians about the walking environment [54]. Furthermore, Walk
Score does not include micro-scale factors such as the quality of the street environment, the condition
of the street amenities like the width of sidewalks, street lights, street furniture, and negative factors
such as traffic and crime [55]. Importantly, this method has not been applied to the campus
environment setting.

2.3. Campus Walkability

The research on the walkability of campuses can also be divided into two major directions. The
first direction looks at the specific built environment of the campus, as scholars apply and optimize
the existing methods of measuring the walkability of cities, communities or neighborhoods, and
workplaces to present a new way to measure campus walkability [56,57]. Xiangyu Li et al. put forward
a subjective and objective method, comprehensively evaluating the walkability and bike-ability of
University of North Texas campus streets [57]. Using the subjective and objective method as well,
King et al. pursued another approach, combining environmental characteristics, campus members’
perceptions of walkability, and other characteristics related to physical activity to measure the
campus walkability [56].

The second direction analyzes the correlation between the campus walkability and the subjective
evaluation of walkability, the characteristics of built environment, students’ physical activity and
BM], travel mode, social capital, and other factors [19-21,58-63]. In many studies, several factors are
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often mixed to explore their effects on walking behavior and walkability. For the subjective
evaluation of campus walkability and built-environment characteristics, researchers have used audit
tools (i.e., Systematic Pedestrian and Cycling Environmental Scan, Pedestrian Environment Data
Scan, etc.) to conduct the research around the perceptions of the walkability, the assessment of the
residential density, land-use mix, aesthetics, safety, and existing infrastructure such as sidewalks,
walking paths and other factors, as well as the effects of these environmental features on walking
behavior and walking activity intensity [19,20,59]. A study of the impact of on-campus and off-
campus built environment characteristics on students” physical activity showed that a campus with
land-use mix, aesthetics, and a lack of cul-de-sacs can promote students” physical activities [59].

A large number of studies have focused on the impact of campus walkability on students’
physical activity, conducted not only from the objective differences of the built environment and
students’ subjective cognition of environment characteristics, but also in terms of the proximity to
facilities and perceived safety [21,59-62]. Sisson et al. studied the walkability and students” physical
activities of two campuses that have different built environments, and found that the walking
intensity of students living on a campus that has core academic areas, with many on-campus
destinations and limited parking lots, is higher than those living on a campus with low accessibility
to destinations and streets open to motorized traffic [21]. Furthermore, for the relationship between
campus walkability and travel-mode commuting, researchers have primarily focused on the
influence of the destinations’ spatial location on walkability and the extent of access to different
destinations [58,63]. One research study found that students living in residential areas with dense
service facilities and good walkability prefer to walk or ride to the campus [63]. Likewise, there are
also significant differences in the research objectives of the studies of campus walkability, including
the evaluation of a single campus, the comparisons between two or more campuses, and the on-
campus and off-campus built environment of the same campus [21,56,59].

Although many scholars have carried out qualitative and quantitative research on the effects of
environmental and social characteristics on campus walkability, students” walking behavior, and
physical activity, as well as the optimization of the audit methods adapted to the evaluation of the
campus walkability, there is a lack of research on the influence of the layout and students’ use of
campus facilities on campus walkability, particularly when applying the Walk Score method.

3. Materials and Methods

3.1. Study Area

The old and new campuses of Tianjin University were selected for this research (Figure 1). The
new campus is located in Jinnan District, which is in the suburban area of Tianjin. Inside the campus,
public-service facilities are centralized along the east-west main axis, while the areas around the
campus are farmland and vacant lots, with no facilities located along the streets around the campus.
The old campus, located in the city center of Tianjin’s Nankai district, has a facility pattern and
architectural style formed after many years of planning and construction. Unlike the new campus,
the internal facilities of the old campus are distributed in multiple centers. The old campus is also
close to Nankai University to the south, and the city’s main road, where a variety of facilities and
services are located along the north and east side of the campus. In order to consider the particularity
of the boundary and marginal zone of the area, this research expanded the scope of facilities selected
by 1000 m from the original campus boundary.
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The New Campus The Old Campus

Figure 1. The geographic location and the boundary of the two campuses.

