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Large hydropower project involves numerous stakeholders in the construction phase. The risk of delayed payment may escalate
into an event of catastrophic economic loss through complex stakeholders’ relationships. This paper builds a complex stakeholder
network by collecting all contract prices in large hydropower project construction (LHPC) and proposes a novel mathematical
model based onCellular Automata Susceptible-Infected-Susceptible (CA-SIS) framework to analyze the risk propagation of delayed
payment (RPDP). In the model, to approximate actual loss diffusion, risk-resisting and risk-mitigating abilities of stakeholders
are combined, and relevance between risk mitigation and time is taken into account. The rationality and feasibility of the novel
model are illustrated through its application to an actual LHPC.The simulation results include the following: RPDP presents three
phases: risk first slightly propagates, risk then exponentially breaks out, and at last propagation consequence will reach a stable
state related to stakeholders’ risk-resisting ability closely; in respect of stakeholders’ risk-mitigating ability and property of the
network, RPDP range decreases with the increase of number of partners and homogeneity of contract price distribution; in respect
of stakeholders’ risk-resisting ability, RPDP range decreases with the decrease of number of partners. This research can serve as a
powerful complement to analyze and control the delayed payment in LHPC.

1. Introduction

Large hydropower project requiring substantial investment
and tremendous public resources belongs to the critical
infrastructure engineering and has more profound impact
on local communities and even a nation than general infras-
tructure engineering [1, 2]. Because of the varied essence of
construction business activity, various types of construction
process, complex construction environment, and longtime
construction [3], in large hydropower project construction
(LHPC), stakeholders are widely exposed to a high degree
of economic risk, including construction cost/duration over-
run, delayed payment, changes in government regulation,
poor performance of suppliers or manufacturers, and other
situations [4–6]. The delayed payment has been generally
recognized as the highest potential risk which drives down

the productivity of the project and causes the project gridlock
[7–9]. In addition, delay in payment is directly related to cash
flow which is critical to each stakeholder [10, 11]. When time-
liness of contract price payment cannot be guaranteed, the
net cash flow becomes negative, which prevents contractors
to pay for materials, labor, and general overheads expended
in the construction [12]. Moreover, it will lead to multiple
risks connected with cost, schedule, quality, safety, and
environment [13]. For enhancing overall operation benefit of
LHPC, exploring the characteristic of risk of delayed payment
and building quantitative model to evaluate its impact are
very important.

Several previous works have studied the risk analysis and
assessment in LHPC. Liu et al. [14] focused on the risks
of schedule and cost in LHPC by utilizing the probability
theory and Monte Carlo simulation method. Zhou et al.
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Table 1: Comparison between three epidemic models (SIR, SI, and SIS) from model description and propagation threshold.

Model name Model description Propagation threshold

SIR [38] The infected node is removed from the number of
susceptible nodes, as recovery or failure completely.

There exists a threshold density of nodes. If the actual
density surpasses this threshold value, one (or more)

infected node will give rise to a spread.

SI [39] The infected node will be in permanently infected state.
If susceptible probability is above the threshold, the
failure becomes persistent. Below it, the failure

exponentially dies out.

SIS [39, 40] The infected node has chance to vary from infected
state to susceptible state.

When susceptible rate exceeds the threshold, the node
will be infected, while there also exists the threshold of

returning to susceptible state.

[15] analyzed interactive relationships among risk factors of
human involved in LHPC and combined DEMATEL and
ANP to single out important risk factors. Liu et al. [16] studied
the probability of risk occurrence, potential consequence,
and level of rockburst risk in the Jinping II hydropower
station. To update the variation of new knowledge and early
warnings, Bai et al. [17], Shalev et al. [18], Paltrinieri et al.
[19], and Khan et al. [20] explored dynamic risk management
and updated risk evaluation to lessen uncertainty, since any
process is subject to constant evolution due to natural or
human causes [20].These studies provided valuable methods
for analysis and assessment of risk of delayed payment in
LHPC. Limitations of these researches inevitably focus on
single perspective exploration, which did not consider overall
connections of engineering components.

Owing to the complexity of LHPC in structure, context,
organization, and technology [21, 22], a wide range of
stakeholders at multiple level and from diverse backgrounds
participate in the construction. The delayed payment trig-
gered by interdependent stakeholders cannot be limited to
two parties [23]. A motivating force to this improvement is
that relationships among stakeholders aremore appropriately
viewed as complex network structure. Yang et al. [24], Li
et al. [25], Wang et al. [26], Mok et al. [27], and Yu et
al. [28] adopted the Social Network Analysis to construct
a relationship between stakeholder and risk factor. They
first conducted a thorough literature review to identify
stakeholders and corresponding risk factors. A questionnaire
was then designed to determine the connections among
risk factors. At last, the relationships of stakeholders were
built by cause-effect links among risk factors. However, this
method becomes invalid when solely a type of risk factor is
studied. In this paper, the risk of delayed payment is tightly
associated with contract causes and price [4]. All contract
prices among stakeholders are collected to build a stakeholder
network, where nodes represent stakeholders and links stand
for contractual relationships among them.

Although collaboration of interdependent stakeholders
can enhance holistic and macroscopical operation of LHPC
[29], once a payment problem starts to develop, it typically
propagates small-scale financial burdens from one stake-
holder to another through contract clauses and then escalates
into an event of catastrophic economic loss [30]. For example,
one ‘upstream’ stakeholder (e.g., Prime Contractor) might

propagate economic risk to its numerous ‘downstream’ stake-
holders (e.g., subcontractor). The contractor fails to make
payment to subcontractors in time, resulting in cash flow
difficulty of the subcontractor. Conversely, the ‘downstream’
stakeholders with risky state can also affect the ‘upstream’
stakeholder. Because of lacking capital, subcontractors have
to delay the construction schedule. The phenomenon, which
is called risk propagation of delayed payment (RPDP) in this
research, brings great challenge to traditional risk manage-
ment approaches due to dynamic process of propagation and
diffusion. Thus, a new perspective of risk management is
needed to dampen risk propagation among stakeholders in
LHPC.

