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Fig.1 Schematic diagram of the development of Chinese

concrete face rockfill dams™
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Tab.1 Typical concrete face rockfill dams with special engineering problems
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Fig. 2 Research flowchart of safety monitoring key technologies for concoret face rockfill dams addressing the challenges of

“three high, one deep,and one narrow”
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Tab.2 Concrete face rockfill dams with a height of over
100 m built on the deep overburden layer
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Tab.3 Part of the concrete face rockfill dams built in
narrow valleys in China
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Tab.4 Main monitoring methods of concrete face rockfill dams considering the special engineering problems of “three

highs, one deep, and one narrow”
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Tab.5 Key monitoring parts and corresponding monitoring items of concrete face rockfill dams considering the special en-
gineering problems of “three highs, one deep, and one narrow”
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formation monitoring system
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Abstract:

Significance The construction of concrete face rockfill dams (CFRDs) in China presents both remarkable development opportunities and consid-
erable technical challenges. The complex topographic and geological conditions, harsh natural environments at dam sites, and the transition from
200 m to 300 m in dam height impose greater demands on the advancement of safety monitoring technologies for CFRDs. Typical engineering
challenges include high dam heights, alpine environments, strong seismic activity, deep overburden foundations, and narrow valleys. These de-
manding conditions inevitably result in issues such as significant deformations, damage to the face slab and joint waterstops, and subsequent dam
leakage, all of which threaten the operational safety of the dams. Therefore, beyond precise design, standardized construction, and comprehensive
management, systematic safety monitoring of CFRDs is essential based on their physical and mechanical characteristics to fully meet safety moni-
toring requirements under these specialized engineering conditions. This review aims to provide systematic theoretical support and practical guid-
ance for the advancement of safety monitoring technologies for CFRDs, ensuring the long-term operational safety of these dams under the “three
highs, one deep, and one narrow” engineering challenges.

Progress This study focused on specific engineering challenges such as high dam height, alpine regions, high seismic intensity, deep overburden,
and narrow valleys. It systematically reviewed the structural issues of CFRDs under the “three highs, one deep, and one narrow” conditions, em-
phasizing that the core of CFRD technology lies in deformation control and comprehensive deformation coordination. Research indicated that an
increased dam height exacerbated CFRD deformation, which led to panel cracking and weakened the dam’s anti-seepage system. CFRDs in high
seismic intensity zones exhibited significant permanent deformation, making them prone to local cracks and internal damage. CFRDs constructed
in extremely low-temperature conditions demonstrated poor durability and a higher risk of waterstop structure failure. CFRDs built on deep over-
burden layers were susceptible to uneven settlement, long-term deformation, and panel cracking. CFRDs located in narrow valleys experienced
large deformation gradients, which caused damage to waterstop structures and panels. The study also reviewed the development of safety monitor-
ing technologies for CFRDs, summarizing key monitoring techniques under special engineering conditions. It identified critical monitoring areas,
main monitoring items, and common monitoring methods, highlighting that deformation and seepage remained the primary monitoring focuses
for CFRDs under “three highs, one deep, and one narrow” conditions. Specifically, high dams required attention to deformation and seepage
safety; CFRDs in high seismic intensity zones needed enhanced strong-motion monitoring; CFRDs in alpine regions needed a focus on ice pres-
sure, dam body, and panel deformation; CFRDs built on deep overburden layers required monitoring of foundation settlement, cutoff wall defor-
mation, and anti-seepage effectiveness; CFRDs in narrow valleys demanded emphasis on surface and internal deformation, panel deformation,
and rockfill stress. The study introduced self-developed monitoring equipment, such as a dual-prism device based on GNSS monitoring, to align
monitoring technology with CFRD construction standards under special conditions. Based on dam safety monitoring work, it summarized im-
provements in construction methods and control indicators, analyzing engineering measures to enhance CFRD serviceability under “three highs,
one deep, and one narrow” conditions. The control methods for comprehensive deformation coordination in CFRDs were also explored. Specifi-
cally, for high CFRDs, attention was paid to the overall three-dimensional spatial deformation coordination, the independent multi-layer sealing
and self-healing capabilities of the waterstop structures, the repairability of the dam body, the addition of permanent horizontal joints to enhance
deformation adaptability, and the strict control of hard rock dam construction and particle gradation to improve dam strength. For CFRDs in high
seismic intensity zones, comprehensive seismic measures were recommended, such as reasonable dam crest elevation, optimized drainage sys-
tems, reinforced foundations, expanded cushion zones, high-quality construction materials, gentler slopes or reinforced structures, adaptive water-

stop materials, increased panel thickness and reinforcement, and enhanced strong-motion monitoring. In alpine regions, thin-layer heavy vibratory
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compaction, improved panel frost resistance, enhanced thermal exchange, increased reinforcement, and better cushion zone drainage were indi-
cated. For CFRDs built on deep overburden layers, full-depth cutoff walls, connecting slabs for improved plinth conditions, and stress-
deformation analysis of cutoff walls were essential. In narrow valleys, medium-hard rockfill materials, reasonable pre-settlement periods, flexible
fill materials, special compaction zones, high toe walls, or internal plinth designs were recommended to improve stress-deformation states and en-
sure stability. The core of CFRD technology lies in ensuring deformation coordination between the dam body and panels, which was achieved
through numerical analysis, optimized dam zoning, higher downstream rockfill compaction standards, and balanced full-section filling to prevent
panel separation and cracking, enhancing overall dam stability.

Conclusions and Prospects Research indicates that as dam height increases, combined with complex topographic and geological conditions and
harsh natural environments at dam sites, the physical and mechanical properties of CFRDs become increasingly complex. An in-depth investiga-
tion of the structural characteristics of CFRDs under the “three highs, one deep, and one narrow” conditions is essential not only for advancing
dam construction and design feedback but also for enhancing dam safety monitoring. In this regard, monitoring projects and methods for CFRDs
under high dam height, high seismic intensity, alpine regions, deep overburden, and narrow valleys should emphasize key indicators such as dam
deformation, strong-motion monitoring, ice pressure, foundation settlement, and panel deformation. Developing new precision monitoring instru-
ments with large ranges and high water pressure resistance is necessary to overcome the inherent limitations of conventional monitoring technolo-
gies. These instruments are vital for accurately detecting abnormal conditions under extreme climatic and harsh environmental circumstances, en-
suring that the safety monitoring requirements of CFRDs under special engineering challenges are met. In the future, predictive technology for
CFRD safety performance requires significant enhancement. Large-scale and high-stress experiments on dam construction materials should be pri-
oritized to establish constitutive models that comprehensively incorporate multiple influencing factors. In addition, attention should be devoted to
special engineering challenges such as high altitude, steep slopes, and karst landforms, which affect dam design and monitoring technologies. The
integration of advanced technologies such as the Internet of Things (IoT) and artificial intelligence (Al) is also essential to raise the development
of intelligent and precise safety monitoring systems, enabling real-time monitoring and early warning of dam operational conditions.

Key words: concrete face rockfill dam; safety monitoring; high dam height; alpine region; high seismic intensity; deep overburden layer; narrow

valley
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