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+e formation mechanism of cross-city transportation network resilience occupies an important position in cross-city trans-
portation network resilience management. +is study analyzes the constituent elements of the cross-city transportation network
and their interrelationships, and the connotation of cross-city transportation network resilience is defined from the general
meaning of system resilience. Combining with the connotation of cross-city transportation network resilience, the specific
formation process of cross-city transportation network resilience is analyzed and summarized from three stages, including
resisting disturbance, absorbing disturbance, and function recovery. Taking cross-city transportation network nodes and systems
as specific objects, the static and dynamic formation path of cross-city transportation network resilience is condensed. Based on
the standard linear solid model, a theoretical model is constructed and solved for revealing the formation mechanism of cross-city
transportation network resilience. Finally, the theoretical model of cross-city transportation network resilience proposed in this
study is used for analyzing the China railway network resilience.

1. Introduction

With the continuous advancement of urbanization, cities
and transportation infrastructure between cities form a huge
cross-city transportation network in the form of nodes and
links [1, 2]. Local disturbances faced by a single city will be
amplified through cross-city transportation networks and
become common disturbances in the region or even the
entire cross-city transportation network [3, 4]. As an im-
portant part of the socio-technical system, cross-city
transportation network should show resilience in the face of
disturbances, which means cross-city transportation net-
work can resist external disturbances and maintain certain
network performance, and quickly recover to the original
equilibrium state after disturbances disappearing or adjust
itself to a new state according to the external environment
[5, 6].

With the increasingly frequent exchanges and interac-
tions between cities, the concept of resilience needs to be
applied on multiple scales, such as communities, cities, and

regions, and cross-city transportation network resilience
research, which has become an inevitable trend [7–9]. Re-
lated research studies on the formation mechanism of cross-
city transportation network resilience can enhance the self-
recovery ability of network nodes and links in the cross-city
transportation network, which is beneficial for cities to
mobilize resources from the network level during emer-
gencies and reduce losses and quickly recover after dis-
turbance occurring [10–12]. +erefore, the resilience
management of cross-city transportation network has
gradually become a new research paradigm.

Existing research studies on resilience management of
cross-city transportation networks have found that local
disturbances faced by regional transportation network will
be amplified and become common disturbances by cross-
city transportation [3, 13]. Due to the difficulty of data
acquisition, the research object of cross-city transportation
network resilience management is mainly a single category
of cross-city transportation, such as railway network and
highway network [14–18]. Some studies have studied the
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resilience of different cross-city transportation networks
from a static perspective, such as air transportation network
[19–21] and water transportation networks [22–24]. How-
ever, most of the related research studies focus on the as-
sessment and comparative analysis of resilience for different
types of cross-city transportation networks [14, 15, 22, 25].
Research contents of previous research studies are mainly
based on the assessment methods of cross-city trans-
portation network resilience [26].+e formationmechanism
of cross-city transportation network resilience has not re-
ceived enough attention in previous research studies [13, 27].
+ere is a lack of research studies on the optimization and
improvement of cross-city transportation network resilience
from a system perspective [28, 29].

Besides, few research studies on the formation mecha-
nism of the cross-city transportation network resilience
focus on the changing of network scale and structure
influencing cross-city transportation network resilience
[22, 30, 31]. For example, Miller-Hooks et al. used theMonte
Carlo simulation method to measure the resilience of the
American railroad network and found that the resilience can
be improved by optimizing the topological structure of the
transportation network and other intrinsic properties [32].
Ip and Wang constructed a China railway network with
cities as nodes and railways as links, and the results showed
that city nodes with higher resilience were mainly located in
the core part of the network [30]. Osei-Asamoah and and
Lownes used simulation methods to study the resilience of
the railroad network in Connecticut and Indiana, and the
analysis results pointed out that the railroad network
exhibited biological network characteristics and had the
resilience properties such as redundancy and robustness
[16]. Bhatia et al. also used simulation methods to study the
impact of the 2004 Indian Ocean tsunami and the 2012
North India blackout on the resilience of the Indian railway
network, and the quantitative analysis results showed that
the improvement of network centrality could improve the
recovery speed and efficiency of railway network after di-
sasters [31]. OuyangMin analyzed the resilience of the China
railway network from the perspective of vulnerability and
found that the weighted shortest path model was more
suitable for the resilience analysis of the China railway
network [17].