In the last decade, propagation of failure risk which is
also called cascading failure is quite prevalent in physical
networks, especially critical infrastructures, such as electric
power networks [31, 32], gas networks [33], oil networks [34],
water supply networks [35], and transportation networks
[36], while several differences in engineering mechanism
between impersonality network and stakeholder network
will lead to the risk analysis result being far from the
reality. Note that cascading failure mechanisms in physi-
cal networks are captured by physics-based flow models,
while RPDP is analyzed under probabilistic frameworks.
Additionally, nodes representing stakeholders in the net-
work have capability of risk resistance and mitigation [37].
The propagation procedure with these particular features is
generally quantified by three epidemic propagation-based
models, namely, SIR (Susceptible-Infected-Remove) [38],
SI (Spreading of Infection) [39], and SIS (Susceptible-
Infected-Susceptible) [39, 40]. The comparison of three
models is represented in Table 1. The other models, such
as SIRS (Susceptible-Infected-Removed-Susceptible) [41],
SEIR (Susceptible-Exposed-Infected-Removed) [42], andCA
(Cellar Automaton) [43], are improved based on the three
models. As a generalization of the propagation model, SIS
is more appropriate to calculate the risk propagation in the
stakeholder network. Stakeholders carrying the capability
of risk resistance and mitigation have extremely similar
feature with individual in SIS. Learning from Table 1, we
can obtain that the threshold is a vital parameter in the
propagation model. The threshold phenomenon does exist
in the sense that risk starts to spread when propagation
probability exceeds a critical value [39]. The fact that the
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Table 2: Contract prices between five stakeholders (Sup1, Sup8, CC20, CC22, and CC24).

Sup1 Sup8 CC20 CC22 CC24
Sup1 0.00 0.00 6.87 12.52 0.37
Sup8 0.00 0.00 218.85 398.98 11.81
CC20 6.87 218.85 0.00 0.00 0.00
CC22 12.52 398.98 0.00 0.00 0.00
CC24 0.37 11.81 0.00 0.00 0.00
Note. Unit of contract price is ten thousand RMB. This table is symmetric because of bidirectional property of contract, where 0.00 represents no contractual
relationship.

value of threshold is related to the degree in complex network
has been proved [44, 45]. However, these studies did not
involve the relevance between risk mitigation and time.Thus,
this paper proposes an improved model based on SIS and
CA, wherein the relation between time factor and risk-
mitigating probability and the threshold of riskmitigation are
put forward to develop the SIS.

The rest of the paper is organized as follows: Section 2
presents the establishment process of stakeholder network of
hydropower construction project; Section 3 proposes a novel
model of RPDP; Section 4 takes a real LHPC as example
to simulate the procedure of RPDP, and the parameters of
the model are adjusted to demonstrate the rationality and
feasibility of the improvedmodel and analyze the propagation
results of RPDP.

2. Generation Stakeholder Network

2.1. Identification of Stakeholders. Large-scale hydropower
projects are decomposed into a number of subprojects,
requiring the involvement and participation of many interde-
pendent stakeholders. The complex interrelationships among
them are more appropriately viewed as a complex network.
In the network building process, the first step is to identify
the nodes representing the stakeholders in complex network.
The stakeholders indicate any individuals and organizations
who actively participate in the project or whose interests
are positively or negatively affected by project execution,
such as owners, designers, prime contractors, subcontractors,
supervisors, and government departments. During the long
period of construction, these project stakeholders are not
constant, because with the advancement of construction
schedule, the number of stakeholders shows a state of flux
that increases at first and then decreases generally. It is
noted that the set of project stakeholders is identified at a
particular point in time. Yangfanggou hydropower station
is the first large-scale hydropower engineering adopting
the project management pattern of Design-Build (DB). The
Prime Contractor was formed by Huadong Engineering
Corporation Limited (designer) and Sinohydro Bureau 7
Co., Ltd (prime construction contractor). We collected all
stakeholders of Yangfanggou hydropower station in October
2016 to identify the set of nodes of the stakeholder network.

2.2. Identification Relationships among Stakeholders. Because
of LHPC largely depending on the collaboration of multiple

stakeholders throughout all project processes [29], the rela-
tionship between stakeholders is varied and intricate, such
as cooperation, supervision, affiliation, and competition.
Payment refers to the sum of money paid to contractors
after completing the work promised by them under contracts
[46]. It represents a relationship between stakeholders in
the form of payment provision of a contract [47]. Thus,
the contractual relationship closely links two stakeholders,
which is a bridge between them. Conventional studies usually
used 0 to indicate independence and 1 to express interde-
pendence. According to definition of degree centrality of
node, the quantity of adjacent nodes is applied to denote
the importance of the node. However, in actual construction,
it is not reasonable to use the quantity of partners to
evaluate the importance of a stakeholder. Especially in prime
contract project, Owner has only one partner that is Prime
Contractor. However, the status of the Owner surely cannot
be ignored.Therefore, all contract prices among stakeholders
of Yangfanggou hydropower station are collected to indicate
the relationship’s weight. Moreover, the contract is a mutually
binding agreement, meaning that relationship is bidirec-
tional. In summary, the relationship between stakeholders is
shown as bidirectional and weighted contractual connection.
Table 2 provides an example of weighted adjacency matrix
to illustrate the relationships, where the first column and
the first row represent five stakeholders (Sup1, Sup8, CC20,
CC22, and CC24) in Yangfanggou hydropower station, and
the values in the cells refer to contract prices between two
stakeholders. For example, 6.87 denotes that the contract
price between Sup1 and CC20 is 68,700 RMB. Because of
bidirectional property of contract, the adjacent matrix of the
example is symmetric.

