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Abstract: Thermal cracking is an inevitable phenomenon in concrete dam construction. In this study, we develop a set of
control technologies for concrete dam construction that mitigates thermal cracking. The key technological innovations include:
(1) material production technology that improves the crack resistance of hydraulic concrete; (2) progress-temperature-behavior
coupling control with the time interval as the key variable; (3) spatiotemporal temperature closed-loop intelligent control with
pipe cooling as the core; (4) thermal anti-cracking safety systematic control based on five factors (homogeneity, continuity,
proportionality, integrity, and durability (HCPID)); (5) an intelligent construction management and control platform based on
dynamic perception, analysis, and control. A comprehensive technical system for thermal anti-cracking safety control in concrete
dams is established, with concrete quality functioning as the basis, construction process as the timeline, temperature control
technology as the core driver, and the intelligent management and control platform functioning as a tool. The developed
technologies were implemented in the construction of the Xiluodu, Wudongde, and Baihetan concrete dams in China. Subsequently,
thermal cracking was not observed in post-construction investigations. Our results provide a reference for the design and

construction of similar projects.
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1 Introduction

Thermal cracking of concrete accompanies the
application of hydrating cementitious materials in dams
(Tasri and Susilawati, 2019). Concrete is a brittle and
inhomogeneous material with low thermal conductivity.
Moreover, its tensile strength is 1/14—1/10 of its com-
pressive strength. Considering limitations such as con-
struction capacity, pouring block size, poor heat dissi-
pation, rapid increases in internal temperature, com-
plex construction processes, hostile construction and
operation environments, and others, thermal cracking
in concrete comprising hydraulic structures is a diffi-
cult problem to address (Zhu, 2012). In the context of
concrete dams, cracks reduce the effective section area
and the bearing capacity, thus reducing safety. Cracks
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also cause concrete corrosion, reduce concrete dura-
bility, and shorten the working life of dams (Wang
and Mackawa, 2022; Wang et al., 2023). At the same
time, cracks destroy the integrity of structures and
treating them increases project costs. In addition, tem-
perature and humidity usually affect concrete perfor-
mance in tandem, which is particularly relevant for
dams (Sun et al., 2023). Under the action of a high
water head, cracks may develop into seepage chan-
nels or even propagate into the structure, severely af-
fecting the long-term safety of dams. Moreover, as hy-
dropower development expands to high-altitude re-
gions, cracks will also be affected by freeze-thaw cy-
cles, further endangering dam structures (Gong et al.,
2023).

Thermal cracking in concrete dams is a challenge
in terms of design, construction, and operation (Zhu,
2006; Zheng, 2009; Zhang et al., 2018). For example,
Jiari (built in 1953, France), Tuola (built in 1960,
France), and Kolnbrein (built in 1978, Austria) have all
had to be reconstructed, repaired, or reinforced because
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of severe thermal cracking following reservoir im-
poundment (Zhu, 2006; Yang et al., 2010; Jia, 2016).
In 1985, the Sayano-Shushenskaya arch dam in Russia
was observed to have 5590 cracks, existing in 24% of
the concrete blocks (Wang, 2009). In the 1980s, the
breakthrough of 7 °C precooling concrete in the con-
crete mixing system of the Gezhouba hydropower sta-
tion (Xie, 1983), as well as the treatment of concrete
cracks in the constrained foundation of the Dongjiang
arch dam, improved concrete temperature control tech-
nology for dam engineering in China (Peng and Lin,
1987). By optimizing temperature control measures
in the Three Gorges project, localized surficial cracks
in the flood discharge dam sections constructed in the
second phase were treated, and surficial thermal crack-
ing in the third phase was minimized (Zheng, 2009).
Surficial cracks were observed in the Ertan arch dam
(completed in 2000) during construction and oper-
ation (Yang et al., 2010). The Xiaowan arch dam
began to pour at the end of 2005, and internal cracks
parallel to the dam axis were observed in certain dam
sections in October 2007 (Wang et al., 2011). Later, in
March 2008, a large range of penetrating cracks was
observed in the unconstrained region during joint
grouting (Wang, 2009). In addition, during the con-
struction of Laxiwa, Jinping I, Goupitan, and other
arch dams, concrete has experienced cracking of vari-
ous degrees (Wang, 2009; Tang and Zhang, 2011; Li,
2013). Note that these dams have been carefully in-
spected and treated and are under continuous monitor-
ing; thus, they still operate safely and effectively.

