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ABSTRACT

A hydropower project has four significant stages: artificialization, mechaniza-
tion, automation, and digitization. Currently, it is in the intelligent stage and is
advancing toward smartization. This study first briefly introduces the develop-
ment process of intelligent construction and smart operation of the Lancang
River Hydropower Project, and comprehensively summarizes the research, de-
velopment, and practice in intelligent construction of the project and smart op-
eration management of the reservoir dam. Then, the main functions and effects
of digital construction of high earth-rock dams and intelligent construction of
high roller compacted concrete (RCC) dams were elaborated. Special technologies
and module functions such as intelligent diagnosis of dam operation safety, dy-
namic control of underground engineering, early warning and prevention of
slope disasters, and online monitoring of the water environment of deep and
large reservoirs were introduced. Finally, the future development trends of
smart hydropower were discussed. The research can be used as a reference in
the intelligent construction and smart operation of similar projects.

1 Preface

Since the beginning of the “12%" Five-Year Plan” period,
Ma et al. [2] have pioneered the theory of digital dams

China is a major hydropower development country.
By the end of 2022, China’s hydropower installed capacity
(including pumped storage) reached 414.00 million kW.
In 2021, the State-owned Assets Supervision and Ad-
ministration Commission of the State Council issued No-
tice on Accelerating the Digital Transformation of State-
owned Enterprises, which requires accelerating the digital
transformation of conventional industries in an all-
round, all-angle, and all-joint way. Owing to their large
scale, long cycle, complex construction technology, and
many stakeholders, hydropower projects undergo four
important stages: artificialization, mechanization, au-
tomation, and digitization [1], and are exploring the
management mode of information and intelligence.
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and successfully applied it to the construction practices
of Nuozhadu, Dagangshan, Xiluodu, Changheba, and
other large hydropower projects. With the integration
and development of the new generation of information
technology and hydropower projects, hydropower con-
struction and operation have gradually entered the inte-
lligent stage. Zhong et al. [1], Lin et al. [3], Jia et al. [4],
Fan et al. [5], Fan et al. [6], Wang et al. [7], and Minchin
et al. [8] have explored the theory, method, and tech-
nology of intelligent hydropower construction, which
have been applied and practiced in Huangdeng [9], Bai-
hetan, Lianghekou, Shuangjiangkou, and other projects.
Intelligent construction and management systems [10]
for hydropower dams have been developed, with intelli-

Citation: Hongqi Ma, Haibin Xiao. Practice and prospects for intelligent construction and smart operation of Lancang River Hydropower Projects. J Intell Con-

str, 2024, 2, 9180040.

© The Author(s) 2024. The articles published in this open access journal are distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.


mailto:caoxxxing@163.com

2 Hongqi Ma, et al. Journal of Intelligent Construction 2024, 2, 9180040

gent simulation, rolling, grouting, transportation, vibra-
tion, and temperature control as core technologies, and
they are advancing toward amortization.

Smart hydropower has the typical characteristics of
massive multisource data-driven, self-enhanced, and ex-
panded learning ability, multifunctional coordination
and unification, intelligent decision making, and overall
utility optimization, which can ensure efficient, safe,
and sustainable power supply. The Lancang River Basin
can be called the library of dam. Major hydropower
projects with milestone significance, such as the Xiaowan
Concrete Arch Dam, Nuozhadu Core-Wall Rockfill Dam,
and Huangdeng Roller Compacted Concrete (RCC)
Gravity Dam, have been built successively. From the
Nuozhadu Digital Dam [2] to the Huangdeng Intelligent
Dam [9] to the integrated management of intelligent
construction and smart operation of reservoir dams
[11], we have always adhered to demand orientation,
promoted the innovation and practice of smart hy-
dropower technology, and achieved many influential
scientific research results that provide important technical
support for the construction and operation of hydropower
projects.

2 Development and practice of intelligent
construction of hydropower projects

Construction quality requirements gradually improve
during the construction and development of hydropower
projects as the scale and difficulty of dam construction
increases. It is difficult to guarantee construction quality
under the conventional manual control mode, which
poses a severe challenge to dam safety. The Lancang
River is a hydropower basin with several built cascade
hydropower stations and is at the top scale of operation
and installed capacity in China. Its total length is 2153 km,
and 23 cascades are planned in the main stream. Cur-
rently, hydropower projects in the Yunnan section have
been developed and completed, with 11 hydropower
stations operational, totaling 21.35 million kW of installed
capacity. To achieve full production by 2030, the devel-
opment and construction of hydropower projects in the
Tibet section will be accelerated [12]. The high-quality
and efficient construction of super-large-scale cascade
hydropower stations poses a significant challenge to the
construction and management of hydropower projects.
It is urgent to apply digital intelligent technology to im-
prove construction and management levels. Hydropower
projects in the Lancang River Basin have undergone in-
telligent construction, including the Nuozhadu Digital
Dam, Huangdeng Intelligent Dam, and Toba green intel-
ligent construction. Currently, integrated management
planning and application exploration of intelligent con-
struction of hydropower stations in the basin are being
performed.