3.2. Data Sources

Through a questionnaire and field interviews, 665 students in the new and old campuses of
Tianjin University were surveyed, and 615 valid questionnaires (305 in the new campus and 310 in
the old campus) were obtained (Table 1). All the participants are Chinese students living inside the
campus. The questionnaire included online and offline forms, and each respondent clicked on the QR
code link to complete a 10-min survey. It took two months (April and May in 2019) to collect the data
simultaneously on both campuses. The questionnaire is divided into three parts. The first part
involves the demographic variables, such as age, gender, major, grade, and apartment addresses of
students; the second part investigates the condition of using public service facilities on campus,
including the frequency of using different facilities (e.g., canteen, library, gym, retail store, etc.) every
week and the preference of different facilities of the same type. Finally, the paper evaluates the
walking comfort time, tolerance time, resistance time, campus overall walkability, and the
satisfaction of the location of facilities. The data mainly involve two aspects: 1. facility layout and 2.
street network.

1. Facility layout. This paper classifies facilities according to 13 common types, dispensing with
some rarely used facilities (e.g., hospital, affiliated kindergarten of the university, etc.). The
paper also locates the facilities through POI (points of interest) data from Google Maps and field
observation to add newly constructed or eliminate unused facilities (Figure 2).

2. Street network. Dealing with road-network data collected in 2013, the paper also corrects it
through the Cadmapper website and field observation to revise the problematic data to obtain
an accurate outcome.

Table 1. Demographic data in the two campuses.

Gender Old Campus (% of Sample) New Campus (% of Sample)

Male 50.9 61.3
Female 49.1 39.7
Grade
Undergraduate 34.5 445
Graduate 34.5 33.5

PhD candidate 31 22
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Figure 2. The layout of the public service facilities of the two campuses.
3.3. The Optimization Method of Walk Score

3.3.1. Establishing the Weight of Facility

The researchers sorted the common public service facilities that students always use into 13
types:

1. canteen and restaurant
2. public teaching building,
3. retail store,

4. gym,

5. library,

6. square and green space,
7. bus station,

8. outdoor stadium,

9.  coffee shop,

10. student activity center,
11. bank and post office,

12. administrative building,
13. barber shop.

This research used the optimization method from scholars Lu and Huang to modify the weight
of facility table, which includes three factors: 1. establishing the diversity of facilities; 2. completing
the demand distribution of diversity; and 3. calculating the satisfaction of requirements of classified
facility [49,64].

Through the questionnaire, the number and average using frequency per week of various
facilities were counted, dividing the facilities into high frequency type (more than five times a week),
medium frequency type (more than one time a week), and low frequency type (less than one time a
week). The data related to each type were listed in a facility table (Table 2).

Table 2. The diversity of facilities.

Facilities are Numbered in Order of Distance

Mhaciities Frequenc from Near and Far Datne
quency =y 2 3 4 5 6 7
Canteen and
21 2149 20.02 1822 13.17 1186 11.86 3.38 6
restaurant
Public teachi
ublic teaching 5.06 3674 3473 2853 3
building
Retail store 4.31 2039 1732 1424 14.04 1291 1155 9.55

Gym 2.08 100 1
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Library 2.03 100 1
Square and 2 2406 2252 1743 1699 1192 7.08 5
green space

Bus stop 1.81 100 1

Outdoor 14 6656 3344 2
stadium
Coffee shop 1.32 77.52 2248 1
Student activity 107 100 1
center
Bank and post 0.98 545 455 2
office
Admlr.usj[ratlve 0.86 100 1
building
Barber shop 0.25 39.28 3393 26.79 3

The services provided by different shops in the same kind of facility may vary. Therefore, the
greater the number of facilities, the more diverse the services provided, and the higher the satisfaction
of the demand for this facility type. Facilities of the same type are listed in order of descending
proportion of service. Considering the main services supplied by the facilities and eliminating
facilities that are only used by very few students, the value of demand diversity was decided by the
number of facilities accounting for 90% of the total proportion [49,64] (Table 2). For example, for the
canteen and restaurant, these facilities are used 21 times a week and the proportion of each individual
facility use frequency to the overall use frequency is 21.49%, 20.02%, 18.22%, 13.17%, 11.86%, 11.86%,
and 3.38%, respectively. Because the sum of the proportions of the first six facilities (96.62%) exceeded
90%, we defined the value of demand diversity of the canteen and restaurant as 6.

The weight or relative importance of classified facilities came from counting the frequency of
use of all facilities, calculating the proportion of facilities” use frequency to the total frequency, and
then multiplying by 100. According to the diversity value, the weight of a facility was allocated to
different instances of the same kind, based on the proportion of servicing, which determined the
weight of every facility (Table 3).