Theory
Temperature temporal variation

Temperature gradient

Temperature curve

2 Development history of thermal anti-cracking
safety control for concrete dams

The construction of concrete dams without ther-
mal cracks is a major goal for hydraulic engineers.
Since 2000, the construction of 300 m-level concrete
arch dams in Southwest China has expanded (Jia,
2016; Fan, 2017; Fan et al., 2022). With high reser-
voir water pressures, high stress in the dam concrete,
high strength grades required for the concrete, large
amounts of cement consumed in construction, and high
adiabatic increases in temperature due to hydration
exothermic reaction, 300 m-level arch dams necessi-
tate high standards for concrete thermal cracking con-
trol. Because of the influence of structure shape, mate-
rial properties, construction practices, and other fac-
tors, characteristics emerge that present challenges for
thermal cracking control in high arch dams. These in-
clude the larger bottom width and larger length-to-
width ratio of concrete blocks, the increase in internal
temperature after pipe cooling of medium-heat cement
concrete mixed with fly ash and a high content of
magnesium oxide, and the rapid cooling prior to joint
grouting with a low arch closure temperature.

To remediate thermal cracking, researchers have
continuously made improvements in temperature con-
trol theory, concrete materials, intelligent cooling con-
trol technologies, and other aspects through innova-
tive approaches. Significant breakthroughs have been
achieved in terms of thermal anti-cracking control for
mass concrete design and construction. These improve-
ments are outlined in Fig. 1.
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Fig. 1 History of dam thermal anti-cracking safety control



2.1 Theories

Temperature control theories have been devel-
oped based on structural analysis, experimental re-
search, and feedback monitoring; some examples in-
clude prevention of penetrating cracks in foundations
by controlling the highest temperature to reduce the
temperature difference (Peng and Lin, 1987), preven-
tion of surface cracks by external thermal insulation,
and curing to tackle changes in ambient temperature
(Zhu, 2006). With the application of technologies such
as intelligent cooling, more precise temperature con-
trol theories are being developed, with many leverag-
ing temperature curves, gradients, and temporal varia-
tions (Lin et al., 2013; Zhang et al., 2018; Ning, 2022).

2.2 Materials

In (Fan et al., 2016a), a medium-heat Portland
cement with a high content of magnesium oxide was
developed for the Xiluodu dam. The thermal and me-
chanical performance of the concrete was improved
through analysis of the temperature control mech-
anism and experimentation with the proportions of fly
ash admixture, high-efficiency admixture, polyvinyl
alcohol (PVA) fiber, silica fume, and other materials
(Fan et al., 2016a). Based on practical examples of the
Hoover, Three Gorges, Xiangjiaba, Xiluodu, and other
dams, technical standards for low-heat cement suitable
for hydraulic concrete have been formulated (GAQSIQ
and SA, 2017; Wang L et al., 2018). Low-heat cement
hydraulic concrete with improved crack resistance has
accordingly been developed (Fan et al., 2016b) and
applied to the Wudongde and Baihetan superhigh arch
dams with good results (Li et al., 2017).

2.3 Construction measures

During the Gezhouba project in China, the target
control of an out-of-mixer temperature of 7 °C was
achieved via different technological innovations, such
as adding water-cooled aggregates and concrete mix-
ing by adding ice or cold water (Xie, 1983). During
the construction of the Three Gorges project, water-
cooled aggregates were replaced by air-cooled aggre-
gates in laboratory tests and production trials, and have
been widely applied thereafter (Niu, 2022). Cooling
pipes have also been widely utilized in concrete dam
construction (Tasri and Susilawati, 2019). The long-
term effect of surface thermal insulation has been in-
vestigated and tested in dam projects such as the Three
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Gorges, Xiluodu, and others. The method and tech-
nology have been constantly improved to strengthen
targeted surface thermal insulation during cold waves
or seasons for long-term thermal insulation and cur-
ing (Zhu, 2006; Zhang et al., 2018). In terms of pour-
ing layer thickness control, 1.5 and 3 m lift technolo-
gies for large block surface pouring were developed
for the Three Gorges, Ertan, and other projects. Fur-
thermore, a greater lift thickness pouring technology
of 4.5 m was applied in the Jinping I, Wudongde,
and other dams (Wang et al., 2015), providing a possi-
ble solution for the conflict between temperature con-
trol and rapid pouring.

The collection and analysis of temperature con-
trol information directly determines the scientificity,
intelligence, and effectiveness of thermal cracking
control (Zhong et al., 2011; Lin et al., 2013). Numeri-
cal simulation has laid a foundation for improved
evaluation of thermal anti-cracking safety and control
strategies (Fu et al., 2011; Zhang et al., 2018). Simul-
taneously, the development of information technolo-
gies, such as data mining and artificial intelligence,
has provided favorable conditions for intelligent tem-
perature control methods to blossom. Upon the appli-
cation of customized pipe cooling in the Three Gorges
Dam (Zheng, 2009; Niu, 2022), a new intelligent cool-
ing control technology (Lin et al., 2013) was success-
fully applied in the Xiluodu, Wudongde, Baihetan,
and other projects (Ning et al., 2022). This significantly
improved the quality and efficiency of temperature
control, essentially providing an approach to control
thermal cracking.