In general, the existing research studies on the formation
mechanism of cross-city transportation network resilience
were limited to qualitative theoretical descriptions. +e
connotation of cross-city transportation network resilience
was not clear, and existing research studies also did not
establish a quantitative model for analyzing the cross-city
transportation network resilience considering the network
structure characteristics. +us, it is necessary to analyze the
formation mechanism of cross-city transportation network
resilience from a systematic perspective.

Based on the practical needs of cross-city transportation
network resilience management, this study takes cross-city
transportation network resilience as the research object and
aims to reveal the formation mechanism of cross-city
transportation network resilience by complex network
analysis methods. +e following research questions will be

answered in this study. (1) What is the connotation of cross-
city transportation network resilience? (2) How is cross-city
transportation network resilience formed? (3) How to
theoretically describe and solve cross-city transportation
network resilience?

+e remainder of this paper is structured as follows.
Section 2 describes the connotation of cross-city trans-
portation network resilience considering the specific re-
sponse processes of the cross-city transportation network to
external disturbances. Section 3 analyzes the formation
process and path of cross-city transportation network
resilience. In Section 4, the theoretical model of cross-city
transportation network resilience is constructed and solved.
China railway network is selected as a case study in Section 5.
Finally, Section 6 summarizes the research contents of this
study and explores future research directions.

2. Connotation of Cross-City Transportation
Network Resilience

Resilience comes from the Latin word “resilio,” its original
meaning is “to jump back” [33, 34]. +e initial definition of
resilience refers to the ability of a material to absorb energy
when elastically deformed and release energy when unloa-
ded [35, 36]. +e first definition of resilience was proposed
by Holling in the field of social ecosystems in 1973, which
focused on the ability of the system to absorb and adapt to
various unexpected disturbances in the future through
system design [37]. +e widely accepted definition of
resilience is the ability of the system to recover from an
unfavorable state to a normal state or adjust itself to a new
state according to new needs or circumstances. +us,
resilience reflects the adaptability and survivability of the
system [38]. Generally, resilience is still a relatively new
concept. Different disciplines have different cognitions and
understandings, and the connotation of resilience is still
continuously developed and improved in the development
process of resilience science.

A cross-city transportation network is constituted by
nodes and links which are cities and transportation infra-
structure between cities, respectively. +e nodes and links of
cross-city transportation network present an evolution
process, and the coupling relationship between the nodes
and links of cross-city transportation network shows dy-
namic characteristics [2, 39]. +e system performance of a
cross-city transportation network can be calculated by the
cumulative degree of nodes. +us, the system performance
of cross-city transportation network reflects the maximum
actual transportation demand that can be met between
different cites, which determines the impact of cross-city
transportation network on human social and economic
activities [40, 41]. Based on the dynamic evolution char-
acteristics of the cross-city transportation network, cross-
city transportation network resilience is defined in this study
as cross-city transportation network adopts its network
topology and evolution characteristics to resist external
disturbances and maintain a certain system performance
and quickly restore the ability to balance after the distur-
bance disappears. According to the above definition of cross-
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city transportation network resilience, this study divides the
conceptual connotation of cross-city transportation network
resilience into three different stages: resistance stage, ab-
sorption stage, and recovery stage, which are shown in
Figure 1.

Figure 1 describes the three stages of cross-city trans-
portation network resilience. Before disturbances occur, the
system performance of the cross-city transportation network
is in an equilibrium state. After disturbances occur, cross-
city transportation network resilience is firstly reflected by
the resistance ability of cross-city transportation networks to
external disturbances. When cross-city transportation net-
work can resist external disturbances, cross-city trans-
portation network maintains original equilibrium state, or
external disturbances have a negligible impact on the system
performance of cross-city transportation network. When
cross-city transportation network cannot resist external
disturbances, cross-city transportation network resilience is
reflected by the absorption ability of cross-city trans-
portation network to external disturbances. At the ab-
sorption stage, the cross-city transportation network can
maintain a certain system performance to meet the basic
transportation needs between cities. After disturbances
disappear, cross-city transportation network resilience is
reflected by the system performance recovery of the cross-
city transportation network. At the recovery stage, the
system performance of the cross-city transportation network
is recovered to its original equilibrium state, or a new
equilibrium state by adjusting its network characteristics to
adapt to the external environment, which reflects the
adaptive characteristics of the cross-city transportation
network.