Table 3. The weight of each facility and the demand distribution of diversity.

Demand Distribution of Diversity
Facility Facility Facility Facility Facility Facility

The Type of Weightof  Diversity
Facilities Facilities Value

1 2 3 4 5 6
Canteen and
47.54 6 10.57 9.85 8.96 6.48 2.33 2.33
restaurant
Public teaching 1146 3 421 3.98 327
building
Retail store 9.76 5 22 1.87 1.54 1.51 1.39 1.25
Gym 4.71 1 4.71
Library 4.6 1 4.6
Square and 453 5 1.17 1.1 0.85 0.83 0.58
green space
Bus stop 4.1 1 4.1
Outdoor 3.17 2 2.11 1.06
stadium
Coffee shop 2.98 1 2.98
Student activity 42 1 240
center
Bank and post 222 2 121 1.01
office
Administrative 1.95 1 195

building
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Barber shop 0.56 3 0.22 0.19 0.15
Sum 100

3.3.2. Fitting the Curve of Time-Decay

The curve of time-decay expresses the relationship between walking time and pedestrian’s
walking intention. The Walk Score evaluation system regards 5 min as the comfortable walking time,
that is, the intention to walk does not decline within this time. However, with the increase of time, it
decays rapidly, and when it reaches 20 min, it decays to 12% of the initial walking intention. When
the time continues to increase, the attenuation rate continues to slow until the time exceeds 30 min,
and the attenuation rate is bigger than 1, which means pedestrians will not likely walk to the
destination any more (Walk Score® 2011).

However, this classification is not suitable for all people, especially for university students.
Accordingly, this research used questionnaires to address the range of comfortable walking time
(within this time, the intention of walking to facilities will not decrease with the increase of distance),
tolerance time (from comfortable time to this time, the willingness to walk will decrease), and
resistance time (beyond this time, students are no longer willing to walk to public facilities) for each
kind of facility. After averaging the data of students’ evaluation of the three types of time intervals
of accessing to different facilities, we divided the intervals of time decay into three categories
(walking time, tolerance time, and resistance time, respectively) based on the data from the
questionnaires. 1. 6 m, 17 m, 24 m, facility: public teaching building, canteen and restaurant, bus stop,
retail store. 2. 7 m, 18 m, 24 m facility: library, coffee shop, bank and post office, square and green
land. 3. 8 m, 17 m, 24 m facility: gym and outdoor stadium. For a retail store, for example, if the
walking time from the starting point to the facility is less than 6 min, there is no weight attenuation,
but as the time increases to 17 min, the weight decays to 12% of its original value. However, when
the time exceeds 24 min, the weight and the final score will decrease to 0.

3.3.3. Calculating Campus Walk Score

After establishing the weight of each facility and fitting the final curve of time-decay according
to these categories, we preliminarily calculated the campus Walk Score, based on the two factors, to
achieve a raw score. Subsequently, we took the block length and intersection density around each
origin into account and the areas with poor pedestrian friendliness were penalized a certain
percentage of what they would have scored. A maximum 5% penalty for <60 intersections per square
mile and the Walk Score average block length function was used to deduct the same maximum of 5%
for >195 m length per block (Walk Score® 2011) [65]. Considering that the campus fabric and campus
form are quite different from a city environment, the scale is smaller than a city scale. Therefore, the
intersection density and average block length were calculated by drawing a 200-m buffer around
each point in the study, counting the number of intersections, and calculating the total block length.
Finally, we calculated the score of each classified facility and summed the 13 sub-scores to get the
overall campus Walk Score. Additionally, we used the spatial interpolation function of ArcGIS
geospatial software to get the visualized Walk Score outcome.

4. Results

4.1. Overall Evaluation

By calculation, the Walk Score of the old campus is 90, and that of the new campus is 73. In
general, the two campuses both have high pedestrian accessibility. The old campus especially
reached the highest standard of Walk Score rating standard (Walk Score® 2011), and students and
staff can completely meet their daily needs by walking. However, due to the differences of campus
locations and the planning and layout of their facilities, the walking accessibility of the two campuses
is quite different in the spatial pattern of the calculations (Figure 3).
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The New Campus The Old Campus

Point of Facility
[ Apartment
_____ The Boundary of the Campus

 — Road Network

Figure 3. The Walk Score of the two campuses.