2.4 Thermal anti-cracking cognition

With the continuous evolution of dam construc-
tion technology and practice, the cognition of thermal
cracking control has evolved from no dam without
cracks (Zhu, 2006), to crack prevention and control
(Zhang et al., 2018), to dams without significant cracks
(Zhang et al., 2010; Fan et al., 2021). A dam without
significant cracks has been built as a reality (Yang and
Song, 2021). On June 1, 2021, the Chinese People’s
Daily newspaper reported: “On the mainstream of the
Jinsha River, the Baihetan hydropower station, which
is currently the largest dam under construction in the
world with a total installed capacity of 16000 MW,
was poured to the top in the afternoon of May 31,
2021. No thermal cracking has occurred since the first
pouring, indicating that China has fully mastered the



440 | J Zhejiang Univ-Sci A 2026 27(4):437-452

technology of thermal cracking control for mass con-
crete.” From the practice of thermal cracking control
in Baihetan and other projects on the Jinsha River, it
has been revealed that a key to mitigating thermal
cracking is to understand the real crack resistance of
concrete in the entire construction process; moreover,
it is important to conduct evaluations and develop ef-
fective and innovative control strategies.

3 Novel technologies for thermal anti-cracking
safety control in concrete dams

A key to anti-cracking safety control in concrete
dams is the relationship between the real crack resis-
tance of the concrete and the real spatiotemporal stress
level of the structure. Through full life-span control of
concrete temperature, structural stress in concrete, crack
resistance, and technological innovations regarding
thermal cracking by utilizing of intelligent construc-
tion closed-loop control theory (Fan et al., 2021), the
thermal cracking problem can be effectively solved.

Based on the construction practice of Xiluodu,
Wudongde, Baihetan, and other 300 m-level arch dams,
in this study we summarize the successful experiences
and theoretical system that was developed for anti-
cracking safety control in concrete dams. By account-
ing for the temporospatial evolution of and relation-
ships between concrete temperature, construction prog-
ress, concrete strength, concrete stress, deformation, and
anti-cracking safety, the comprehensive anti-cracking
control method and technical system were designed
accordingly. It has structural safety as its premise,
concrete quality as its basis, progress as its thread, re-
sources as its guarantee, and intelligent closed-loop
control of temperature as its core driver, and these as-
pects are investigated as such. Our findings provide a
reference for the development and application of anti-
cracking safety control systems in future concrete
dams.

3.1 Material production technology for improving
the crack resistance of hydraulic concrete

3.1.1 Technical method of thermal anti-cracking
control for 300 m-class super-high arch dams

The Xiluodu arch dam features coarse basalt and
fine limestone aggregates. To prevent the thermal
cracking of concrete, advanced thermal anti-cracking

control technology and heavy management measures
were adopted, including: (i) usage of medium heat
cement with high magnesium oxide content to reduce
the volume shrinkage deformation of the concrete;
(i1) basic requirements for the pouring of precooling
concrete throughout the year, pipe cooling for dam
concrete in the entire process, and thermal insulation
and curing throughout the year; (iii) an intelligent cool-
ing control system with responsible implementation
of the technology and thermal anti-cracking measures
for the concrete.

Owing to challenges in the construction of the
Baihetan and Wudongde arch dams, namely the dam
shapes and adverse weather conditions including strong
winds, dryness, and heat, to improve the safety and
reliability of thermal anti-cracking control, artificial
limestone aggregates are selected and the innovative
thermal anti-cracking control technologies of the Xi-
luodu Dam were applied. An intelligent cooling con-
trol system and low-heat cement concrete were fully
applied, and a concrete dam without significant ther-
mal cracks was built. Thus, a comprehensive techn-
ical system was formed with core temperature control
technologies, such as the combination of “medium
heat cement/low heat cement+precooling concrete+
first-class fly ash+efficient admixturetintelligent cool-
ing system+fully covered curing and insulation.”

Table S1 of the ESM lists the main technical
parameters of the medium- and low-heat cement used
in the Xiluodu, Wudongde, and Baihetan dams. In
engineering practice, two hydraulic concrete technical
routes represented by medium- and low-heat cement
were formed, which can both meet the target thermal
anti-cracking control requirements of hydraulic con-
crete. However, on the contrary, the use of low-heat
cement hydraulic concrete can better achieve the goals
of a controllable highest temperature, an adjustable
temperature change process, and optimizable tempera-
ture control measures. Low-heat cement has become
an alternative solution for construction of mass con-
crete. For example, the latest Chinese industry stan-
dard, the Concrete Arch Dam Design Standard (NEA,
2021), notes that high dams should use medium- or
low-heat Portland cement.