2.3. Visualization of Stakeholder Network. Once the nodes
(i.e., stakeholders) and edges (i.e., relationships) are iden-
tified, stakeholders of Yangfanggou hydropower station in
October 2016 can be modeled as a complex stakeholder
network. A bidirectional and weighted G = (N, W) is used
to describe the stakeholder network, where the identified
stakeholders are mapped into N nodes connected by W
bidirectional and weighted edges. Based on Table 2, a part of
stakeholder network is visualized in Figure 1. Tiny squares
represent the nodes: Sup1, Sup8, CC20, CC22, and CC24.
Straight-line segments indicate edges of the network. The
length of line has no significance, and the numbers on the
different straight-line segments represent edges’ weights (i.e.,
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Table 3: Stakeholders, contractual relationships, and contract prices in Yangfanggou hydropower station are represented as nodes, edges, and
weights of edges, respectively.

Nodes/Edges/Weights
of edges

Stakeholders, contractual relationships, and contract prices
in Yangfanggou hydropower station

Owner Hydropower Project Investor (Yalong River Hydropower Development Company, Ltd)

PC Prime Contractor formed by Designer and Prime Construction Contractor (Huadong
Engineering Corporation Limited and Sinohydro Bureau 7 Co., Ltd)

QI1 Department 1 of Quality Inspection
QI2 Department 2 of Quality Inspection
PS Prime Supervisor
S1-S6 Sub-supervisor 1 ∼ Sub-supervisor 6
PD Prime Designer
D1 ∼ D5 Designer 1 ∼ Designer 5
PCC Prime Construction Contractor
CC1 ∼ CC27 Construction Contractor 1 ∼ Construction Contractor 27
Sup1∼Sup19 Supplier 1 ∼ Supplier 19
Edges Contractual Relationships among Stakeholders
Weights of edges Contract Prices among Stakeholders (/ten thousand RMB)

Sup8

CC22

CC20

Sup1 CC24

218.85

6.87

12.52

11.81

0.37

389.98

Figure 1: A part of stakeholder network of construction project in
Yangfanggou hydropower station (SNCPYHS). Sup1, Sup8, CC20,
CC22, and CC24 represent the stakeholders. Edges represent con-
tractual relationships and values on them are the contract prices in
ten thousand RMB.

contract price). The contract prices between Sup1 and Sup8,
CC20 and CC22, and C22 and CC24 are equal to 0.00,
meaning no link between two nodes.

To complete the stakeholder network of Yangfanggou
hydropower station, whole adjacent matrix in Excel spread-
sheet, containing 64 stakeholders and contract prices among
them, is exported toUCINET6 forWindows 6.212.Thereafter,
stakeholder network of construction project in Yangfanggou
hydropower station (SNCPYHS) is visualized by using Net-
Draw 2.084 as shown in Figure 2. The interpretations of each
node and edge are shown in Table 3. The whole SNCPYHS
which includes all stakeholders and contract prices is pro-
vided in Supplementary Materials (available here).

3. Modeling the Risk Propagation

3.1. The Description of RPDP Process. We suppose that,
in a central-position of SNCPYHS, the Owner makes a
payment to the Prime Contractor. Thereafter, the Prime
Contractor pays the amount to its subcontractors. If delayed
payment happens, the risk will cause a cascading propa-
gation. Upstream stakeholder transfers the irregular cash
flow to downstream stakeholders, which makes them unable
to maintain normal capital operation. The ‘downstream’
stakeholders in turn affect ‘upstream’ stakeholder through
schedule delay, poor quality, and safety accidents. In the
procedure of RPDP, the delayed payment risk that a stake-
holder suffered accumulates with increase of quantity of loss-
making stakeholders cooperating with it. When probability
of risk occurrence exceeds the risk-resisting ability, the state
of economic loss will appear. Moreover, each stakeholder has
the ability to eliminate risk by capital pooling, management,
and operation. The loss-making stakeholders can regain
original statewith a probability. Considering the stakeholder’s
response to the delayed payment, the frame of Susceptible-
Infected-Susceptible (SIS) is used for reference [48]. In
SIS model, nodes shift between two states: susceptible and
infective state. When a susceptible node transfers to infective
state with a probability 𝜆, it will infect its neighbors (if there
is any). Meanwhile, the infective nodes have a probability𝛽 to recover to susceptible state or stay in the original
infective state with a probability 1-𝛽. Figure 3 clearly presents
a stakeholder’s variation between two states including risky
state regarded as economic loss and normal state. In order to
further illustrate the propagation process in the stakeholder
network, two conceptual stakeholder networks are presented
in Figure 4.

3.2. The Model of RPDP Process. Before we begin with the
construction of the model, some assumptions must be made.
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Figure 2: Complete stakeholder network of construction project in Yangfanggou hydropower station (SNCPYHS). Nodes (Owner, PC, QI1,
etc.) represent all stakeholders. Edges represent contractual relationships between them.