The pattern of the new campus’ Walk Score distributes pedestrian activity in the core of the
campus:

1. The core island group in the campus center has the highest value. It can be seen from the
detailed subdivision level that the central area has the library, public teaching buildings, retail stores,
restaurants, and other facilities. Students from the north (Pingyuan, Zhiyuan, Chengyuan group) or
the south (Zhiyuan, Qiyuan group) and the middle (Zhengyuan, Xiuyuan group) areas can reach
those facilities walking within 500 m, without the decline in willingness to walk due to a long
distance.

2. The value decreases gradually from the center to the periphery area until the marginal area
has quite low walkability. The reason is that the centralized layout of the facilities causes the
imbalance in the number and allocation of the facilities in the surrounding area. In addition, the
geographical location of the campus is another factor that leads to the continuous decrease of the
Walk Score. Because most of the surrounding area has vacant lots or agricultural land, with zero off-
campus public services, there is also a sharp decrease of this area’s Walk Score.

3. There is a very low value (blue area) on the west side of the campus. At present, this area is
used for future development, without any facilities, so the walkability here is poor.

In contrast, the pattern of Walk Score of the old, multi-centered campus is evenly distributed:

1. Due to the uniform distribution of facilities in the campus and its attachment to the small-scale
group center, the whole campus has a high Walk Score, and students can walk conveniently to the
nearby facilities in a short time.

2. The edge area of the campus also has high walkability, because this campus is located in the
center of the city, and the surrounding roads have a variety of facilities to meet the daily demands of
students. Take the north Anshan West Road as an example: there are many kinds of facilities on the
first floor of the buildings, with various functions (such as a convenience store, restaurant, and coffee
shop), a dense flow of people, small storefronts, and no large-scale shopping mall to destroy the
rhythm of the layout. The streets in the residential area extend to Anshan West Road, injecting a
continuous flow of people to promote street vitality. At the same time, the dormitory group located
next to Anshan West Road, because of its superior location, lets students walk a short distance to
their destinations, which greatly meets the students’ choice of facility diversity.

3. However, the area around the gym, which is situated in the northeast of the campus, has a
low Walk Score. This is because this area has only one gym, and it is surrounded by a continuous
wall to form a closed domain. Pedestrians come from outside the campus need to walk a long distance
to get there, so the Walk Score of this area is reduced.
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4.2. Evaluation of Classified Facilities

By calculating the Walk Score of the classified facilities, we can find out which type affects the
overall walkability of campus. The distribution pattern of the score of each type in the campus can
be seen directly (Figure 4). Additionally, for the similar Walk Score of certain facilities, we can also
make comparisons through the standard deviation (SD) value. For the new campus, retail stores,
restaurants, coffee shop, and other facilities are evenly distributed, and the high-value red area
basically covers the whole campus. However, the layout of bus stops and gym is out of balance, which
only meets the students’ needs in the area where the facilities are located, while other areas have very
low walkability. From Table 4, we can tell the two lowest demand satisfaction rates of gym and bus
stop are 49% and 39%. Therefore, future improvements need to pay attention to the walkability of
the bus stop and gym.

Retail Store t Coffee Shop Bank and Post Office Barber Shop

Library
low

R

T

High The New Campus

Administrative Building Outdoor Stadium Square and Green Space

Retail Store

low

High The Old Campus

Administrative Building Outdoor Stadium Square and Green Space

Figure 4. The Walk Score of the classified facilities in the two campuses.
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Table 4. The demand satisfaction rate of each facility.

The New Campus The Old Campus
The Type of Full Actual Demand Full Actual Demand
Facility Score Score SD  Satisfaction Score Score SD  Satisfaction
(Mean) Rate (Mean) Rate
Canteenand =\, 0) 3096 111 0.76 4393 4113 584 0.94
restaurant
Public teaching 1, yo 755 304 0.66 1350 1252 151 0.92
building
Retailstore 976 817 213 0.84 1137 1121 046 0.98
Gym 471 23 164 0.49 406 237 087 0.58
Library 46 303 162 0.66 307 292 016 0.95
Squareand 4 408 073 0.9 371 361 017 0.97
green space
Bus stop 41 158 1.3 0.39 312 295 016 0.95
Outdoor 317 246 088 0.78 415 274 125 0.66
stadium
Coffeeshop 298 285  0.28 0.95 426 318 003 0.75
Student 242 122 068 0.5 161 121 032 0.75
activity center
Bank and post ., ) 2 035 0.9 111 11 003 0.99
office
Administrative oo 96 63 0.95 156 121 034 0.78
building
Barbershop 056 051  0.09 0.91 049 048 0.2 0.98

Full score: the full Walk Score of each classified facility and the sum of each classified facility’s
full score is 100. Actual score: the mean value of the actual Walk Score of each classified facility,
calculated based on the actual facility layout and street network. Standard deviation: the standard
deviation of the actual score of each classified facility. Demand satisfaction rate: the ratio of actual
score to full score, which means that the higher the ratio, the better balance between the service
supplied by the facilities and students’ daily demands.