3.1.2 Production of medium-heat cement with high
internal magnesium oxide content

Based on a comprehensive comparison of the
two technical paths of medium-heat cement mixed



with magnesium oxide and high internal magnesium
oxide, along with leveraging engineering research,
process analysis, and material tests, the second techn-
ical path of medium-heat cement with high internal
magnesium oxide was adopted in Xiluodu, and the
micro shrinkage of concrete was controlled within 20
micro strains. The Xiluodu project proposed the medium-
heat cement production method of “two grinding and
one burning” for their high arch dam (Fan et al.,
2016a). First, the design values of the lime saturation
factor (LSF), silica modulus (SM) (=SiO,/(Al,O,+
Fe,0,)), and alumina modulus (IM) (=Al,0,/Fe,0,) ra-
tios of cement raw materials are defined. Limestone,
shale, sandstone, dolomite, and zinc slag were used as
raw materials to obtain the mixture, and coal (calorific
value>5500 kcal/kg, 1 kcal=4.2 kJ) was selected as
the burning fuel. Second, the mixture was ground to
obtain cement raw meal. The actual three-ratio value
of the cement raw meal was tested, and the raw ma-
terial ratio was adjusted accordingly to ensure that it
fulfilled the design requirements. Third, the cement
raw meal was calcined in a kiln to obtain a cement
clinker. The lime saturation factor LSF, SM, and IM
ratios of the cement raw meal in the kiln were con-
trolled, and the calcination was conducted to partial
melting at the calciner outlet temperature range of
860-930 °C and the kiln hood temperature range of
1000-1150 °C, forming a clinker with the main min-
erals of C,S, C,S, C,A, and C,AF whose weight ex-
ceeded 1200 g/L. Note that in this process, the clinker
must be uniformly granulated, the minerals must be
completely developed, and no reduction atmosphere
should be used. Finally, the cement clinker was ground
with gypsum to obtain the finished cement product.
The cement clinker and natural dihydrate gypsum with
crystal water content >15% and SO, content >38%
were added to the cement mill at reasonable propor-
tions for mixing and grinding such that the SO, con-
tent in the milled cement was <3%, the specific sur-
face area was <330 m’/kg, and the water mud tem-
perature was <110 °C.

3.1.3 Production of low-heat cement concrete for
300 m-level super-high arch dams

The thermal anti-cracking control method for the
mass hydraulic concrete of super-high arch dams based
on low-heat cement concrete (Fan et al., 2016b) was
adopted in the Baihetan and Wudongde dams. The pur-
pose of this method is to limit the temperature change
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and shrinkage of hydraulic concrete and prevent
thermal cracking by controlling the material composi-
tion of hydraulic concrete and the pouring process.
The method specifically involves precooling aggre-
gate and adding flake ice and cold water to control
the out-of-mixer and pouring temperatures of hydrau-
lic concrete; using low-heat cement and adding high-
grade I fly ash as the cementitious material; embed-
ding cooling pipes to control the highest temperature
of the hydraulic concrete; utilizing four-grade aggre-
gates and PVA fibers to prevent cracks; controlling the
out-of-mixer temperature of the hydraulic concrete
to <7 °C in the summer and <9 °C in the winter; con-
trolling the pouring temperature to <12 °C and the
highest temperature to <27 °C. In the concrete mix pro-
portion, the content of Grade I fly ash is 35%, and the
water-reducing agent and air-entraining agent are pre-
pared on-site in a solution with mass concentrations of
20% and 1%, respectively. The length of the PVA fiber
is within 12—-15 mm, with an equivalent diameter in the
range of 14-20 pm, a breaking strength >1500 MPa,
and a mixing amount of 0.9 kg/m’. The temperature
ranges of the flake ice and cold water used are —7 °C
to =5 °C and 5 to 7 °C, respectively, and the tempera-
ture of the four-grade aggregates is controlled to the
range of =2 to 1 °C by air cooling.

Table 1 presents a comparison between the min-
eral composition, thermodynamic properties, etc. of
medium- and low-heat Portland cement concrete.
Based on the long-term crack resistance test results of
medium- and low-heat cement concrete, which use
the actual mixing ratio as in the project under labora-
tory and on-site conditions, a basic understanding of
the real crack resistance was formed. Specifically:
(1) The hydration heat and adiabatic temperature in-
crease in low-heat cement are lower at each age than
those of medium-heat cement (Figs. 2a and 2b). The
hydration reaction and exothermic rates of low-heat
cement are relatively slow, which can better perform
pipe cooling and other measures to control the spatio-
temporal temperature gradient. (ii) Low-heat cement
exhibits low early strength and high late strength rates
of increase. Generally, after 60—90 d of age, its tensile
and compressive strength exceeds that of medium-
heat cement (Fig. 2c). (iii) Low-heat cement concrete
possesses characteristics of large ultimate tensile strain,
good impact, wear resistance, and more dense hydra-
tion products.
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Table 1 Property comparison of low- and medium-heat Portland cement concrete materials