Susceptible state Infected state Susceptible state

State variation in SIS model

Normal state Risky state Normal state

State variation of stakeholder
t+1t t+td+1

Figure 3: Variation process of stakeholder’s state and state variation process in SIS model. A stakeholder may be transferred from normal
state at time t to risky state at time t+1 and can recover to normal state after time interval td. Normal state of the stakeholder is similar to
susceptible state in SIS model. Risky state of the stakeholder resembles infected state in SIS model.
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Figure 4: Process of risk propagation in conceptual stakeholder network. (a) Stakeholder 1, as risk propagation source, propagates the risk to
its neighbor stakeholders 2, 3, and 5 with probability 𝜆, respectively. (b) Because the risk-resisting abilities of stakeholders 2 and 3 are smaller
than 𝜆, their normal states are transferred to risky state. With increment of quantity of loss-making stakeholders connected with stakeholder
4, its state is varied from normal to risky state. Stakeholder 1 has probability 𝛽 to recover to the normal state; meanwhile it is also affected by
stakeholders 2 and 3 with 𝜆.
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The financial information of company is confidential to the
public, which adds great burden of basic data collection.
Additionally, numerous external and internal risk factors lead
to computational complexity and inaccuracy in risk probabil-
ity. All stakeholders with equal probability of risk mitigation
are assumed at the beginning, and then let probability vary
in a certain range to analyze multiple results. Assuming that
all stakeholders have only two states, risky state regarded as
economic loss and normal state, lessens the complicacy of the
model construction. It must be noted that one stakeholder’s
state is not solely restricted to binary. Both intermediate state
andmultistate can be also described according to risky extent
[49–51]. As RPDP is based on the structure of the stakeholder
network, it is assumed that the risk propagates along the
contractual relationship (i.e., the node is only triggered by
adjacent node). Assuming that stakeholders are moved out
of the construction project as economic loss appears does not
conform to reality, because stakeholders will not terminate
contractual relationship until they complete the part of the
project that they are responsible for.

Taking into account all of these possible concerns, we
should make several assumptions as follows:

(1) All stakeholders have equal probability of risk mitiga-
tion.

(2)The states of all stakeholders have two aspects: the state
of economic loss is 1 and the normal state is 0.

(3) The stakeholder is only affected by its direct partners.
(4) When economic loss situation occurs, they will not

terminate the contractual relationship.
Cellular Automata (CA) are adopted to describe a

complex discrete system consisting of a large number of
connected cells and to simulate dynamical evolution of
propagation process [43]. RPDP is a complex, dynamic, and
discrete process in space and time through the previous
analysis. Therefore, in order to mathematically describe
how risk of delayed payment propagates in the stakeholder
network, CellularAutomata Susceptible-Infected-Susceptible
(CA-SIS) model which combines the CA and SIS is intro-
duced to quantitate RPDP. The CA-SIS model is defined by
(C, Q, V, F).

Cellular Space 𝐶. Every stakeholder is considered as a cell.
The C can be represented by whole stakeholders N:

𝐶 = 𝑁. (1)

Set of State 𝑄. is the finite state set, which is a set of the
economic state of stakeholders at each time step. The normal
state is indicated by 1 and risky state is indicated by 0. 𝑆𝑖,𝑡 is
used to denote 𝑖th stakeholder’s state at time 𝑡:

𝑆𝑖,𝑡 = {{{
0, risky state;
1, normal state. (2)

Cellular Neighborhood 𝑉. Let V = [𝑤𝑖𝑗]𝑁×𝑁 be the adjacency
matrix with weight. The contractual relationship between

stakeholders can be indicated by the weighted adjacency
matrix:

𝑉𝑖𝑗
= {{{

𝑤𝑖𝑗, 𝑖th node and 𝑗th node are connected;
0, 𝑖th node and 𝑗th node are not connected.

(3)

State transition function F consists of two rules as follows:
(1) Each stakeholder has risk-resisting ability which is

closely related to their own capability and partners’ impact.
For calculating the risk-resisting threshold, Zhang et al. [52]
proposed a method combining the node’s degree and degrees
of the adjacent nodes. This is because the node’s degree is
one of the most common and also the simplest indicators
for describing the node’s property [52]. To be more specific,
the greater a node’s degree and degrees of its adjacent nodes
are, the higher probability of facing risk is, the higher risk-
resisting ability stakeholder has. The risk-resisting ability of𝑖th stakeholder is calculated based on three conditions: (1) the
degree of 𝑖th node; (2) the degree of its adjacent node; (3) the
average impact. However, edges representing contract prices
in the stakeholder network are different from the interactions
between nodes in unweighted graph. The stakeholder with
the largest contract price, for instance, is the Owner whose
contract price is 8.5118 billion RMB, while the smallest one
is the Supplier 18 whose contract price is 58,630 RMB. The
enormous discrepancy between two values of contract price
greatly expands the disparity of nodes’ degrees, which causes
extremely unbalance of risk-resisting thresholds. To avoid
the large gap, the equation of the risk-resisting threshold is
improved as follows:

𝛾𝜆𝑖 = 𝐷𝑖 + ∑𝑚∈Γ𝑖 𝐷𝑚
max {(𝐷𝑗 + ∑𝑙∈Γ𝑗 𝐷𝑗 | 𝑗 = 1, 2, ⋅ ⋅ ⋅ , 𝑁)} (4)

where 𝛾𝜆𝑖 is the risk-resisting threshold of 𝑖th stakeholder; the
degree of node i is 𝐷𝑖 = ∑𝑚∈Γ𝑖 𝑤𝑚; Γ𝑖 is the set of partners of𝑖th stakeholder; and Γ𝑗 is the set of partners of 𝑗th stakeholder.