3. Formation Process and Path of Cross-City
Transportation Network Resilience

3.1. Formation Process of Cross-City Transportation Network
Resilience. By defining the connotation of cross-city
transportation network resilience in Section 2, the formation
process of cross-city transportation network resilience is
divided into three stages: resistance stage, absorption stage,
and recovery stage. Before disturbances occur, the cross-city
transportation network is in a static equilibrium state, and its
network state is described by static model SM:

SM � SM(N, L, d). (1)

+e static model of the cross-city transportation network
in equation (1) includes three types of elements: nodes, links,
and degree. In equation (1), N � n1, n2, . . . , ni  is the set of
city nodes in cross-city transportation network and
L � l1, l2, . . . , lj  is the set of transportation infrastructure
links between different city nodes in cross-city trans-
portation network. +e degree of link li ∈ L is di;
d � d1, d2, . . . , dj  is the set of all degree di in the cross-city
transportation network. +e degree of link li is di, which is
determined by the number of transportation infrastructure
links between two city nodes. +e static model of the cross-

city transportation network defines links between nodes as
undirected links:

l � l na, nb(  � l nb, na( . (2)

In equation (2), na and nb are the starting point (ending
point) and ending point (starting point) of link l, respec-
tively, where na, nb ∈ N, and na ≠ nb.

When cross-city transportation network can resist ex-
ternal disturbances, cross-city transportation network
maintains the original equilibrium state or the external
disturbances have negligible impacts on the system per-
formance of cross-city transportation network. +e network
state of the cross-city transportation network is still de-
scribed by equation (1). When cross-city transportation
network cannot resist external disturbances, cross-city
transportation network resilience is reflected by the ab-
sorption ability of cross-city transportation network to
external disturbances. At the absorption stage, the cross-city
transportation network can maintain a certain system
performance to meet the basic transportation needs between
cities, and the network state of the cross-city transportation
network is described by the dynamic model SDM:

SDM � SDM(N(t), L(t), d(t)). (3)

In equation (3), node N and link L in the cross-city
transportation network show dynamic evolution charac-
teristics over time, where N(t) and L(t) are the numbers of
city nodes and the number of links between city nodes in
cross-city transportation network at time t, respectively. +e
changes of city nodes N(t) and links L(t) between city nodes
will lead to the dynamic evolution of cross-city trans-
portation network structure. In general, the change of city
nodes N(t) and links L(t) between city nodes will cause a
change in degree d of the cross-city transportation network,
which means that the degree of cross-city transportation
network will change from d to d(t). Dynamic model S DM

describes the dynamic changes of network structure and
degree of the cross-city transportation network, which re-
flects the random characteristics of the cross-city trans-
portation network and the changes of the transportation
state. +erefore, the dynamic model S DM explains the
dynamic evolution characteristics of the cross-city trans-
portation network from a macroperspective.

Before disturbance
occurring

After disturbance occurring

Resistance stage

Absorption stage

Recovery stage

Figure 1: Stages division of cross-city transportation network
resilience.
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After disturbances disappear, cross-city transportation
network resilience is reflected by the system performance
recovery of the cross-city transportation network. At the
recovery stage, the system performance of the cross-city
transportation network is recovered to its original equilib-
rium state or a new equilibrium state by adjusting the
network characteristics to adapt to the external environ-
ment. At the recovery stage, the state of the cross-city
transportation network is described by new static model
SMn:

SMn � SMn Nn, Ln, dn( . (4)

In equation (4), Nn is the set of city nodes in cross-city
transportation network after the recovery stage is completed,
Ln is the set of links between different city nodes in cross-city
transportation network after the recovery stage is completed,
and dn is the set of all degrees in the cross-city transportation
network after the recovery stage is completed. In the for-
mation process of cross-city transportation network resil-
ience, the logical relationship between the three stages is
summarized in Figure 2.

3.2. Formation Path of Cross-City Transportation Network
Resilience. +e formation process of cross-city trans-
portation network resilience can be divided into resistance
stage, absorption stage, and recovery stage, which form
different resilience characteristics at different stages. After
disturbances occur, cross-city transportation network firstly
resists the impacts of external disturbances [42, 43]. When
cross-city transportation network cannot resist external
disturbances, cross-city transportation network absorbs the
impacts of external disturbances [44, 45]. After disturbances
disappear, the cross-city transportation network recovers its
system performance [46, 47]. +e above three stages, re-
spectively, reflect the resistance ability, absorption ability,
and recovery ability of the cross-city transportation network
to external disturbances.+erefore, cross-city transportation
network resilience has different formation paths at different
stages, as shown in Figure 3.