In the construction process of the Nuozhadu Earth—

Rock Dam, digital monitoring technology is adopted to
monitor various filling parameters in real time, realizing
all-weather, fine, and online real-time monitoring of the
entire process of dam construction. The construction of
the RCC gravity dam at the Huangdeng Hydropower
Station adopted comprehensive digital and partial intel-
ligent monitoring technology. The entire process of digital
and intelligent construction of the entire dam, including
raw materials, concrete production and transportation,
placement, rolling, thermal lifting, temperature control,
impervious layer control, and grouting control, has been
realized. The construction of the Toba Hydropower Sta-
tion has also been upgraded on the basis of intelligent
construction achievements from the Huangdeng and
Baihetan Projects, realizing building information man-
agement (BIM), intelligent dam construction, intelligent
underground powerhouse construction, intelligent man-
agement of electromechanical installation, general busi-
ness management and decision support, and green con-
struction archives at the same time.

2.1 Digital construction technology for high earth-rock
fill dams

Earth-rock dams are the most extensively used dam
types because of their strong adaptability to founda-
tions, high seismic capacity, and low cost. The height of
the Nuozhadu Core-Wall Earth-Rock Dam is 261.5 m.
Compared with the highest earth-rock dam built in China
at that time, its height increased by 100.0 m. The existing
theory, technology, experience, and specifications cannot
meet the needs of this dam construction. In terms of
dam construction technologies such as artificial gravel
mixed soil and soft rock rockfill dams, the Nuozhadu
Core-Wall Earth-Rock Dam pioneered the construction
and application of “digital dam” technology, as shown
in Fig. 1, opened up a new mode of quality control
for hydropower projects in the world, and promoted
China’s high earth-rock dams from 150.0 to 300.0 m.

2.1.1 Research and development of digital dam system
for high-core rockfill dams

High-core rockfall dams require extensive engineer-
ing, complex construction stage division, and high-quality
dam filling and rolling. It is difficult to achieve precise
control of construction quality using conventional quality
control methods. To realize precise control of construction
quality, it is necessary to establish a real-time monitoring
mathematical model for the filling and rolling quality of
high-core rockfill dams and the transportation process
of dam materials and a real-time control mathematical
model for the construction progress of concrete dams
under complex constraints. A real-time construction
control method based on a mathematical model is stud-
ied, which provides a theoretical basis for the real-time
control of hydropower project construction. Second, on
the basis of theory, real-time monitoring technology of
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construction quality of high-core rockfill dams is devel-
oped, including real-time monitoring technology of filling
and rolling quality of high-core rockfill dams, real-time
monitoring technology of dam material transportation
process, and real-time personal digital assistant (PDA)
collection technology of dynamic information of con-
struction quality, to realize all-weather, fine, and online
real-time monitoring of filling and rolling quality, ensure
that construction quality of the dam is always under
control, and realize dynamic monitoring of dam material
unloading accuracy, loading strength, and traffic densi-
ty. Finally, a digital dam system for high-core rockfill
dams is developed to realize comprehensive integration
of dynamic engineering information during dam con-
struction, which provides technical support for real-
time control of dam construction quality and progress
and long-term safe operation of dams.

2.1.2 Application effects of digital dam system

For the first time, a digital dam system was used in
the Nuozhadu Project to provide real-time monitoring
and information feedback on dam material transporta-
tion, dam construction process, test results, and moni-
toring data. It realizes the entire process, including all-
weather, fined, and online real-time monitoring of dam
construction, and ensures the construction quality of
more than 34.0 million m*® of dam filling. It is a major
innovation in the quality control method of dam con-
struction in the world, leading and promoting significant
progress in industry technology.

On the basis of the Nuozhadu digital dam technology,
the Lianghekou and Shuangjiangkou Dams were intelli-
gently upgraded, and intelligent project management
and control modes were explored. Real-time monitoring
was performed throughout the entire process of material
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Integrated digital dam model for high-core rockfill dam (GIS: geographic information system; GPS: global positioning
system; GPRS: general packet radio service; VR: virtual reality).

source mining, blending, transportation, watering, pav-
ing, filling, testing, and evaluation, and an unmanned
rolling machine fleet was adopted. Quality assurance
and efficiency improvement of the efficient large-scale
construction of high earth-rock dams under complex
conditions were realized.

2.2 Intelligent construction of high RCC dams

An RCC dam has the advantages of fast construction
and low cost and is one of the most competitive dam
types. Critical points and difficulties in the construction
control of this dam type include the seepage prevention
of metamorphic concrete on the upstream dam face and
the bonding quality of the rolling lifts of the dam body.
The Huangdeng Dam, with a height of 203.0 m, is the
highest RCC gravity dam in Asia. To overcome the weak
links in conventional manual control and solve the
problem of large leakage after impoundment of some
high RCC dams in recent years, core scientific and tech-
nological problems in intelligent construction of high
RCC dams have been solved in the Huangdeng Project,
and a set of intelligent dam construction and management
systems has been developed and practiced. The frame-
work of the developed system is shown in Fig. 2. Its
construction quality has set a new record in the same
type and scale projects at home and abroad and has
promoted the construction technology of high RCC
dams to a new level.