We use 𝑆𝑖,𝑡 and 𝑆𝑖,𝑡+1 to indicate 𝑖th stakeholder’s state
at time 𝑡 and 𝑡 + 1. At time 𝑡 + 1 𝑆𝑖,𝑡+1 depends on 𝑆𝑖,𝑡
and states of 𝑖th stakeholder’s partners. If the stakeholder
makes a loss at the time 𝑡, it will keep original state without
control measure; otherwise the probability of risk occurrence
increases with increment of quantity of the loss-making
partners. This procedure is quantified as below:

𝑆𝑖,𝑡+1 = 𝑆𝑖,𝑡 + 𝑆𝑖,𝑡𝑓 (𝛾𝜆𝑖) (5)

where 𝑆𝑖,𝑡 =0, if the probability of risk occurrence is less than
the risk-resisting threshold; otherwise, 𝑆𝑖,𝑡 =1; 𝑆𝑖,𝑡 represents
the opposite of 𝑆𝑖,𝑡. Namely, if 𝑆𝑖,𝑡 =1, 𝑆𝑖,𝑡 =0; otherwise, 𝑆𝑖,𝑡 =1.𝑓(𝛾𝜆𝑖), as a propagation indicator, is used to indicate
the variation of 𝑖th stakeholder’s state at time 𝑡 after being
affected by its loss-making partners. Thus, it is determined
by the quantity of partners with loss state. If the sum of
loss probabilities of risky partners exceeds the risk-resisting
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threshold, the stakeholderwill vary fromnormal state to risky
state. The conversion procedure can be presented as follows:

𝑓 (𝛾𝜆𝑖) =
{{{{{{{{{

0, 1 −∏
𝑗∈Γ

(1 − 𝜆𝑗)𝑎𝑖𝑗𝑆𝑖,𝑡 ≤ 𝛾𝜆𝑖
1, 1 −∏

𝑗∈Γ

(1 − 𝜆𝑗)𝑎𝑖𝑗𝑆𝑖,𝑡 > 𝛾𝜆𝑖 (6)

where 𝑎𝑖𝑗 =1, if 𝑖 and 𝑗 are directly connected, and 𝑎𝑖𝑗 =0,
if 𝑖 and 𝑗 have no relation; 𝜆𝑗 indicates the probability of
risk occurrence of 𝑗th stakeholder who is the partner of 𝑖th
stakeholder; and 1 − ∏𝑗∈Γ(1 − 𝜆𝑗)𝑎𝑖𝑗𝑆𝑖,𝑡 means that proba-
bility of risk occurrence 𝑖th stakeholder gradually increases
with growth of the number of partners. When 1−∏𝑗∈Γ(1 −𝜆𝑗)𝑎𝑖𝑗𝑆𝑖,𝑡 ≤ 𝛾𝜆, 𝑖th stakeholder cannot be affected; otherwise,𝑖th stakeholder’s state will be converted. We simply assume
that probability of risk occurrence of initial loss-making
stakeholder is (1/𝑁)∑𝑁𝑖=1 𝛾𝜆𝑖 and then change it in a certain
range to analyze risk propagation.

(2) This rule represents a transformation of the risky
state of stakeholders after a certain period of time. Each
stakeholder has the ability to eliminate existing risk. Thus,
except for the risk-resisting ability, risk-mitigating ability
should be an indispensable factor. After the period of time𝑡𝑑, 𝑖th stakeholder has a chance to convert from risky state
to normal state with 1-𝛽𝑖 probability, if it was in risky state at
time 𝑡 + 1. On the contrary, it will maintain normal state and
be continually affected by 1−∏𝑗∈Γ(1 − 𝜆𝑗)𝑎𝑖𝑗𝑆𝑖,𝑡 , if it was not in
risky state at time 𝑡 + 1. The rule is shown as follows:

𝑆𝑖,𝑡+𝑡𝑑+1 = {{{
𝑆𝑖,𝑡+1𝑓 (𝛾𝛽𝑖) , 𝑆𝑖,𝑡+1 = 1
𝑆𝑖,𝑡+𝑡𝑑 + 𝑆𝑖,𝑡+𝑡𝑑𝑓 (𝛾𝜆𝑖) , 𝑆𝑖,𝑡+1 = 0 (7)

where 𝑆𝑖,𝑡+1, 𝑆𝑖,𝑡+𝑡𝑑 , and 𝑆𝑖,𝑡+𝑡𝑑+1, respectively, represent the
states of 𝑖th stakeholder at time 𝑡 + 1, 𝑡 + 𝑡𝑑, and 𝑡 + 𝑡𝑑 + 1.
Additionally, as time goes on, the probabilitywithout recover-
ing from economic loss is diminished under risk mitigation.𝑓(𝛾𝛽𝑖) is another propagation indicator to describe the state
change of 𝑖th stakeholder after time interval 𝑡𝑑, which is
shown as follows:

𝑓 (𝛾𝛽𝑖) =
{{{{{{{{{
0, 𝛽𝑖𝑡𝑑 ≤ 𝛾𝛽𝑖
1, 𝛽𝑖𝑡𝑑 > 𝛾𝛽𝑖

(8)

where 𝛾𝛽𝑖 represents the risk-mitigating ability; 𝛽𝑖 indicates
the probability that loss-making stakeholder cannot recover
from risky state; and 𝛽𝑖/𝑡𝑑 is used to express a connection
between time and probability without recovery. When 𝛾𝛽𝑖
is bigger than 𝛽𝑖/𝑡𝑑, the risky state can be converted to
normal; otherwise, the stakeholder sustains previous state
and is continually affected by its risky partners. In the real-
world, the risk-mitigating ability connected with several
factors is too complicated to accurately calculate. To simplify
the simulation of risk propagation, the probability without
recovery is assumed as (1/𝑁)∑𝑁𝑖=1 𝛾𝛽𝑖. In Section 4, it will be

adjusted in a certain range and compared with probability of
risk occurrence.