For the old campus, in addition to improving the Walk Score of the gym, the Walk Score of other
facilities reached a high value. Generally, there is a balance between the classified facilities” service
and students’ needs. From Table 4, we can more accurately find the satisfaction rate of various
facilities and the standard deviation of a classified facility’s Walk Score, which are much higher than
those of the new campus. However, both the satisfaction rate of the gym and outdoor stadium are
lower than the other facility’s, which are 0.58 and 0.66, respectively. Furthermore, although the
satisfaction rate of the canteen and restaurant is 0.94, the standard deviation of the Walk Score of
these facilities is high (5.1), which means that the facility layout is not balanced, influencing
proximity. In order to promote the overall walkability, the university should pay attention to the
balance of the layout of various facilities and the diversity of functions in the later planning and
design phases, so as to improve the convenience of students in using public service facilities.

The results discussed above are similar to results from some previous Walk Score studies that
utilized other optimized Walk Score methods [42,47-53]. We found a close association between Walk
Score and facility layout, with walkability considerably improved if an area has a variety and density
of facility types, a decentralized facility layout, and a highly permeable boundary [47-50]. Moreover,
our findings also accord with the related findings from other campus walkability studies that used
both subjective and objective methods, including surveys of participants’ perceptions of campus
walkability and field audits of the campus built-environment features [21,57,59,61]. For instance,
some researchers also found that high proximity to walkable campus destinations will promote
campus walkability and encourage students to walk [21,59,61]. They also found that the higher
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walkability streets are located in the oldest campus areas with a well-developed walking street
network, while the worst walking paths are the main roads around the campus [57]. As described
earlier, the built environment of these two Tianjin University campuses is significantly different in
terms of their providing a pedestrian-oriented, walkable environment and our results have shown
how the built environment can promote campus walkability and trigger walking behavior [66]. After
reviewing 50 American campus master plans, Hajrasouliha found that promoting walkability is the
main goal in all the reviewed campus plans [67].

Other researchers have combined students” mode choice, social interaction, physical activity,
and other variables with proximity to facilities to illustrate the campus environments’ effect on
walkability and students’ college life [68-74]. For instance, Lau and associates found that when
campus open spaces are easy to access, they promote social interaction [68]. Likewise, Hipp et al.
found that a high level of campus green space can improve students” quality of life [69]. Furthermore,
Horacek et al. found that the walkable campus environment has a relationship with students’ walking
behavior and their body mass index (BMI) [20]. Accordingly, Slater et al. found that students living
in pedestrian-friendly communities have reduced odds of being overweight or obese [71]. After a 15-
year longitudinal study, Gordon-Larsen and colleagues also found that if young adults keep walking
throughout adulthood, they may reduce the odds of being overweight [72]. These pieces of evidence
strengthen the importance of proximity to facilities and pedestrian-oriented environments for college
students’ daily life [68-72].

4.3. Walkability Optimization

From the analysis of the current situation of the old campus, we can see that the Walk Score is
high and the overall walkability of the campus is good. Consequently, this paper takes the new
campus as an example and optimizes its low walkable area based on the evaluation results of the
classified facilities. In the optimization scheme, we need to meet the students’ requirements for living
convenience and walking behavior from two aspects: the diversity of facilities and the rationality of
spatial layout. Because the Walk Score of the bus stop and gym restrict the improvement of
walkability in the new campus, this paper takes the measure of increasing the number of bus stops
and gyms to meet the students’ needs for the varieties of facilities. Due to the general characteristics
of the closed boundary in Chinese campuses, facilities are located around the campus gates, with
apartments located next to the south gate. Therefore, for the convenience of students’ travel, in the
optimization scheme, we located the added bus stop on the south side, next to the south gate of the
campus.