2.2.1 Fundamental theory of intelligent construction of
RCC dams

The intelligent construction of an RCC dam has the
general features of integrity, collaboration, integration
scalability, autonomy, and robustness. Based on these
characteristics, the basic elements and control index
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Fig. 2 Framework of intelligent monitoring and quality evaluation system for the construction process of high RCC dams.

system of intelligent construction of high RCC dams and
the temperature control criterion of mass RCC under
significant temperature differences were posited for the
first time in the Huangdeng Project. An intelligent con-
struction information model of high RCC dams was con-
structed, and construction technologies such as duration
control on the coverage of the blank layer of high RCC
dams and seepage control of manufactured metamorphic
concrete were innovated, which laid the theoretical
foundation and technical system for intelligent con-
struction of high RCC dams.

2.2.2  Intelligent monitoring and analysis of placing quality
Conventional quality control for RCC dam placement
relies primarily on manual inspection, side stations, and
other methods. Intelligent monitoring methods of place-
ment quality can perform fine and automatic management
of construction quality. They mainly adopt Beidou satel-
lite technology, real-time dynamic difference technolo-
gy, wireless data transmission technology, database
(DB) technology, real-time control feedback technology,
graphic analysis technology, and the identification
method of spreading and leveling operation of the
spreading machine. Based on the intelligent analysis
model of placement quality in a complex environment
and multifactor coupling, the evolution rule of dam ma-
terial performance under complex conditions is revealed
through the complete sets of technologies, such as intel-
ligent identification and rolling monitoring of the blank
layer of a high RCC dam and intelligent monitoring of
interlayer bonding and vibration, to realize real-time
analysis and intelligent feedback control during the entire
process of concrete placement of a high RCC dam.

The valley of the Huangdeng Dam is narrow, and the
width of the dam sections is 20.0-27.0 m. However, its
maximum length in the upstream and downstream di-
rections is approximately 170.0 m, which is unsuitable
for inclined rolling. This practice shows that, by consid-
ering the strong supply capacity of the mixing system,
the use of flat rolling can ensure construction quality

and is conducive to accelerating construction progress.
Flat rolling has high requirements for the intensity of
concrete placement, allocation of placement resources,
rolling partition, and control of strip operation. By
studying the initial setting time of the concrete and op-
timizing the concrete placement method, a thermal lift
control method with dual control of the operation dura-
tion of the rolling strip and the coverage duration of the
blank layer was proposed. During the construction pro-
cess, by monitoring the thickness of the paving materi-
al, the duration of strip operation, and the coverage
time of the blank layer, the concrete exposure time is
calculated digitally in real time, and early warning is
executed. By increasing concrete production and trans-
portation intensity, a rapid and uniform rise of RCC is
achieved to ensure bonding quality between the layers.
The maximum placement surface area of the Huangdeng
Dam is approximately 8800 m?, the interlayer coverage
time is not longer than 6 h, and the interlayer bonding
quality is good.

2.2.3 Comprehensive intelligent temperature control and
crack prevention analysis and intelligent decision-making
The Huangdeng Dam, with a bottom width of greater
than 160.0 m, is the highest RCC dam in Asia, and it
has a harsh construction environment and difficult tem-
perature control during construction. The conventional
problems in cracking factors of temperature control
(large temperature difference, large cooling range, large
temperature drop rate, and large temperature gradient)
and in construction management (information acquisition
was not timely, inaccurate, untrue, and unsystematic)
were more prominent, and the two conventional “differ-
ences” (differences between design and actual situation
and differences between construction and design) were
more difficult to control. Aiming at the temperature
control characteristics of a high RCC dam, the design
criterion of “appropriate relaxation of foundation tem-
perature difference and strict control of internal and ex-
ternal temperature difference” is adopted to establish a



Practice and prospects for intelligent construction and smart operation of Lancang River Hydropower Projects 5

real-time acquisition method and intelligent prediction
and early warning model of the entire process temperature
control elements of the entire dam. A new method of in-
version simulation analysis and a calculation analysis
system for temperature control tracking are developed
to realize intelligent temperature control analysis and
precise crack prevention control of high RCC dams.

2.2.4 Efficient and scale application of intelligent con-
struction technology

On the basis of the principle of “unified platform and
module development”, an intelligent monitoring system
for the entire process of concrete placement of a high
RCC dam and an intelligent temperature control system
for the entire dam were developed. A complete set of
equipment for intelligent monitoring, intelligent collec-
tion, and regulation of temperature control for the entire
process of concrete placement of high RCC dams under
complex conditions has been developed, and a full-link
closed-loop information feedback and control platform
has been constructed. The entire process of all dam sec-
tions of the Huangdeng dam is constructed and managed
by intelligent monitoring and analysis technology. The
concrete placement volume was 3.5 million m3, and the
longest perfect RCC core sample (24.6 m long) in the
world was obtained. The leakage of the dam foundation
is less than 8 L/s, and the construction quality control is
good. The related technologies have been fully applied
to the Fengman Reconstruction Project with an annual
temperature difference of 80 °C. The temperature control
and construction quality control of RCC are good, and
efficient and scale application of intelligent construction
technology in high RCC dams is realized.