Concrete material

Property -
Low-heat cement concrete (LHC) Medium-heat cement concrete (MHC)
Mineral composition Mainly C,S with low hydration in the early stage and Mainly C,S with high early hydration,
(Lietal., 2017) continuous hydration in the later stage early high strength, and fast hardening
Chemical reaction 2C,S+5H,0=C,S,H,+Ca(OH),, C,S+7H,0=C,S,H,+3Ca(OH),,
(Ji, 2010) AH=-43 kJ/mol AH=-118.4 kJ/mol
Heat of hydration The hydration heat of LHC is lower than that of MHC at each age, with an average difference of
50 kJ/kg
Adiabatic temperature  The adiabatic temperature rise of LHC is lower than that of MHC at each age, with a difference of
rise 2.0-3.5°C in 28 d (Fan et al., 2018) and a maximum difference of 4.8 °C (Chen GX et al., 2021)
Strength The strength of LHC is lower than that of MHC at an early age (7 d, 28 d), and is generally higher
than MHC after 60-180 d (Fan et al., 2018; Chen GX et al., 2021)
Elastic modulus The law is similar to strength

Ultimate tensile strain ~ The law is similar to strength

Autogenous volume The autogenous volume deformation of LHC is close to MHC, both of which are dominated by
deformation micro expansion (Fan et al., 2018), related to water binder ratio and MgO content
Creep The creep of LHC is close to MHC
Shrinkage The shrinkage of LHC is slightly lower than MHC (Chen GX et al., 2021)
Durability The pores are relatively few in LHC, and the calcium silicate gel of LHC is more compact (Chen
GXetal., 2021)
Crack resistance test Plate method test: the cracks formed in LHC are thin, the initial crack time is delayed, and the

number of cracks and the average crack area are small (Ji, 2010); ring temperature fracture test:
the crack width of LHC is much smaller than MHC (Shi et al., 2015)
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3.2 Progress-temperature-behavior coupling control
with pouring interval as a key variable

The progress of dam construction directly deter-
mines the thermal and structural stresses in dam con-
crete, which are closely related to structural safety. It
is crucial to have structural safety as the main goal,
and consider the preprocessing of foundation treat-
ment, construction resource constraints, temperature
control status, etc., in conducting real-time coupling
analysis and dynamic adjustment. Foundation treat-
ment is the preprocess of concrete pouring, whereas
concrete pouring is the preprocess of pipe cooling,
joint grouting, etc. Foundation treatment affects the
pouring progress. Once the pouring progress changes,
the corresponding temperature control and joint grout-
ing scheme changes. The long interval caused by the
pouring lag increases the constraint of old concrete on
newly poured concrete, thereby increasing the risk of
structural cracking. However, it will also cause the
cantilever height, maximum height difference, and ad-
jacent height difference to be uncontrollable because
of the joint grouting delay, which is unfavorable to
the control of dam proportionality and continuity.

3.2.1 Consolidation grouting technology with no
covering weight

To construct concrete in a dam foundation-
constrained area, the key points of thermal anti-
cracking control are to select the appropriate pouring
season, such as the low-temperature season, and to
shorten the occupation time for the dam concrete pour-
ing through dam foundation consolidation grouting.
Under the condition that the concrete in the foundation-
constrained region of arch dams must be poured year
round, dam foundation consolidation grouting tech-
nology introduces the benefits of rapid and continuous
concrete construction, and prevents concrete cracking
in the strongly constrained region. Thus, based on the
technical measures of the primary excavation of bed-
rock and the secondary construction of bedrock con-
solidation grouting in the bank slope dam section
(which does not occupy the dam concrete pouring
block surface), a consolidation grouting method with
no covering weight or with bedrock covering weight
is developed for the riverbed dam section. For exam-
ple, based on the revealed geological conditions of the
dam foundation, consolidation grouting with no cov-
ering weight and secondary pipe-guide high-pressure
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regrouting were adopted at the Wudongde dam. For
the Baihetan dam, foundation consolidation grouting
with a protective layer weight was conducted where
the protective layer was to be excavated for the river-
bed dam foundation. Based on the grouting effect test,
the secondary grouting for the shallow rock mass
after excavation of the protective layer was conducted
using the effective weight after the dam height in-
creased through the guide pipe in the dam. The dam
foundation consolidation grouting effect for columnar
jointed basalt and breccia lava was improved with an
increase in grouting pressure. This reduces the impact
on subsequent concrete pouring and ensures an effi-
cient transition with continuous operations from foun-
dation treatment to concrete pouring (Chen WF et al.,
2021).