Figure 3 summarizes the formation path of cross-city
transportation network resilience. Different formation paths
are divided by the time points of the horizontal axis and
labeled with different line types. Point b in Figure 3 is the
threshold point of external disturbances impacts on the
cross-city transportation network. Before point b, cross-city
transportation network statically resists external distur-
bances. After point b, the cross-city transportation network
dynamically absorbs external disturbances and recovers to a
balanced state after disturbances disappear. +erefore, the
formation paths of cross-city transportation network resil-
ience are divided into static formation path and dynamic
formation path. In the static formation path, cross-city
transportation network resilience is formed by the static
resistance of city nodes to external disturbance, which re-
flects the nodes’ resilience of the cross-city transportation
network. In the dynamic formation path, cross-city trans-
portation network resilience is formed by the dynamic
absorption and recovery of the network system to external

disturbances, which reflects the system resilience of cross-
city transportation network.

3.2.1. Static Formation Path of Cross-City Transportation
Network Resilience. +e static formation path is the solid
line ab in Figure 3, and cross-city transportation network
resilience reflects the static resistance of city nodes to ex-
ternal disturbances. +is study defines [t0, t1) period as the
resistance stage. At the resistance stage, the external dis-
turbance faced by the cross-city transportation network is
less than or equal to the resistance ability of the cross-city
transportation network. +us, the cross-city transportation
network maintains the original static equilibrium state, and
its state is described by the static model SM � SM(N, L, d).
At the resistance stage, network nodes’ resilience is reflected
by the resistance ability of city nodes to external distur-
bances, which is essentially the resilience of cities in the
cross-city transportation network to external disturbances
[42].

Point b is the threshold point of external disturbances
impact on the cross-city transportation network, and static
formation path may be transformed into a dynamic for-
mation path at point b. If cross-city transportation network
can still resist external disturbances in period [t1, t4], which
means that external disturbance is less than or equal to the
resistance ability of city nodes in the cross-city trans-
portation network, then cross-city transportation network
resilience will bemanifested as the static resistance of the city
nodes to external disturbances in period [t1, t4]. +e static
formation path will not be converted into a dynamic for-
mation path, as shown by the extended broken line of the
solid line ab in Figure 3. When the external disturbance is
less than or equal to the resilience resistance of city nodes in
cross-city transportation network, cross-city transportation
network resilience is manifested as the static resistance path
of city nodes to the external disturbance in the period
[t1, t4].

If cross-city transportation network cannot continue to
resist external disturbances at point b, which means that
external disturbance is larger than the resistance ability of
city nodes in the cross-city transportation network. +en,
the static formation path will be transformed into a dynamic
formation path at point b, which is shown by the broken line

No disturbance

Disturbance occurs

Disturbance disappear

Resist disturbance

Absorb disturbance

System performance recovery

SM = SM (N,L,d)

SDM = SDM (N(t),L(t),d(t))

SMn = SMn (Nn,Ln,dn)

Figure 2: Logical relationship between three stages.
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bc de in Figure 3. Dynamic formation path is the dynamic
continuation of static formation path at the threshold
pointb, which reflects the system resilience of cross-city
transportation network.

3.2.2. Dynamic Formation Path of Cross-City Transportation
Network Resilience. When an external disturbance at the
threshold point b is larger than the resistance ability of cross-
city transportation network, cross-city transportation net-
work resilience will change from a static formation path at
resistance stage to a dynamic formation path. Disturbance
disappearing point b divides the dynamic formation path
into the absorption stage and recovery stage. As shown in
Figure 3, the absorption stage is the dashed line bc in period
[t1, t2], and the recovery stage is the broken line cde in the
period (t2, t4].

In dynamic formation path, cross-city transportation
network resilience is firstly reflected by the dynamic ab-
sorption ability of cross-city transportation network to
external disturbance. At the absorption stage, the network
state of the cross-city transportation network changes under
the external disturbance. +e absorption ability of the cross-
city transportation network is finally manifested as the
network performance level that can be maintained when
external disturbance disappears. At the absorption stage,
cross-city transportation network resilience reflects the
network performance loss QL of the cross-city trans-
portation network, QL � Q(t0) − Q(t2), as shown in
Figure 3.

After external disturbance disappears at point c, the
dynamic formation path of cross-city transportation net-
work resilience is reflected by the dynamic recovery of
system performance in period (t2, t4], whichmeans dynamic
formation path transfer to the recovery stage. +e recovery
stage can be further divided into the recovery preparation

stage and the formal recovery stage. As shown in Figure 3,
the dynamic formation path of the recovery preparation
stage is described by the dotted line cd in period (t2, t3). +e
dynamic formation path of the formal recovery stage is
described by the dotted line de in period [t3, t4]. Different
recovery plans are selected at the recovery preparation stage,
and the final recovery plan is determined as the dynamic
path point d at time t3. At the formal recovery stage, the
system performance of cross-city transportation network
recovers in period [t3, t4]. +e system performance of cross-
city transportation network recovers along the dynamic
formation path dotted line de in Figure 3 and returns to a
new equilibrium state Q(t4) at time t4.