Toba Dam under construction is comprehensively up-
graded using intelligent construction technologies em-
ployed in Huangdeng and Baihetan Dams, focusing on
improving the intelligent rolling and intelligent temper-
ature control technology of the dam, breaking through
the key technologies of intelligent foundation treat-
ment, intelligent sand and gravel processing system,
and intelligent dynamic management and control of un-
derground engineering construction, improving the
technical level and management efficiency of engineering
construction, and developing a mature green intelligent
construction technology system for RCC dams.

2.3 Integrated management of intelligent construction

With the gradual shift of the focus of hydropower de-
velopment to Tibet, hydropower projects in the upper
reaches of the Lancang River face a high-cold and high-
altitude development environment. Common problems
include poor construction conditions, technical difficul-
ties, strict environmental protection requirements, and
high development costs. Hydropower project construction
management faces enormous challenges. To strengthen
the integrity, coordination, pertinence, and applicability

of intelligent construction work, an integrated manage-
ment mode of intelligent construction is proposed on
the basis of the characteristics and difficulties of hy-
dropower project construction in the upper reaches of
the Lancang River. The intelligent construction of hy-
dropower projects will be upgraded from a single-
project intelligent construction management mode to a
basin-level, multiproject integrated management mode,
covering various dam types and the entire life cycle of
the project and supporting the “local + remote” front
and rear collaborative management. This is a new goal,
a new challenge, and a new journey in the field of intel-
ligent construction of hydropower projects in the Lancang
River Basin.

The integrated management platform for intelligent
construction has the functional requirements of standard
function replication, special module configuration, rapid
development of special requirements, and seamless inte-
gration of heterogeneous systems, which primarily in-
cludes five modules, i.e., digital design, intelligent con-
struction, intelligent management, integrated decision
making, and digital handover, to achieve comprehensive
data sharing, efficient business collaboration, and inte-
gration of integrated systems. It is capable of iterative
technological upgrades and evolution and constant
business expansion and optimization. Centralized + dis-
tributed data deployment is adopted. For data with
high access frequency and timeliness, particularly data
related to on-site control, on-site deployment and local
control are implemented. For data related to daily busi-
ness management, i.e., data with low access frequency
and timeliness requirements, centralized deployment is
adopted to transmit, store, and query these data in the
cloud. The multiproject management mode is based on
the development of standardized, normalized, process-
oriented, and traceable project management work
systems. Through smooth information communication
channels, project information can be accurately, quick-
ly, and efficiently summarized, approved, and shared
between enterprises and various project organizations,
thereby realizing interface, application, and data inte-
gration, breaking through project barriers, and integrating
shared resources (Fig. 3).

3 Development and practice of smart opera-
tion management of reservoir dams

Lancang River Basin passes through the Hengduan
Mountains and is located between the Nujiang and Jinsha
River Basins of the “Three Parallel Rivers”. There are
dense mountains and canyons, developed geological
structures, large-scale unfavorable geology, and frequent
geological disasters in this area. Since the completion of
the first cascade hydropower station in 1985, 11 large-
scale reservoir dams have been constructed. The operation
of reservoir dams is faced with issues of dam safety, un-

https://mc03.manuscriptcentral.com/jic | Journal of Intelligent Construction
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derground engineering safety, slope safety, and water
environment safety. Through years of technical re-
search, the first basin-level intelligent online dam moni-
toring platform in China has been completed and put
into operation. Important achievements have been
made in intelligent diagnosis of dam operation safety,
dynamic control of underground engineering, early
warning and prevention of slope disasters, and online
monitoring of the water environment of deep and large
reservoirs, which provide technical support for the safe
operation of reservoir dams.

3.1 Smart dam operation technology

3.1.1 Intelligent diagnosis technology for dam operation
(1) Digital dynamic simulation method for safety
monitoring of dam operation.
Given the difficulty in safety monitoring during dam
operation and the lack of an operation safety simulation

method system, a digital real-time simulation method
for dam safety monitoring is proposed, which includes
engineering entity monitoring perception, feature data
screening and extraction, accurate construction of a dig-
ital model, dynamic mapping of structural characteris-
tics, numerical analysis of the engineering state, and
digital simulation of the emergency scene. It provides a
technical method for dam safety management based on
state twinning. A digital simulation logic framework for
dam safety monitoring is constructed, which includes
a monitoring perception layer, data extraction layer,
model calculus layer, scene service layer, and business
application layer (Fig. 4). It provides a standard data
model interface and application service specifications
for monitoring information collection, data aggregation
and fusion, model calculation and analysis, engineering
performance evaluation, and working condition simula-
tion. It also provides system integration and data fusion
services for dam twin monitoring.

(2) Multidimensional full space-time perception tech-
nology for operation behavior of core-wall rockfill
dams.