To improve the gym’s Walk Score, we took into account that many comprehensive campus gyms
just take the area’s index into consideration and always omit the location layout and the proximity.
Furthermore, from the surveys we know that students’ primary purpose to go to the gym is to play
badminton and for a workout. Additionally, this paper used the GIS network-analysis function to
compare the added locations based on the actual street distance from the buffer of the walking
resistance distance of the current gym location. Consequently, we located a new, small gym
containing badminton courts and fitness facilities on the west side of the future development land,
which is close to the student apartments and can provide the service for future buildings.
Simultaneously, it can help to balance the demand pressure of student groups from the south and
central part of the campus. We then carried out a new round of Walk Score calculation for the new
optimization scheme (Figure 5). With the score of the gym increased from 39 to 72, and the score of
the bus station increased from 49 to 83, the walkability of these two types of facilities greatly
improved. Moreover, the total Walk Score of the campus also increased from 71 to 79. It can be seen
from the figure that the red, high-value area in the center of the campus is further expanded. The
walkability of the central and south areas rose to the top level of Walk Score (walker’s paradise). The
promoted areas also correlated well with the students’ population density. In addition to the low-
value (blue) area in the west, the walkability of the whole campus has been improved.
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Figure 5. Changes of Walk Score after being improved. (A1) Existing condition; (A2) Proposed
change. The score of the gym increased from 39 to 72; (B1) Existing condition; (B2) Proposed change.

The score of the bus station increased from 49 to 83; (C, D) The total Walk Score of campus increased
from 71 to 79.

Other researchers also emphasize the effects of the proximity to exercise facilities on students
walking behavior and physical activity [60,61,73-75]. Reed and Phillips found that the proximity of
exercise facilities positively influenced students’ physical activity behavior and individual decisions
to exercise [61]. Likewise, Sallis and colleagues found that residents are more likely to exercise when
facilities are near their homes [73]. Furthermore, when the walking time from residents’ residences
to the nearby facilities becomes shorter, the residents’ walk-related stress will be reduced [60].
However, Reed also found that some university students are not aware of the available physical
activity facilities on the campus and perceive having access to fewer campus exercise facilities [74].
Moreover, Hajrasouliha also mentioned that if the sports facilities are far away from the campus, it
will decrease the possibility of their being used by students [67]. Moreover, Zhou found that
university students prefer to share a residence with others due to the benefit of bus proximity and
short commute [70]. Thus, it is essential to improve the proximity to exercise and bus facilities on the
campus, and it will help reduce the students’ physical and psychological barriers to exercise and
promote physical activity [75]. These pieces of evidence support the new optimized scheme presented
in this research [60,61,73-75].

5. Discussion

In terms of the characteristics of campus walking behavior and student actual needs of using
public service facilities, this paper presents a campus walkability measuring tool based on the
optimized method of Walk Score from the overall and individual assessment level. Based on this
method, we measure the walkability of the new and old campus of Tianjin University to test the
validity of this method and to explore the relationship between Walk Score and the layout pattern of
public service facilities. In addition, we compare the walkability differences caused by the campus
geographic location, planning form, and type of facilities. By taking the measures of adding the
number of facilities and adjusting its layout, we put forward a reasonable optimization scheme for
the campus planning and design.

Based on the overall results, we found that the old, multi-centered campus with a compact
campus structure, located in the city center, has a higher walkability level than the new suburban
campus. This result is consistent with the outcome from Glazier et al.’s Walk Score research. They
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found that the inner-city neighborhoods with compact urban fabric and mixed land uses have a
higher walkability level than those neighborhoods located in suburbs [38]. Moreover, for the
association between facility layout and campus walkability, we also get a similar result with Huang
et al.’s research, which uses another optimized Walk Score method aiming for the elderly to analyze
the effect of facility layout on neighborhood walkability [49]. Both found that the walk score of the
areas with decentralized facilities is higher than those with centralized ones. This general outcome
also accords with related findings from studies such as Sisson, who found students in campuses with
many on-campus destinations and situated on a grid of streets are more likely to walk and rated that
the campus has a higher walkability level than those in the campus with limited number of nearby
facilities and most streets open to motorized traffic [21]. Another study found that due to the better
destination proximity, on-campus built environments can promote more physical activity than off-
campus environments [59]. Additionally, Lu et al.’s findings show that the walkability of areas with
high-use frequency facilities is higher than those with middle- or low-use facilities [48]. In addition,
we discovered the campus enclosing wall impedes the walkability of its surrounded areas,
particularly the northeast region in the old campus, and accordingly, Liu also found that regions with
good permeable boundaries have a better walkability level [53]. Furthermore, research shows that
more traditional architectures provide a better learning environment due to their close connection
with human cognition through its fractal structures and symmetrical form [18]. Accordingly, we also
found that the walkability of the historical buildings areas has a higher walkability than the
contemporary building areas on the old campus. Furthermore, through calculating the Walk Score of
classified facilities, we can more accurately diagnose the impact of the number of facilities and the
layout mode on Walk Score. We found that the standard deviation value of the overall Walk Score is
higher than that of each classified facility, which means that there are big differences between the
overall facility service capability and classified facility’s service capability. Additionally, this outcome
aligns with Tsou’s study, which also found that the standard deviation value of aggregated facility
levels is lower than the disaggregated facility level when using different walkability measurement
methods [14].