4. Theoretical Model of Cross-City
Transportation Network Resilience

+is study divides the formation process of cross-city
transportation network resilience into resistance stage, ab-
sorption stage, and recovery stage. At different stages, the
cross-city transportation network shows different resilience
characteristics. Based on the analysis results of the formation
process and formation path of cross-city transportation
network resilience, the standard linear solid model
[44, 46, 48, 49] is used to qualitatively describe the formation
process of cross-city transportation network resilience. +e
qualitative model of cross-city transportation network
resilience is summarized in Figure 4.

Figure 4 is the qualitative model of cross-city trans-
portation network resilience. +e left side of the qualitative
model is the external disturbance input D(t), and the right
side is the internal constraint boundary of the cross-city
transportation network. +e qualitative model consists of
two series units, namely, resistance unit C1 and absorption
unit C2. Resistance unit C1 is an elastic unit, which works in
the process of cross-city transportation network resisting
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Figure 3: Formation path of cross-city transportation network resilience.
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external disturbance D(t). When resistance unit C1 cannot
resist external disturbance D(t), the absorption unit C2
begin to work. Absorption unit C2 is composed of two
parallel subunits C21 and C22, where the subunit C21 is an
elastic unit and the subunit C22 is a damping unit. +e
subunits C21 and C22 jointly absorb the impacts of external
disturbance D(t) on the system performance of cross-city
transportation network. When external disturbance D(t)

disappears, subunit C21 in the absorption unit C2 is con-
verted into a recovery unit, and the recovery unit C21 re-
stores cross-city transportation network to a new
equilibrium state.+e system performance Q(t) of the cross-
city transportation network is determined by absorption
unit C2, and resistance unit C1 does not affect the system
performance Q(t) of the cross-city transportation network.

4.1. 0eoretical Model Construction. External disturbance
D(t) has the same influence on all parts of the cross-city
transportation network, which means that the external
disturbance influence function received by the resistance
unit C1 and the absorption unit C2 is the same.+e influence
functions of external disturbance D(t) on the resistance unit
C1 and the absorption unit C2 are described as follows:

D1(t) � D2(t) � D(t). (5)

In equation (5), D1(t) and D2(t) are the influence
functions of external disturbanceD(t) on absorption unitC1
and resistance unit C2, respectively. At the resistance stage,
external disturbance D(t) firstly influences the resistance
unit C1, and the performance of resistance unit C1 produces
a loss ε1(t). When external disturbance D(t) is less than or
equal to the resistance ability of cross-city transportation
network, the performance loss ε1(t) of resistance unit C1 is
within the elastic limit of the resistance unit C1. +us, the
resistance unit C1 can completely resist the negative impact
of external disturbance D(t) on the system performance of
cross-city transportation network. +e performance loss
ε1(t) of resistance unit C1 can be calculated by equation (6).

ε1(t) �
D1(t)

k1
. (6)

In equation (6), k1 is the elastic coefficient of the re-
sistance unit C1 which reflects the resistance ability di-
mension of the cross-city transportation network to external
disturbance D(t). When external disturbance D(t) is larger

than the resistance ability of cross-city transportation net-
work, the performance loss ε1(t) reaches the elastic limit of
the resistance unit C1. +en, the cross-city transportation
network enters the absorption to external disturbance D(t).

At the absorption stage, the absorption unit C2 is
composed of two parallel subunits C21 and C22. +e ab-
sorption unit C2 and two parallel subunits C21 and C22 have
the same external disturbance influence function, which are
D2(t), D21(t), and D22(t), respectively. +e absorption unit
C2 decomposes the performance loss ε2(t) caused by ex-
ternal disturbance influence function D2(t) into two parallel
subunits C21 and C22, which are named as ε21(t) andε22(t),
respectively. At the absorption stage, the relationship be-
tween external disturbance influence function and perfor-
mance loss of absorption unit C2, subunits C21 and C22, is
shown in equations (7) and (8):

D2(t) � D21(t) � D22(t), (7)

ε2(t) � ε21(t) + ε22(t). (8)

+e subunit C21 is an elastic unit, and its elastic coef-
ficient is k2. Under the action of external disturbance D21(t),
the performance loss ε21(t) of subunit C21 can be calculated
by the following equation:

ε21(t) �
D21(t)

k2
. (9)