To solve the problems of significant differences in the
mechanical properties of dam construction materials,
uncoordinated settlement deformation of the dam body,
and difficult tracking and monitoring of point seepage
in core-wall rockfall dams, special monitoring devices
such as settlement deformation of dam rockfall materi-
als, interface displacement of core-wall cushion, and
point seepage in weak parts are developed. The developed
devices are shown in Fig. 5. Intelligent detection tech-
nologies, such as imagery recognition of the apparent
characteristics of dam defects and nondestructive detec-
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Practice and prospects for intelligent construction and smart operation of Lancang River Hydropower Projects 7

4 hien_. % :
Core-wall rockfill dam structure
diagram

dam foundation gallery

Multi-dimensional flexible
displacement meter

Ct.)ncrete rvr} Soil
Interfacial displacement meter

Fig. 5 Multidimensional intelligent monitoring apparatus for operation safety of core-wall rockfill dams.

tion of deep morphology, have been developed to provide
accurate geometric dimensions for the construction of
defect components. Rapid classification technology for
multitype dam defects was developed to improve the ef-
ficiency and accuracy of defect classification. A sample
library containing multisource data, such as defect images
and monitoring sequences, is constructed. The compre-
hensive application of defect multidimensional percep-
tion and multisource data fusion realizes the full
space-time accurate perception of digital scene data of
the dam.

(3) Online diagnosis technology for operation behavior
of core-wall rockfill dams based on multimodel fusion.

Aiming at the characteristics of frequent loss and
multiple anomalies in the operation monitoring system
of core-wall rockfill dams, a multimodel adaptive data
analysis method based on machine learning is proposed,
and a space-time correlation diagnosis model with mul-
ticlass monitoring effects is established to investigate
and judge the structural behavior of the dam based on
the measured data. An elastic—plastic static model of the
double yield surface of the dam is constructed, and a
composite algorithm of soil-rock material parameter in-
version based on the measured data of the rockfill body
and core wall upstream and downstream of the rockfill
dam is developed. The entire cycle deformation and
stress evolution law of the dam are dynamically simu-
lated. The trend of uneven settlement and cracking on
the dam crest is inverted. An interactive engine suitable
for the digital simulation of engineering performance
under multiple working conditions is developed to dy-
namically update the entity feature parameters and realize
effective mapping of engineering structure features. The
response relationship between the parameters of the
mechanism model and the spatial and temporal charac-
teristics of the monitoring data is determined. A multi-
dimensional evaluation method system of engineering
safety with horizontal coordination, vertical penetra-
tion, and full sequence coverage, which is illustrated in

Fig. 6, is established to overcome the technical bottleneck
of online evaluation of the service performance of core-
wall rockfill dams.

(4) Integrated intelligent safety management and con-
trol technology for core-wall rockfill dams

To solve the problems of high failure risk, lack of au-
thenticity of simulation, and difficulty in emergency de-
cision making of core-wall rockfall dams under special
working conditions, a similarity-matching method be-
tween twin-scene simulation of dam performance and
emergency working conditions is proposed. A twin-
scene simulation engine based on BIM is developed. Using
the results of model calculation and analysis, the quan-
titative evaluation method of damage is integrated, and
the evolution law of engineering performance is syn-
chronously mapped in a three-dimensional digital scene,
revealing the potential damage of the structure, deducing
the development trend of risk, and supporting the emer-
gency decision making of the project. By using the real-
time aggregation technology of massive data for multi-
monitoring systems, the knowledge of dam operation
and maintenance management is mined, and a unified
storage resource base of multimodal heterogeneous in-
formation is established. A similarity-matching method
for the engineering operation state under special working
conditions, such as strong earthquakes, floods, and rain-
storms, is proposed. The microservice workflow engine
is used to quickly push the early warning plan to establish
an intelligent analysis and diagnosis system for the op-
eration safety of core-wall rockfall dams and to form a
new mode of dam operation safety management and
control integrating online perception, in-depth analysis,
and accurate decision making (Fig. 7).

3.1.2 Rapid assessment of the strong seismic risk of a
high dam
(1) Seismic performance evaluation of the high dam.
Earthquakes frequently occur in Southwest China. To

https://mc03.manuscriptcentral.com/jic | Journal of Intelligent Construction
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scientifically and quickly evaluate the seismic safety
risk of high dams, the rapid assessment technology of
seismic risk of high dams is investigated on the basis of
measured seismic data by solving the problems of dis-
persion, singleness, and tediousness of seismic damage
assessment of existing hydropower stations for two dam
types: high-arch and high earth-rock dams.

Using the Xiaowan Ultrahigh-Arch Dam as a case
study, the three-dimensional finite element method is
used to perform the inversion of dam material parameters
and stress simulation analysis. Meanwhile, on the basis
of the measured seismic data, the seismic intensity of
the dam area, the modal parameters of the dam body,
and the deformation response of the dam foundation
are analyzed in real time, and “regional-integral-local”
rapid assessment and early warning of seismic damage
of high concrete dams are realized. Modal identification
of a high-arch dam is based on a combination of
stochastic subspace identification (SSI) and the density-
based spatial clustering of applications with noise (DB-
SCAN) clustering algorithm, which can realize automatic
and accurate identification of the arch dam mode.