The threshold 𝛾𝛽 representing the risk-mitigating ability
greatly depends on a stakeholder’s status and enterprise scale
which tightly are related to the importance and impact of
a stakeholder in the whole project. Namely, if the stake-
holder’s importance is greater, its risk-mitigating ability will
be accordingly high.Thus, assuming breaking a stakeholder’s
connections with all partners is used to observe its impact
of the whole stakeholder network. Wang et al. [53] proposed
a method to compute a node’s function level which rep-
resents the node’s importance after moving it, where sum
of edges’ values of the whole network can be computed by𝐹=∑𝑁𝑖=1∑𝑁𝑗=1𝑤𝑖𝑗. After breaking all 𝑘th stakeholder’s con-
nections with its partners, the values of remnant edges are
calculated as follows:

𝐹 (𝑘) = 𝑘∑
𝑖=1

( 𝑘∑
𝑗=1

𝑤𝑖𝑗 + 𝑁∑
𝑗=𝑘+1

𝑤𝑖𝑗)

+ 𝑁∑
𝑖=𝑘+1

( 𝑘∑
𝑗=1

𝑤𝑖𝑗 + 𝑁∑
𝑗=𝑘+1

𝑤𝑖𝑗)
(9)

where 𝑘 represents a stakeholder moved. The stakeholder’s
risk-mitigating threshold 𝛾𝛽 is presented as follows:

𝛾𝛽 = (𝐹 − 𝐹 (𝑘))
𝐹 . (10)

At last, in order to measure the consequence caused by
RPDP in the stakeholder network, the proportion of loss-
making stakeholders at the end of time 𝑡 is defined by 𝐼(𝑡).
The equation is shown as follows:

𝐼 (𝑡) = ( 1𝑁) 𝑁∑
𝑖=1

𝑆𝑖,𝑡. (11)

It can dynamically express the evolutionary procedure of
RPDP.When the proportion of loss-making stakeholders I is
equal to 1, it signifies that the all stakeholders have been in
risky state.

4. Simulation Results Discussion and Analysis

In this section, SNCPYHS introduced in Section 2 is taken
as an example to demonstrate the rationality and feasibility
of the improved model and analyze RPDP throughMATLAB
simulation.The codes ofMATLAB simulation are provided in
SupplementaryMaterials.We assume that because of external
or internal causes (e.g., global financial crisis or internal
management problems), the Owner, as initial loss-making
stakeholder, cannot make payment in time. First, several vital
model parameters, including time interval, probability of risk
occurrence, and probability without recovery, are deeply ana-
lyzed under numerical simulation. Second, whether RPDP
considers risk mitigation or not will be compared to find
which stakeholders have stronger abilities of risk resistance
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Figure 5: Variation of loss-making stakeholders proportion (I) with
time (t) under time interval (td) from 1 to 7. One of curves reflects
the variation of I with t. In view of all curves, variation trend of I
curve with variation of td can be compared.

and recovery and analyze their properties. Last but not least,
a random stakeholder network is introduced to contrast the
property of risk propagation of SNCPYHS frommacroscopic
perspective.

4.1. Results of RPDP under Changing of Parameters in the
Model. Time interval, probability of risk occurrence, and
probability without recovery are adjusted to prove the ratio-
nality of the improvedmodel.The time interval (td) related to
extent of recovery is a critical factor in the model. It is varied
from 1 to 7 for obtaining different results of RPDP.

Result in Figure 5 reflects the changing of I curve with
variation of td from 1 to 7.We canobserve that RPDP suddenly
breaks out from time 2 to time 4 and it will finally maintain
at a stable value I∗. For example, when td =2, the value of I
soars from 0.0000 at time 2 to 0.6875 at time 4 and stabilizes
at 0.6875 at last. The gradual decline of I curve is clear as
td grows. For instance, when td = 1, 2, 3, 4, 5, 6, and 7, the
values of I are 0.2813, 0.2500, 0.2344, 0.2344, 0.2344, 0.1875,
and 0.1875 at time 3, wherein td = 1 means the RPDP without
considering time factor.The stable values I∗ (i.e., values of I at
time 4 ∼12) are 0.7500, 0.6875, 0.6563, 0.6563, 0.6250, 0.5313,
and 0.5156, respectively. This is because the opportunity of
recovery increases with time prolongation. In other words,
the longer time interval is, the more stakeholders vary from
risky state to normal state. The phenomenon verifies the
rationality of the model which combines time and risk-
mitigating ability.

Figure 5 displays the three phases of RPDP: (1) risk first
slightly propagates; (2) risk then breaks out; (3) in last phase,
value of I will converge to a stable value I∗.Therefore, we use
I∗ to indicate ultimate consequence of risk propagation. In
previous simulation, the probabilities of risk occurrence and
mitigation (1-probability without recovery) are assumed to be
only correlated with two types of thresholds, while risk has
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Probability of Risk Occurrence

Figure 6: Variation process of ultimate stable value (I∗) with
increase of probability of risk occurrence.The I∗ is an ultimate stable
value of loss-making stakeholders proportion (I).The probability of
risk occurrence is increased from 0 to 1.
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Probability without Recovery

Figure 7: Variation process of ultimate stable value (I∗) with
increase of probability without recovery.The I∗ is an ultimate stable
value of loss-making stakeholders proportion (I). The probability
without recovery is increased from 0 to 1.

dynamic property affected by various aspects. Thus, when td
=1, the two risk probabilities are increased at the growth rate
0.0020 to represent the variation of I∗ values, which is seen
in Figures 6 and 7.