+e subunit C22 is a damping unit, and its absorption
function to external disturbances is a cumulative process.
+e performance loss ε22(t) is affected by external distur-
bance D22(t) and damping coefficient μ, which can be
calculated by the following equation:

ε22(t) � 
t

t1

D22(t)

μ
dt. (10)

In equation (10), t1 is the time corresponding to the
external disturbance threshold point in Figure 3.+e elastic
coefficient k2 of subunit C21 and the damping coefficient μ
of subunit C22 jointly determine the absorption capacity of
the absorbing unit C2 to external disturbance D2(t).
According to equations (7)–(10), the performance loss ε2(t)

of absorption unit C2 can be calculated by external dis-
turbance influence function D2(t), the elastic coefficient k2
of subunit C21, and the damping coefficient μ of subunit C22
together:
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Figure 4: Qualitative model of cross-city transportation network resilience.
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ε2(t) �
D2(t)

k2
+ 

t

t1

D2(t)

μ
dt. (11)

When external disturbance D(t) disappears at time t2,
cross-city transportation network enters the recovery prep-
aration stage. At the recovery preparation stage, the system
performance of cross-city transportation network will be kept
unchanged and the system performance of cross-city trans-
portation network is Q(t2). Different recovery plans are
compared at the recovery preparation stage, and the final
recovery plan is determined at time t3. At time t3, cross-city
transportation network enters the formal recovery stage.

At the formal recovery stage, the subunit C21 of ab-
sorption unit C2 is converted into a recovery unit and the
performance loss of subunit C21 at the absorption stage is
recovered. At time t4, the system performance of the cross-
city transportation network is recovered to a new equilib-
rium state. Recovery unit C21 recovers to its original per-
formance and the final recovery performance is εr

21 which
can be determined by

εr
21 �

D2 t2( 

k2
. (12)

4.2. 0eoretical Model Solution. +e theoretical model of
cross-city transportation network resilience indicates that the
system performance of the cross-city transportation network
shows different evolution trends at different stages. +us, the
theoretical model of cross-city transportation network resil-
ience needs to be solved in different stages. At the resistance
stage, cross-city transportation network can completely resist
the influence of external disturbance D(t) on the system
performance Q(t) of cross-city transportation network
through resistance unit C1, and the system performance of
cross-city transportation network remains as the initial
performance Q(t0). External disturbance D(t) reaches
threshold point b at time t1, and cross-city transportation
network enters the absorption stage to external disturbance
D(t). During the period [t1, t2], the system performanceQ(t)

of cross-city transportation network gradually decreases
under the action of external disturbance D(t):

Q(t) � Q t0(  − ε2(t). (13)

In equation (13), ε2 is the real-time system performance
loss of cross-city transportation network at absorption stage,
which can be calculated by equation (11). External distur-
bance D(t) disappears at t2, and cross-city transportation
network enters the recovery preparation stage. +e system
performance of cross-city transportation network is kept as
Q(t2) at the recovery preparation stage. According to
equation (13), Q(t2) can be described as

Q t2(  � Q t0(  − ε2 t2( . (14)

Cross-city transportation network enters the formal
recovery stage at time t3, and the system performance of
cross-city transportation network recovers to a new equi-
librium state at t4 through the performance recovery of the
recovery unit C21. +is study assumes that the system
performance of the cross-city transportation network shows
linear recovery characteristics at the formal recovery stage.
+e system performance of cross-city transportation net-
work increases by εr

21 at time t4 compared with the system
performance at time t3. +us, the system performance Q(t4)

of cross-city transportation network at time t4 is described as

Q t4(  � Q t0(  − ε2 t2(  + εr
21. (15)

+rough the above analysis, the system performance of
the cross-city transportation network at different stages can
be obtained. +e system performance of cross-city trans-
portation network Q(t) at each stage is shown as

Q(t) �

Q t0( , t0 ≤ t< t1,

Q t0(  − ε2(t), t1 ≤ t≤ t2,

Q t0(  − ε2 t2( , t2 < t< t3,

Q t0(  − ε2 t2(  +
εr
21

t4 − t3( 
t − t3( , t3 ≤ t≤ t4.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

Equations (5), (11), and (12) are incorporated into
equation (16), and the final quantified system performance
of cross-city transportation network under external dis-
turbance D(t) at each stage is shown as

Q(t) �

Q t0( , t0 ≤ t< t1,

Q t0(  −
D(t)

k2
− 

t

t1

D(t)

μ
dt, t1 ≤ t≤ t2,

Q t0(  −
D t2( 

k2
− 

t2

t1

D(t)