Figure 8 shows the process to automatically identify the
module parameter.

On the basis of the Nuozhadu Core-Wall Rockfall
Dam, a double-mechanism proportional memory elas-
tic—plastic constitutive model of rockfill material is
adopted. According to the actual configuration and dam
material partition of this earth-rock dam, a variable-
scale modeling and analysis method of sparse-dense
grid transition is adopted to establish a rapid fine analysis
model of the earth-rock dam, and dynamic elastic—plastic
analysis of the dam body is performed. A rapid seismic
response analysis method for high earth-rock dams is
proposed, which includes octet cross-scale modeling
(Fig. 9), polyhedron—conventional element mixing, and
similar element acceleration processing. The seismic
subsidence rate and dam slope slip are taken as the non-
failure dam index. This method has better analyticity,
higher accuracy, and faster response speed, which can
significantly improve the computational efficiency of
the rapid safety assessment system for earth-rock dams.

(2) Rapid assessment module for high dam seismic
risk.

The main functions of the rapid assessment module
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for seismic risk of high dams are real-time monitoring
of seismic data, research and judgment of seismic trig-
gering mechanisms, rapid comprehensive analysis of
seismic response, and automatic generation of seismic
damage reports. This module has realized the integration
and automation of the entire process and has been suc-
cessfully used in Xiaowan and Nuozhadu Hydropower
Stations. Currently, the strong seismic risk assessment
time for high-arch dams is within 10 min, and that for
high earth-rock dams is within 30 min, which provides
ascientific and rapid basis for engineering seismic damage
assessment.

3.2 Intelligent dynamic management and control of
underground engineering during operation period

3.2.1 Multisource twin model fusion and lightweight tech-
nology for underground engineering

For the coupling and mutual feedback environment of
various unfavorable factors such as complex geology,
stress, and groundwater in the operation period of large-
scale underground caverns in hydropower projects,

based on the digital twin technology reflecting the entire
life cycle process of the entity (system), photogramme-
try, parameterization, database, and three-dimensional
graphics library development modeling technology are
integrated to establish a twin body (geological informa-
tion, engineering structure, monitoring data, etc.) with
back attributes and data support to realize the one-to-
one mapping, co-growth, and collaborative reaction
between real underground engineering (geology, engi-
neering structure, environment, safety state, etc.) and
three-dimensional digital twin underground engineer-
ing. On the basis of cutting-edge visualization technolo-
gies (graphics, data mining, web graphics library (We-
bGL), etc.), dynamic analysis and three-dimensional
visualization interactive display of spatio-temporal in-
formation such as twin models, monitoring data, and se-
curity status are realized. In addition, mainstream ver-
tex compression technologies (Draco compression and
JavaScript decoding) and texture compression technology
(Khronos texture (KTX)) are used to reduce the amount
of data and video storage required. The data structure

https://mc03.manuscriptcentral.com/jic | Journal of Intelligent Construction



10

Hongqi Ma, et al. Journal of Intelligent Construction 2024, 2, 9180040

index reconstruction method based on the “pyramid”
multilevel model is used to accelerate data reading and
ensure a lightweight twin fusion model and fluency of
access (Fig. 10).

3.2.2 Long-term dynamic safety evaluation method of un-
derground engineering during operation period

Based on the expert investigation method, core factors
affecting the long-term safety of underground engineering
are identified, and the influence of the external geological
environment (rainfall, water level, and earthquake),
monitored status of surrounding rock (deformation,
stress, and seepage), and internal environment (crack-
ing, falling block, leakage of the tunnel wall, and drum-
ming of surrounding rock) on long-term safety are con-
sidered. Principal component analysis is then used to
evaluate the weight value of each influencing factor in

the analytic hierarchy process theory, and the early
warning and risk levels of each influencing factor are
classified to realize the dynamic evaluation and prediction
and early warning of the long-term safety state of un-
derground engineering during the operation period. The
proposed method is illustrated in Fig. 11.

3.2.3 Digital twin safety management and control module
for large underground cavern group

The digital twin safety management and control module
for a large underground cavern group is based on the
long-term safety dynamic evaluation system of “multi-
source fusion and comprehensive evaluation” of large
underground engineering and web front-end development
technology. It is an integrated management and control
platform that integrates geological and engineering
structure visualization twins, synchronous interaction of
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Digital twin underground
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Fig. 10 Technology system for multisource fusion twin modeling in underground engineering (IoT: Internet of Things).
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monitoring information, dynamic evaluation of cavern
group safety status, long-term safety collaborative man-
agement, and decision making. The module has the
characteristics of a reliable core theoretical model,
lightweight twin model, realistic visualization effect,
fastloading access speed, intelligent analysis, and decision
making. It can realize multisource twin model fusion,
multisource data fusion dynamic analysis, and multidi-
rectional safety state assessment and monitoring, which
is convenient for front-line and rear management per-
sonnel to dynamically determine the safety state of the
underground engineering of hydropower stations during
operation. Simultaneously, it reduces the work intensity
of technical personnel and improves the operation and
management efficiency and level of large underground
cavern groups.