In Figure 6, there is a steep rise when the probability of
risk occurrence increases to a certain value, 0.0820. Above
it, the proportion of loss-making stakeholders exponentially
increases. Below it, the speed of growth of I∗ is relatively slow.
As can be seen in Figure 7, risky states of all stakeholders
completely recover until probability of risk mitigation (i.e.,
1-probability without recovery) increases to a certain value,
0.9400. Above it, the most of stakeholders with risky state
can recover. Apparently, the two values are critical thresholds
for risk propagation. The increase of I∗ with variation of two
kinds of probability can reflect the stakeholder’s sensibility to
RPDP. From Figures 6 and 7, the impact of a stakeholder’s
risk-resisting ability on ultimate stable state is more sensitive
than risk-mitigating ability.

The above-mentioned analysis results are obtained under
change of one probability. Figure 8 presents interactive effect
of the two probabilities at the growth rate 0.0020. The
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Figure 8: Variation process of ultimate stable value (I∗) with simul-
taneous increases of probability without recovery and probability
of risk occurrence. The I∗ is an ultimate stable value of loss-
making stakeholders proportion (I). Two probabilities simultane-
ously increase from 0 to 1.

interactive ranges of the two probabilities are [0, 0.4140]
and [0, 0.0620], respectively. When the probability of risk
occurrence exceeds 0.4140, it cannot affect changing trend
of I∗ values with the increase of probability of risk mit-
igation. When the probability of risk mitigation is above
0.0620, the changing trend of I∗ values almost will not be
disturbed with variation of probability of risk occurrence.
Thephenomenon implies a consistent conclusionwith above-
mentioned results.

4.2. Results of RPDP considering Risk Mitigation. RPDP with
and without risk mitigation are compared when td =1 and
shown in Figures 9 and 10. The aim is to explore common
properties of the stakeholders with strong risk-mitigating
and risk-resisting abilities from micro-perspective. Figure 9
contrasts the values of I under the two situations. Figure 10
further visualizes the procedures which display the variation
of stakeholders’ states before getting stable value I∗, where
(a-1), (a-2), (a-3), and (a-4) belong to diffusional situation
without riskmitigation from time 1 to 4 and (b-1), (b-2), (b-3),
and (b-4) indicate diffusional situation with risk mitigation
from time 1 to 4. The red nodes in the figures represent
loss-making stakeholders and the white nodes denote normal
stakeholders. Figure 10 also provides useful information to
understand the process of RPDP.

Figure 9 clearly suggests that the I curve without risk
mitigation is higher than the I curve with risk mitigation at
any time. For example, when t = 2, 3, and 4, the values of
I are 0.1563, 0.3281, and 0.8906 under RPDP without risk
mitigation, but are 0.0000, 0.2813, and 0.7500 when RPDP
considers risk mitigation. This is because some stakeholders
can convert into normal state after a certain period of time.
The simulation result is accordant with the earlier conclusion
that the stability of network is generally enhanced under
recovery strategy compared with that under no recovery

1 2 3 4 5 6 7 8 9 10 11 12
Time (t)

without risk mitigation
with risk mitigation

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

I

Figure 9: Variation of loss-making stakeholders proportion (I) with
time (t) under situations with and without risk mitigation. One
of curves reflects the variation of I with t. In view of two curves,
difference between I curves with and without risk mitigation can be
compared.

strategy [54], proving the feasibility of the model considering
risk mitigation. It is noteworthy that, at time 2, there is an
inflection point in the I curve with risk mitigation. At this
time, the Owner, which was in the risky state, has recovered,
and other stakeholders have not yet been converted.However,
it does not mean that the Owner’s negative effect on the
other stakeholders has disappeared. Potential risk of delayed
payment still exists. Thus, after time 2, the risk continues to
propagate to downstream stakeholders.

The comparison in Figure 10 displays that the Owner is
the first stakeholder to manifest the risk-mitigating ability at
time 2 followed by D3 and CC13 at time 3. Then, PCC, Sup7,
Sup8, PC, PS, and PD fulfill the transition at time 4. Through
analyzing corresponding nodes’ degrees, the stakeholders
with strong risk-mitigating ability have larger contract price
or more partners than others. Equation (8) shows that the
risk-mitigating ability is only associated with risk-mitigating
thresholds after recovering from risky state. In respect of
risk-mitigating ability, it advocates the increase of partners’
number to prevent the risk propagation. The property also
explains why small-scale enterprise prefers to cooperate with
large-scale enterprise to diminish risk.

From the comparison between (a-4) and (b-4) in Fig-
ure 10, it is found that stakeholders with strong risk-resisting
ability include QI1, QI2, Sup2, Sup3, Sup4, Sup5, and Sup6.
Equation (6) shows that a stakeholder’s state depends upon
three aspects: risk-resisting threshold; quantity of partners
and their states. Nevertheless, stakeholders with strong risk-
resisting ability do not have high risk-resisting thresholds.
The risk-resisting thresholds of them are smaller than PC
and PCC. Their significant property is that there is only
one partner cooperating with them. This is the reason why
they are less likely to suffer economic loss. The stakeholders
with high risk-resisting threshold, such as PC and PCC, are
not affected until most of their partners are in risky state.
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Figure 10: Variation process of number of loss-making stakeholders under situations with and without risk mitigation. Red nodes represent
loss-making stakeholders and white nodes denote normal stakeholders. (a-1), (a-2), (a-3), and (a-4) show the diffusion process of delayed
payment without risk mitigation from time 1 to 4. (b-1), (b-2), (b-3), and (b-4) present the diffusion process of delayed payment with risk
mitigation from time 1 to 4.