μ
dt, t2 < t< t3,

Q t0(  −
D t2( 

k2
− 

t2

t1

D(t)

μ
dt +

D t2( 

t4 − t3( k2
t − t3( , t3 ≤ t≤ t4.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(17)
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5. Case Study of China Railway
Network Resilience

5.1. China Railway Network Resilience Construction. As a
typical cross-city transportation network, China railway
network nodes represent different cities and links manifest
the railway links between cities. In this section, China
railway network is selected as a case study for testing for-
mation mechanism of cross-city transportation network
resilience proposed in this study. China railway network is
constructed according to the following rules [13, 50]:

(1) Network nodes: network nodes are prefecture-level
cities that have railway passenger access.

(2) Network links: links are the railway links between
different prefecture-level cities.

(3) Weighted network: the degree of one city node is
defined as the accumulative number of links from
this city to the other cities of China railway network.

(4) Undirected network: not all railway links between
the different cities of China railway network appear
in pairs. +us, the degrees between two cities are not
completely symmetrical. Here, each network is
simplified as an undirected network.

+is study constructs China railway network in 1957,
1985, 1987, 1997, 1998, 2000, 2007, 2008, 2009, 2014, 2015,
2016, and 2017, respectively. Most prefecture-level cities
have been connected to China railway network after 2017,
and the scale characteristics of China railway network be-
tween 2018 and 2020 are consistent compared with 2017.
+us, the data of China railway network from 2018 to 2020
are not collected for analyzing the resilience characteristics
of China railway network. Table 1 summarizes the scale
characteristic indicators of the China railway network.

As shown in Table 1, the China railway network presents
dynamic evolution characteristics. +e network scale of the
China railway network is getting larger and larger, which is
manifested by the increase of city nodes number and degree
strength between city nodes. According to the analysis re-
sults on the formation process and path of cross-city
transportation network resilience in Section 3, the dynamic
evolution of the China railway network scale will lead to
corresponding evolution on China railway network nodes’
resilience and system resilience. +us, this section selects the
above China railway network as the research object, and the
theoretical model of cross-city transportation network
resilience established in Section 4 is used to conduct a case
study for analyzing the evolution characteristics of China
railway network nodes’ resilience and system resilience.

5.2. Evolution Characteristics of Nodes’ Resilience. +is sec-
tion selects 96 city nodes that have always existed in the
China railway network as the research object, and the
evolution characteristics of these 96 city nodes resilience are
analyzed in 13 years. +e evolution characteristics of China
railway network nodes’ resilience essentially reveal the
evolution characteristics of city resistance ability to external

disturbances in the China railway network. +e evolution
characteristics of 96 city nodes’ resilience in the China
railway network are calculated by the theoretical model
proposed in Section 4 and shown in Figure 5.

Figure 5 summarizes the evolution characteristics of 96
city nodes’ resilience in the China railway network. +e
point line is the evolution curve of 96 city nodes’ resilience,
and the evolution curve of the 96 city nodes’ average
resilience is described by the thick black line. Figure 5
shows that 96 city nodes’ resilience in the China railway
network generally increases over time, but the evolution
characteristics of 96 city nodes’ resilience show certain
differences in different time intervals. According to the
differences of city nodes’ resilience in different time in-
tervals, the period from 1957 to 2017 is divided into four
evolution stages: (1) volatile growth stage (1957–1987), city
nodes’ resilience showed volatility with time, (2) gentle
growth stage (1987–2009), city nodes’ resilience increased
slowly with time, (3) rapid growth stage (2009–2014), city
nodes’ resilience increased rapidly over time, and (4) stable
stage (2014–2017), city nodes’ resilience tended to stabilize
over time.

As shown in Figure 5, the resilience values of most city
nodes are greater than the average value of 96 city nodes’
resilience. +e resilience values of few city nodes are sig-
nificantly lower than the average value of 96 city nodes’
resilience, which results in the resilience values of 96 city
nodes at a relatively low level. Although the resilience value
of different city nodes present differences, these differences
have gradually decreased over time and have been in a
convergence trend after 2014. From 1987 to 2014, there are
some city nodes, such as Beijing and Zhengzhou, the
resilience values of these city nodes are significantly higher
than that of other city nodes. Except for very few city nodes,
such as Jixi and Yichun, the differences of resilience values
between city nodes have converged and stabilized after 2014.
+e above analysis results show that the opening of high-
speed railways after 2007 has reduced differences in the
resilience values of different city nodes. City node Jixi does
not open high-speed rails from 2014 to 2017, and city node
Yichun has a small number of high-speed rails from 2014 to

Table 1: Scale characteristic indicators of China railway network.