3.3 Monitoring and risk prevention and control tech-
nology for reservoir bank slope geological disasters

3.3.1 “Space—air-ground” integrated safety monitoring
technology

Conventional safety monitoring and management of
hydropower projects are primarily based on the man-
agement of conventional sensor data and lack the pro-
cessing, display, and integration of modern noncontact
monitoring technologies; thus, they cannot adapt to the
investigation and management of hidden danger points
in various reservoir banks. Using spaceborne interfero-
metric synthetic aperture radar (InSAR), vehicle/ship
InSAR, unmanned aerial vehicle (UAV) tilt photogra-
phy, fixed InSAR, throwing Beidou intelligent monitoring
terminal, flexible intelligent displacement meter, and
other monitoring methods, a “space-air-ground-in-
depth” integrated safety monitoring technology, as
shown in Fig. 12, of “large-scale survey, regional in-
spection, and detailed investigation of key parts” of geo-
logical disasters in reservoir bank slopes of river basins

LandSAT

o® - " e
Loy

Fig. 12  “Space-air—ground” integrated safety monitoring
system (GNSS: global navigation satellite system; RS: remote
sensing; LiDAR: light detection and ranging).

is developed and applied. The accuracy in identifying
landslide risk points at the river basin level is 92%, and
the accuracy of continuous deformation monitoring of
key landslides reaches the millimeter level.

3.3.2 Multisource data integration technology of digital
twin reservoir bank

The reservoir shoreline of the Lancang River Basin is
thousands of kilometers long, and the geological condi-
tions of the slope are complex. The scale and number of
hidden danger risk points are large, and safety monitoring
and risk management are difficult. The digital twin has
the advantages of multisource heterogeneous data fu-
sion, data-driven precise mapping, and intelligent anal-
ysis-assisted decision making, and can realize syn-
chronous mapping between the digital and physical
worlds. By integrating the reservoir bank engineering
survey and design data, multisource monitoring data,
and a three-dimensional digital model, a digital twin
model of the reservoir bank slope in a river basin is con-
structed, and a long-term operation safety assessment
technology of geological hazard points based on a con-
ventional rock mechanics model and a data-driven ma-
chine learning model is established to realize effective
monitoring and rapid early warning of the geological
hazard risk of reservoir dams and slopes.

Multisource data fusion to realize deformation field
reconstruction is the key to slope digital twin technolo-
gy. There are generally two methods for deformation
field reconstruction. One is the interpolation algorithm
based on monitoring data; however, there is a problem
with the significant discreteness of measuring points
and the limited accuracy of conventional interpolation
technology. The other is a numerical simulation algorithm
based on the finite element method; however, the simu-
lation error is uncontrollable. In this study, combined
with the multisource data obtained from the slope ap-
pearance monitoring system, the ensemble Kalman filter
algorithm is used for data fusion. By considering the
heterogeneity of multisource data in measurement accu-
racy and spatial-temporal scale, high-precision and
high-resolution fusion deformation monitoring informa-
tion is obtained. The deformation field calculated using
the finite element method is a priori, and the prior data
are corrected using the fusion deformation monitoring
data. On the basis of the improved Bayesian-Kriging in-
terpolation method, the multisubdomain data fusion
strategy is used to generate the slope fusion deformation
field. The overall prediction accuracy of the deformation
field after correction and fusion is improved by approxi-
mately 50%, which is closer to the actual deformation
distribution of the slope.

3.3.3 Intelligent analysis module for reservoir bank defor-
mation monitoring

The main functions of the intelligent analysis module
of reservoir bank deformation monitoring in the basin

https://mc03.manuscriptcentral.com/jic | Journal of Intelligent Construction
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include automatic processing of InSAR data, intelligent
identification of hidden danger points of geological dis-
asters, automatic reconstruction and deformation detec-
tion of three-dimensional terrain of reservoir banks,
multisource data fusion, and real-time release of major
dangers. These functions realize the entire basin coverage
of monitoring range, millimeter-level monitoring accu-
racy, and quasi-real-time monitoring frequency and
comprehensively improve the fine management level
and geological disaster prevention and control ability of
reservoir banks in the basin (Fig. 13).

3.4 Wastewater environmental monitoring and evalua-
tion of the deep reservoir

3.4.1
evaluation of water environment in hydropower project
reservoir

The water body of the Lancang River deep reservoir
is stratified and the water environment is complex. Con-
ventional sampling and monitoring methods cannot be
fully applied to water environment monitoring in deep

Three-dimensional monitoring and comprehensive

reservoirs. To realize real-time online monitoring of key
water environment indicators from the surface layer to
the water depth of 200.0 m, an online automatic moni-
toring technology (point) of the water environment of a
200.0-m deep reservoir and a three-dimensional remote
monitoring technology (plane) of the water environment
based on UAV and remote sensing images are developed
and used to construct an “air-ground integrated” three-
dimensional monitoring system of the deep reservoir
water environment. Consequently, the characteristics
and variation rules of the water environment of deep
and large reservoirs are analyzed, and the evolution
mechanism of hydrological physics and water chem-
istry, environment, and ecology of deep and large reser-
voirs is revealed. A technology system for optimizing
and controlling the layout of water environment moni-
toring stations of deep and large reservoirs is estab-
lished, and a comprehensive water environment quality
evaluation technology, as shown in Fig. 14, suitable
for the characteristics of deep and large reservoirs is
developed.