Thus, prevention of risk propagation advocates the decrease
of partners’ number in respect of risk-resisting ability. In
summary, the quantity of partners and contract price of a
stakeholder are extremely critical to its economic state in the
process of RPDP.

4.3. Comparison of Propagation Results of SNCPYHS and
Random Stakeholder Network. To explore the property of
SNCPYHS under the delay payments, we assume a random
stakeholder network which has same stakeholders, but con-
tract price among stakeholders is completely random. In
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Figure 11: Variation of ultimate stable values (I∗) with simultaneous
increases of probability without recovery and probability of risk
occurrence in SNCPYHS and random stakeholder network. The I∗
is an ultimate stable value of loss-making stakeholders proportion
(I). Two probabilities simultaneously increase from 0 to 1.

the random stakeholder network, the redistributed contract
price can be set as 𝑤𝑖𝑗 = 𝑤min + (𝑤max − 𝑤min) × 𝛿. 𝛿 is a
random variable following [0, 1] uniform distribution. The
random numbers generated by MATLAB are provided in
Supplementary Materials. Section 4.1 has proved that the
value of I will be stable at a fixed value I∗.The robustness is an
ability of the network to maintain final connectivity when a
fraction of its nodes is damaged. It can be weighed by I∗ [55].
Figure 11 displays the I∗ values of two networks with increase
of two risk probabilities at the growth rate 0.0500 when
td =1.

The result obtained from above figure shows that the
whole curved surface of SNCPYHS is above the curved
surface of the random stakeholder network. All I∗ values of
SNCPYHS are bigger than I∗ values of the random stake-
holder network, no matter what the probabilities are. This
means that the random stakeholder network has stronger
robustness than SNCPYHS when the Owner delays the
payment. To analyze this phenomenon, probability distri-
bution of nodes’ degrees in SNCPYHS is shown in Fig-
ure 12. We can find that nodes’ degrees of SNCPYHS show
extreme heterogeneity compared with probability distribu-
tion of nodes’ degrees of random stakeholder network in
Figure 13. The most of nodes’ degrees are relatively small,
but a few nodes’ degrees are extremely large. Degrees of
the Owner, PC, and PCC, for instance, are significantly
higher than others’. That is to say, risk easily propagates in
SNCPYHS when stakeholders with high node’s degree, such
as the Owner and Prime Contractor, delay the payment. The
simulation result is consistent with the earlier conclusion
that a network with heterogeneity property is extremely
vulnerable when some critical nodes encounter failure
[56].
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Figure 12: Probability distribution of nodes’ degrees of stakeholder
network of constructionproject in Yangfanggou hydropower station
(SNCPYHS). As a node’s degree is equal to the sumof contract prices
owned by a stakeholder, probability distribution of nodes’ degrees of
SNCPYHS represents the probability distribution of contract prices
of SNCPYHS.
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Figure 13: Probability distribution of nodes’ degrees of random
stakeholder network. As a node’s degree is equal to the sum of
contract prices owned by a stakeholder, probability distribution of
nodes’ degrees of the random stakeholder network represents the
probability distribution of contract prices of the random stakeholder
network.

5. Conclusions

This paper presents a new perspective to analyze the risk of
delayed payment in LHPC. By comparing the previous stud-
ies in risk analysis, the dynamic properties of propagation and
diffusion from one stakeholder to another are fully taken into
account in risk of delayed payment. The relationships among
stakeholders are viewed as complex network to present the
pattern of loss diffusion in actual project. We collected all
contract prices to build the stakeholder network of LHPC
and established a CA-SIS-based model considering relevance
between risk mitigation and time to approximate RPDP.
Because of close correlation between stakeholder’s status and
importance in the whole project, a new threshold of risk
mitigation was put forward to complete original propagation
model. Subsequently, under delayed payment of theOwner in
SNCPYHS, parameters of the model were varied to simulate
the results of RPDP. The conclusions show the following:
(1) decline of stable value I∗ with the increase of td and
contrast between the model with and without risk mitigation
prove the rationality and feasibility of the novel model; (2)
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regardless of change of parameters in the model, RPDP has
three phases: (1) risk first slightly propagates, (2) risk then
breaks out, and (3) in last phase value of I will converge to
a stable value I∗. The impact of a stakeholder’s risk-resisting
ability on ultimate stable I∗ is more sensitive than risk
mitigation ability when probabilities of risk occurrence and
mitigation vary from 0 to 1; (3) the stakeholders with strong
risk-mitigating ability have more partners than others. The
significant property of stakeholders with strong risk-resisting
ability is that there is only one partner cooperating with
them. Two important properties indicate that the quantity of
a stakeholder’s partners is extremely critical to its economic
state in the process of RPDP; (4) the random stakeholder
network has stronger robustness than SNCPYHS, showing
that, because of heterogeneity of contract price distribution,
risk easily propagates in SNCPYHS when some critical
stakeholders delay the payment.

The conclusions above also provide theoretical basis for
proactively controlling RPDP in the stakeholder network. For
example, cooperating with several stakeholders could assist
them to mitigate risk after suffering delayed payment. In
addition, separating large contract price into numerous small
contract prices can improve the homogeneity of contract
price distribution. However, this suggestion increases the
difficulty of risk resistance when the stakeholder’s partners
are all in risky state. Therefore, in the future research, more
reasonable allocation of contract price is very essential and
meaningful to provide an approach to solve the problem.
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