3.2.2 Progress-temperature-behavior coupling control
technology

The construction progress of concrete dams di-
rectly affects the evolution of temperature fields and
the structural safety. Therefore, this problem must be
addressed in a related manner (Guan et al., 2018;
Wang QW et al., 2018). During the concrete pouring
stage, to enable spatiotemporal evolution process con-
trol of concrete anti-cracking safety measures (with
temperature control as the core driver), the concrete
pouring progress should be controlled based on analy-
sis of the pouring progress and the interlayer interval
control method (Fig. 3a). The general process is as
follows: (i) Based on the analysis of real working be-
havior, the initial minimum interlayer interval ¢, is es-
tablished. (ii) Based on the initial minimum interlayer
interval #,, considering the boundary conditions, equip-
ment resources, and production efficiency that restrict
the pouring progress, the construction progress simu-
lation analysis is conducted. The construction sched-
ule plan with 7, as the preset interlayer interval is re-
ferred to as the preset plan. (iii) The temperature con-
trol and joint grouting process of the dam are deduced
based on this preset plan. Accordingly, simulation
analysis of the working behavior is performed consid-
ering the real parameters, loads, and boundary condi-
tions of the dam, and feedback is provided if the pre-
set plan fulfills the anti-cracking safety requirements.
If not, the scheduling scheme is reoptimized until the
scheduling scheme and the corresponding temperature
control and grouting schemes meet the requirements.
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If the requirements are met, the preset interlayer inter-
val time ¢, is determined as the optimized planning in-
terval ¢, (iv) Construction organization is performed
based on the planning interval ¢,, the corresponding
human and equipment resources are allocated for ac-
tual construction, and the real interlayer interval ¢ is
obtained. (v) The actual interval ¢, and planning inter-
val ¢, are compared. Should the actual interval deviate
from the planning interval, a new optimization cycle
is started.

Effective progress-temperature-behavior coupling
analysis with pouring interval as the key control fac-
tor can significantly improve the efficiency of dam
pouring. For example, the design requirement for the
interlayer interval of the Xiluodu dam is 5-28 d, that
of the Baihetan dam is normally 5—7 d, and the maxi-
mum is not allowed to exceed 20 d. The interlayer in-
terval can be minimized on the premise of meeting the
minimum value. Fig. 3b shows the actual interlayer
intervals of Xiluodu, Wudongde, and Baihetan. The

coincidence rates of the interlayer intervals within
15 d are 69%, 84%, and 76%, and those within 28 d
are 93%, 99%, and 100%, respectively.

3.3 Intelligent closed-loop temperature control
technology with pipe cooling as the core driver

The comprehensive measures for the thermal anti-
cracking control of 300 m-level superhigh arch dam
concrete include strict temperature control standards
that consider constraints for the entire dam, the pouring
of precooling concrete, pipe cooling for dam concrete,
thermal insulation and curing, and joint grouting, all
throughout the year. Following the intelligent closed-
loop control principle of “comprehensive perception,
real analysis, real-time control, and continuous optimi-
zation,” a control system was built for the mixing,
transportation, pouring, pipe cooling, thermal insula-
tion, and curing processes (Fig. 4), in order to control
the concrete temperature process curve.
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3.3.1 Intelligent cooling technology as the core measure
of thermal anti-cracking control

The key to concrete temperature control is the
multidimensional temperature gradient of the dam
body, and the core driver of this method is pipe cool-
ing following the determination of the materials, struc-
tures, and environment. The various control require-
ments at each stage, such as the target temperature,
drop amplitude, change rate, water temperature, and
flow rate, need to be guaranteed by the accurate cool-
ing process control in real time; this cannot be realized
by traditional manual pipe cooling methods, which
have low feedback speed. Novel intelligent cooling
control technology can ensure reasonable and man-
ageable distribution of thermal stress and prevent crack-
ing (Lin et al., 2013; An et al., 2024).

The proposed intelligent cooling technology uses
a digital thermometer, distributed optical fiber, and
other components to monitor the spatiotemporal tem-
perature evolution process of concrete in real time
(Peng et al., 2020). This technology uses integrated in-
telligent cooling control equipment to monitor the tem-
perature and flow of the cooling water in real time;
analyzes the temperature distribution, gradient, and
change rate in the concrete; and forms a real 3D tem-
perature field (Lin et al., 2021). It calculates the real
thermal stress and cracking risk, forms a continuous
and optimized temperature control strategy, intelligently
manages the operational status of the valves and water
supply equipment, etc., and enables on-demand intelli-
gent control of the temperature, flow, and direction of
cooling water (Ning, 2022).

Research on the theories and methods of intelli-
gent temperature control has revealed that, due to the
low heat and slow heat characteristics of concrete,
continuous pipe cooling modes, and controllable wa-
ter temperature, a continuous and stable cooling con-
trol strategy with dynamic optimization of curve seg-
mentation should be adopted. Optimization of the tar-
get temperature control curve can be performed by
minimizing the thermal stress or temperature gradient
(Ning, 2022).

3.3.2 Intelligent temperature control of concrete during
mixing, transportation, and pouring

Based on infrared or online temperature sensing
technology, the aggregate, out-of-mixer, placing, and
pouring temperatures can be measured. Through the
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intelligent analysis and control of concrete construc-
tion, including mixing production, horizontal transpor-
tation, vertical transportation, and block surface opera-
tion, the out-of-mixer, placing, and pouring tempera-
tures at different parts and in different seasons can be
controlled in a stable manner. Thus, accurate tempera-
ture control of mixing, transportation, and pouring can
be realized, with reductions in energy waste and pol-
lutant emissions.