Input

Small sample
monitoring data

Physical mechanism model

Feedback

F N

Mimic
Measured
deformation of dam

Model

modification

-

/’ Moo/
Flexﬂale intelligent
displacement meter

| wip-Data-driven route Model-driven route

Multi-source
monitoring
data fusion

Prediction /
—

.

. ’rediction of
deformation field

Fig. 13 Deep coupling model-driven and data-driven intelligent prediction method for reservoir dam deformation.

The deep reservoir in
Lancang River Basin is
represented by
Nuozhadu Reservoir

Main environmental ———> Indicator ————>Assignment ———> Evaluation

Characteristics
of water
environment

. screening
issues i/
s ——— Partition Grading
. ~
= :'tllladrr:c(g:i:rt?clg /< Pollutant accumulation in  _\ assignment evaluation
1 stagnant water area \ Physical index —
Water temperature L Cold water disch I
and stratification 1 old water discharge 1
pH | 1
1 |
Microelement 1> Heavy metal pollution ! )
Biochemical indicat 1 Chemical index _‘ River zone First-level
iochemical indicators : h : 1 evaluation
(COD, BOD, organic) : Organic 1ce pollution X
C-N-P biogenic elements l 1 : Lake zone
|
Biomass of plankton } | L 1 Bio-ecological
3 Water Water eutrophication and . -
Plankton community ecological ™ water bloom X index Transition
structure change I | Zone Second-level
\ N
Greenhouse gas \ CO,, CH, release | evaluation
|
Reservoir sediment : Carbon sink Third-level
1 evaluation —|
— Others L Other ecological issues, f
\ such as fish ,
S
N e e o e e - ”

Fig. 14 Comprehensive evaluation of water environment quality.

Evaluation
conclusion



Practice and prospects for intelligent construction and smart operation of Lancang River Hydropower Projects 13

3.4.2 Online monitoring module of deep reservoir water
environment

The online monitoring module of the water environ-
ment of deep and large reservoirs exceeds the limit of
super-deep water depth of 200.0 m and achieves real-
time online monitoring of key water environment in-
dexes, such as water depth, water temperature, dissolved
oxygen, pH, conductivity, turbidity, and chlorophyll
level, from the surface to 200.0 m deep bottom water,
filling the gap of super-deep water environment moni-
toring at home and abroad.

4 Conclusions and prospects of smart hy-
dropower

The following instructions are based on years of re-
search, development, and practice in intelligent con-
struction and smart operation of hydropower projects in
the Lancang River Basin. First, adhere to demand-oriented
and value-oriented principles, focusing on top-level
planning and design. Second, establish a strong organi-
zational implementation mechanism. Third, coordinate
the relationship between the new technology and con-
ventional management mode. Fourth, strengthen training
and accelerate popularization and use efficiency of in-
formation technology. Fifth, attach significant importance
to the improvement of the system and continuously im-
prove the reliability and convenience of information
technology.

The majority of China’s hydropower resources will be
developed in the high-cold and high-altitude areas of
Southwest China. Facing many challenges such as harsh
natural conditions, complex geological conditions, fragile
ecological environment, and backward infrastructure,
construction of these projects is difficult. Smart hy-
dropower technology is an inevitable trend in modern
science and technology and industry development and
will become a necessary means of hydropower project
construction and operation management. The new con-
cept of full life cycle development of “digital design, in-
telligent construction, and smart operation” should be
fully implemented. Dam technology should adhere to
the principle of “safe and efficient, green environmental
protection, and intelligent interconnection”. Basin de-
velopment should achieve “overall planning, common
technology sharing, individual key breakthroughs, and
coordinated development of the basin”. Based on the
entire life cycle of engineering design, construction, and
operation, key projects such as dams, factories, slopes,
and units should be considered in all aspects, links, and
elements. An information system and standards for the
entire life cycle of hydropower stations should be pro-
posed, and a method system for engineering intelligent
perception, wireless transmission, professional analysis,

dynamic monitoring, evaluation and early warning,
decision support, terminal push, data mining, etc.
should be established to form a set of green and intelligent
construction technologies that lead the industry and
achieve “digital, information, and intelligent” manage-
ment of the entire life cycle of hydropower station engi-
neering construction. After several generations of efforts
and experience accumulation and through the combina-
tion of production, research, and application of science
and technology, China’s smart hydropower technology
will constantly make breakthroughs, leading the world’s
hydropower development to achieve a new leap.
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