6. Conclusions
The following three conclusions and suggestions can be drawn from this study:

1. This optimized Walk Score tool can evaluate the walkability of campus and the rationality of
facility layout. Additionally, this method can not only calculate the campus Walk Score, which can
be predicted intuitively (for example, it is easy to tell that the Walk Score of the campus peripheral
areas close to many facilities is better than that of the campus located in the suburb, with fewer
facilities around it), but also measure the walkability of different campuses with similar facilities,
which are difficult to evaluate intuitively (the comparison of the Walk Score of the campus with the
same facility’s type and number and similar layout patterns). All of the components contained in this
campus walkability metric are also used in other walkability indices [12,23,35-40,42]. Particularly,
intersection density is the feature of many indices utilized in different study areas [12,23,35,38,39,42].
However, to date, most studies using different optimized Walk Score methods only evaluate the
areas’ current walkability conditions and present the associated optimized suggestions, but they
seldom use the tool to reevaluate those suggestions’ suitability [42,47-53]. As Frank et al. said, the
walkability metric should be applied to identify priority areas for future redevelopment and to
monitor the space and form changes [35]. Consequently, for urban planners and campus designers,
they can use this quantitative measurement tool to evaluate the walkability of specific urban areas
(university towns, education zones) and an existing campus, and to test whether the number and
distribution of university facilities meet the basic needs of students’ daily life. Furthermore, through
the data visualization function of GIS, planners can further intuitively diagnose the reasons why
certain areas have low walkability through the evaluation results of classified facilities and present
the optimizing suggestions based on the outcomes. Specifically, planners can improve the walkability
of the least walkable areas and secondarily make the walkable areas more walkable [40]. Moreover,
the Walk Score of the new optimization scheme can be recalculated to test the rationality of the new
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scheme through the site review process [40]. Therefore, it can also be used as a process of “evaluation-
diagnosis—optimization-re-evaluation-re-diagnosis—re-optimization” to make the campus more
walkable and sustainable and act as a vital determinant to complement the current assessment system
of green campuses.

2. The walkability of the multi-center layout of the old campus is better than the centralized
layout of the new campus. Therefore, in terms of campus facilities layout, the decentralized layout
lets the facility attach to the various functional centers, and locate facilities closely related to the
apartment groups, so as to meet the students’ needs for the type and quantity of facilities. Campus
planners can adjust the facility layout using the least amount allocated at the proper location to serve
the largest population of students. Planners can also control the campus size to reduce the occupation
of large amounts of land and the waste of resources, improving the sustainable development of the
green campus. Although this walkability metric has been tested by the case study of the two
campuses, researchers can also verify the validity of this tool in different types and sizes of
universities, based on investigating the association between Walk Score and the number of walkable
destinations, street connectivity, land use mix, student’s perceptions of the walking environment,
and the relationship between the actual walkability and the calculated walkability [5,6,43,45,76,77].
Like other neighborhood Walk Score studies, this tool can also be used to investigate the association
of campus Walk Score and a series of outcomes, such as students” walking behavior, physical activity,
travel mode, housing options, college life satisfaction, academic performance, social capital, etc.
[56,58,59,67-74,78]. Meanwhile, researchers can use this tool to conduct quantitative research into the
walkability of other campuses in different regions and with different scales. Importantly,
incorporating the criteria of Walk Score into the design guidelines of campus planning and urban
planning of an Education Zone is imperative to improve the design and planning methods of
university campuses from the three aspects of 1. the sustainable campus environment, 2. positive and
healthy learning and living, and 3. environmental protection and low-carbon travel modes. Other
than that, this tool can also be applied to other city areas and for specific population groups through
combining the areas’ specific built-environment characteristics and certain people’s facility use
requirements to optimize this walkability measurement tool. As Taleai et al. and Peiravian et al.
mentioned, planners can use the further optimized tool to measure and rank the walkability of
already-built environments, reveal deficiencies in their urban design, and further identify the areas
that have low walkability and low economic activities and the imbalances between supply and
demand for social services within those areas [13,23].