3.3.3 Environmental control on the block surface
and in the gallery

By establishing small integrated weather stations
onsite, environmental data on the block surface and in
the gallery are monitored in real time, such as temper-
ature, humidity, wind speed, and solar radiation. Based
on these monitoring data, the spatial distribution of
temperature and humidity can be analyzed dynamically,
and the direction, temperature, flow, and other work-
ing state parameters of the spray or humidifier can be
controlled according to the temperature control strategy
and requirements; in this way, one can control the
local environment on the block surface and in the gal-
lery (Yang et al., 2021). Regarding the pouring sur-
face of the concrete block, a local environment suit-
able for concrete pouring is formed to prevent an in-
crease in concrete temperature due to the ambient
temperature. For the gallery in the dam, local surface
cracks due to inadequate curing and windproof mea-
sures should be prevented.

3.3.4 Intelligent control technology for fully covered
thermal insulation and curing

Many engineering tests and analyses have shown
that long-term thermal insulation on the permanent
surface of a dam, timely thermal insulation on the
concrete working surface, and an exposed surface dur-
ing construction are indispensable. Requirements for
technical indicators of thermal insulation materials
are proposed with these facts in mind. For example,
customized and fully covered thermal insulation on
upstream and downstream surfaces, transverse joint
surfaces, and block surfaces of the dam is performed
using polyurethane, an extruded benzene board, a ther-
mal insulation quilt, and other materials. Fully cov-
ered curing is conducted by running a water pipe and
operating other curing methods to ensure that the con-
crete surface is wet. The thermal insulation door is
used to close off and insulate the gallery, orifice, and
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other detailed structures throughout the year. More-
over, an ultrasonic humidifier is used to cure the sur-
face concrete of the gallery, to reduce the cracking
risk from environmental changes.

4 Intelligent management for thermal anti-
cracking safety during the entire dam lifecycle

The construction of a concrete arch dam is essen-
tially a continuous transformation of a structural sys-
tem. To dynamically optimize and accurately control
the spatiotemporal evolution of long-term anti-cracking
safety, in the temporal dimension it is necessary to co-
ordinate the lifecycle work regarding planning, design,
construction, and operation, and accordingly tackle
four major difficulties. These difficulties include dam
foundation rock quality, concrete thermal anti-cracking,
structural safety, and curtain anti-seepage reliability
controls. In terms of the spatial dimension, the con-
struction of different parts of the rock foundation, dam
body, and detailed special structures must be coordi-
nated. Particular attention should be paid to key parts,
such as the foundation concrete, the contact part be-
tween the lower part of the steep slope dam section
and the bedrock, the gallery in the dam, the diversion
orifice, and the flood discharge orifice.

Comprehensive concrete temperature control mea-
sures should be formulated for the entire process via
material optimization, performance tests, and intelli-
gent control of the construction process and quality.
Through coupling analysis and interacting manage-
ment of the structure and construction progress, the
design shape of the dam is optimized, and the image
and continuity of pouring are controlled. Specific mea-
sures in this construction management approach mainly
include the establishment of key management charac-
teristics for full-lifecycle safety control, and the devel-
opment of a digitally integrated management platform.
In this way, the data and information can be interacted
with and be shared efficiently.

4.1 Co-control of thermal anti-cracking safety
characteristics during the entire lifecycle

Based on the construction management practices
implemented at the Xiluodu, Wudongde, and Baihetan
dams, and considering the multidimensional construc-
tion management objectives of progress, quality, and
safety, five key safety characteristics are proposed for

the full lifecycle of concrete arch dam construction.
They include homogeneity, continuity, proportionality,
integrity, and durability (HCPID) (Fig. 5). These char-
acteristics reflect the anti-cracking capacity and spa-
tiotemporal working behavior of the dam structure.

Taking the construction of a 300 m-level super-
high arch dam as an example, the arch dam is a stati-
cally indeterminate structural system, in which hori-
zontal arches and vertical beams jointly bear the reser-
voir water pressure. The huge reservoir water pressure
is transmitted to the resistance bodies on both banks
through the cooperative work of horizontal arches and
vertical cantilever beams. Dam foundation treatment,
concrete pouring, temperature control, and joint grout-
ing affect the stress and deformation of the dam foun-
dation structure, thereby affecting the anti-cracking
safety of the concrete dam. Owing to the limited con-
struction capacity and temperature control technology
of the construction process, the arch dam needs to be
poured in sequence according to the blocks cut by
joints. The dam is divided into several dam sections
15-20 m wide in the cross-river direction. For each
dam section, the dam needs to be poured in 1.5-4.5 m
high layers (or lifts) from the foundation surface. The
concrete is poured in lifts to form a cantilever beam
structure. After the internal temperature of the con-
crete dam becomes stable through pipe cooling and
other measures, the transverse joints between the dam
sections are grouted to form the integrity of the dam.
Because of the continuous transformation of the stress
of the dam foundation, the anti-cracking capacity
changes with time. The coordinated control of the
structural HCPID serves to regulate the concrete tem-
perature gradient in time and space, so as to ensure the
anti-cracking safety of the structure during construc-
tion (please refer to Section S1 of the ESM for an ap-
plication discussion on the Xiluodu Dam). In general
regarding the arch dam anti-cracking system, integrity
and durability are its goals, homogeneity is its basis,
and continuity and proportionality are its means of
control.