Year N D AD
1957 114 8560 75
1985 164 14166 86
1987 174 17760 102
1997 219 32626 149
1998 216 35684 165
2000 230 55230 240
2007 242 70724 292
2008 243 77440 319
2009 245 88314 360
2014 268 133633 499
2015 269 268047 996
2016 273 288823 1058
2017 274 300946 1098
Note. N is nodes’ number; D is degree; AD�D/N, which is the average
degree.
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2015. +us, the resilience values of Jixi and Yichun are still
significantly lower than other 94 city nodes.

5.3. Evolution Characteristics of System Resilience. +e sys-
tem resilience of the China railway network is the cumu-
lative result of absorption ability and recovery ability at the
absorption stage and recovery stage. According to the
analysis results on the formation process and path of cross-
city transportation network resilience, the China railway
network will compare and select different recovery plans at
the recovery preparation stage, which is affected by the
network characteristics of the China railway network. +is
section uses the theoretical model of cross-city trans-
portation network resilience to quantify the formation path
of China railway network system resilience in different years,
which is shown in Figure 6.

Figure 6 describes the formation path curve of China
railway network system resilience in different years. +e
decreasing curves on the left side of the formation path curve
reflects the absorption path of China railway network system
resilience to external disturbances, and the absorption path
ends at the common threshold point of different absorption
scenarios. +e horizontal straight lines in the middle of the
formation path curve reflect the time length of the recovery
preparation stage.+is study simplifies the time length of the
recovery preparation stage as 10-time units.+e incremental
curves on the right side of the formation path curve reflect
the recovery path of China railway network system resil-
ience, and the recovery path ends at the common threshold
point of recovery behavior iterative ending under different
recovery scenarios. +e quantitative results of the enclosed
area size of the formation path curve are shown in Figure 7.

+e enclosed area size of the formation path curve in
Figure 7 presents the dimension of China railway network
system resilience. +e larger enclosed area size of the for-
mation path curve reflects that the China railway network
presents lower system resilience to external disturbances. In
contrast, the smaller enclosed area size of the formation path
curve reflects that the China railway network presents higher

system resilience to external disturbances. As shown in
Figure 7, except for 1997, the size of the formation path
curve generally shows a decreasing trend overtime in the
process of China railway network absorbing and recovering
from external disturbances.+us, the system resilience of the
China railway network system gradually increases over time.
After 2014, the number of city nodes approached the limit
value of the potential city nodes’ number and the system
resilience of the China railway network gradually stabilized
state.

6. Conclusions

In this study, the connotation of cross-city transportation
network resilience is defined. +e specific formation process
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of cross-city transportation network resilience is analyzed
and summarized. Finally, a theoretical model is constructed
and solved for revealing the formation mechanism of cross-
city transportation network resilience. +e research results
show that the formation process of cross-city transportation
network resilience includes three stages: resisting distur-
bance, absorbing disturbance, and function recovery. In the
process of resisting disturbance, absorbing disturbance, and
recovering functions, cross-city transportation network
adjusts the network scale and structural characteristics to
adapt to external disturbances and achieve a new equilib-
rium state, which reflects the connotation of cross-city
transportation network resilience. +e formation path of
cross-city transportation network resilience includes the
static formation path and dynamic formation path. In the
static formation path, cross-city transportation network
resilience is formed by the static resistance of city nodes to
external disturbance. In the dynamic formation path, cross-
city transportation network resilience is formed by the
dynamic absorption and recovery of the network system to
external disturbances.

+is study constructs and solves the theoretical model of
formation mechanism for cross-city transportation network
resilience, which provides a qualitative and quantitative
integrated researchmethod for the resiliencemanagement of
cross-city transportation network. +e research results of
this study can be systematically applied to resilience man-
agement practices for the different types of cross-city
transportation networks, which is very important for the
improvement of cross-city transportation network resil-
ience. In general, this study systematically reveals the for-
mation mechanism of cross-city transportation network
resilience from qualitative and quantitative perspectives,
which help to enhance and improve the city nodes’ resilience
and system resilience of the cross-city transportation net-
work to external disturbances. Although the research object
of this study is cross-city transportation network, the the-
oretical model proposed in this study is also suitable for the
resilience analysis of transportation network in the urban
area. +e research results of this study provide development
strategies for promoting the collaborative planning and
construction of cross-city transportation network and
transportation network in the urban area from the per-
spective of resilience.
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