3. The diversified distribution of the facilities around the surrounding area of the old campus
will promote the walkability of its periphery places. As Salingaros said, campuses should not be
surrounded by a boundary and isolated from a region of the city; instead, they should connect with
the city environment [79]. Therefore, for the planning, location, and construction of the surrounding
environment, the edge area of the campus should be closely connected to streets with high mixed
functions and good facility diversity to improve the vitality of the campus and the living convenience
and life satisfaction of students. For policy makers, when there is a demand to build a new campus,
they can also use this tool to calculate the Walk Score of the new campus plan, and use the Walk Score
as an important index to evaluate the walkability of the scheme. This tool can provide powerful data
support to compare different sites where there are many living streets with a variety of surrounding
facilities and to adjust the scheme to achieve a balance between student demands and the facility’s
supply for service. For an existing campus, with compact places and mixed use but a low walkability
level, this tool can help policy makers detect the reasons why and target improvements to the campus
boundary to make it more permeable by adding gates or getting rid of campus walls, and to improve
the street connectivity by connecting cul-de-sacs or completing sidewalks. In addition, when there is
a need to construct a student apartment, this tool can also help policy makers choose a site that has a
high Walk Score, which can improve students” access to facilities. As Vale et al. said, if the student
apartments and local facilities are provided in the campus walkable areas, it will make students more
likely to walk and cycle to the campus [63]. Additionally, Peiravian et al. also concluded that the
walkability measurement tool could help planners evaluate the walkability of future developments
and select ones that can provide a more walkable environment for pedestrian activities and thus
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reduce their dependence on motor vehicles [23]. However, researchers also mentioned that campuses
are gradually losing their distinct character, identity, and specific culture if they merely adopt unified
master plans and generic recommendations [18,67]. Therefore, campus planners can also combine
this tool with Salingaros’ “walkabout” method to take the intuitive and visceral sense of place of
campus users (students, teachers, staff) into consideration to transform the existing built campus or
design a new campus plan that elicits unexpected design features spontaneously. In summary, this

7 u

tool can provide a robust framework for policy makers to reconceive new, welcoming campuses and
to repair the problematic spaces on the existing campuses, based on their walkability and
psychological impact on users, while improving the final decision-making process [18].

There are many limitations of this research. On the one hand, the disparities between the
subjective cognition and the objective evaluation fail to reflect some subjective requirements of the
walking experience, such as a sense of comfort and a sense of safety [55]. On the other hand, this tool
only considers the actual student’s use conditions based on walking time, walking frequency,
intersection density, and block length. The campus’ land use mix, circuity, campus morphology, and
street design qualities (e.g., legibility, imageability, enclosure, etc.) have not been taken into account
in this methodology. Moreover, other researchers found that students are more likely to walk on
campus paths, and their perceptions of the quality of campus paths’ condition will encourage them
to walk across the campus [62,80]. Therefore, the influence of sidewalk presence and condition on
students’” walking behavior should be closely investigated in future studies.

In the following study, there are at least three areas for future research:

1. In a follow-up study, we need to further combine the effect of land use and street pattern
features on Walk Score, and apply urban design theory to analyze the association between various
qualities on Walk Score, to improve the campus Walk Score methodology [67-69,81,82].

2. Future research also needs to explore areas where the subjective cognition of walkability is
inconsistent with the Walk Score and to measure the degree of this inconsistency. By studying the
relationship between streetscape characteristics, urban design qualities, and Walk Score, future
research can find out if there is a positive association between the street environmental features and
Walk Score, in order to further check the validity of this evaluation method and make accurate
assessments of specific areas” walkability [55,81-84].

3. Finally, future research needs to study street environmental behavior, and observe and record
pedestrian volume and behavior at the micro-scale level in order to explore its association with Walk
Score and to determine the degree to which the walkability results calculated from the Walk Score
reflect the students’ actual walking behavior and walking intention.
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