4.2 Intelligent management platform for dam
thermal anti-cracking safety control

Actual control of spatiotemporal temperature
evolution and the HCPID rely on the development of
construction technology and management methods.
Through comprehensive perception, real analysis,
real-time control, and continuous optimization for
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Fig. 5 Co-control of five key characteristics of concrete dam thermal anti-cracking safety
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HCPID

anti-cracking safety across lifecycles, the construction
of dams without significant thermal cracking has be-
come more feasible. With real dynamic evaluation and
real-time closed-loop control of anti-cracking safety
in the entire process of concrete dam construction, the
knowability, analyzability, predictability, and control-
lability of anti-cracking safety in project construction
can be realized, thereby improving construction ca-
pacity and performance. After recognizing that pipe
cooling is the core measure for controlling the evolu-
tion of the spatiotemporal temperature gradient in con-
crete dams, an intelligent cooling control system was
developed and applied in Xiluodu based on a digital
dam project (Lin et al., 2013), with satisfactory ther-
mal anti-cracking control results. Furthermore, a series
of applications of intelligent construction technology
has been comprehensively conducted in Wudongde
and Baihetan to solve key challenges, such as full pro-
cess intelligent temperature control, intelligent prog-
ress management, and coupled simulations of actual
working behavior (Fan et al., 2021).

To ensure dynamic perception, analysis, and
control of HCPID, based on the construction of the
Xiluodu, Baihetan, and Wudongde projects, an intelli-
gent construction management platform (iDam) was
developed through integration of technologies such as
the Dam Panorama Information Model, Geographic
Information Systems, Management Information Sys-
tems, Location-Based Services, and Dam Construction
Simulations; these provide basic data support for all
parties involved in the construction efforts, helping
them tackle important problems in an integrated man-
ner, identify key characteristics, and achieve coupled
and intelligent closed-loop control of vital processes
(Fig. 6). Overall, digital design, intelligent construc-
tion, and smart operation based on building informa-
tion modeling have become popular development di-
rections in the field of hydropower engineering (Zhang
et al., 2023).

Using the iDam platform, intelligent management
for dam thermal anti-cracking safety control can apply
temperature control strategies based on closed-loop
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Fig. 6 Intelligent construction management platform based on HCPID. CTG: China Three Gorges Corporation

control theory. Specifically, this is accomplished by
investigating the concrete cracking mechanism in the
construction process and optimally controlling the spa-
tiotemporal temperature evolution through the intelli-
gent cooling control system. The basic functions of this
platform include temperature control, standard manage-
ment, equipment diagnosis, exception handling, warn-
ings, predictions, data analysis, quality evaluation, and
other processes (Ning et al., 2022). Based on the mul-
tidimensional data of thermal anti-cracking control,
correlation and goal-oriented control rule analyses (Li
et al., 2023) can be performed to optimize the struc-
ture, progress, and temperature control strategies. In
this manner, practitioners can harness the effective-
ness of various intelligent systems for thermal anti-
cracking safety control.

4.3 Discussion on safety management of dams
throughout their lifecycles

In addition to the management of dam structural
safety during construction, the management of safety
during hydropower station operation is also particularly
important. The main approach currently adopted for
this goal is to establish corresponding warning rules
and indicators based on monitoring data; some high
dams and large reservoirs will also adopt regular nu-
merical simulations for structural safety analysis and
review. Long term monitoring and analysis of struc-
tural cracks, seepage channels, geological defects, etc.
are particularly important for dam safety management

during the operational phase (Hu and Wu, 2019). Com-
pared with the construction period, changes during
the operation period are mainly reflected in: (1) load
changes caused by the upstream water level shifts;
(2) dynamic loads caused by sudden geological disas-
ters such as earthquakes and landslides; (3) durability
of materials (Wu et al., 2025); (4) the evolution of
concrete cracks during construction and operation
(Zheng et al., 2016).

Looking at the entire lifecycle, dams serve as key
elements supporting flood control, power generation,
navigation, and other important functions. Their lifes-
pan directly determines the service life of their associ-
ated hydropower stations. Based on analysis of the con-
struction period characteristics and changes in the op-
erating conditions of dams, scientific evaluation and
prediction of the safety status and ultimate lifespan of
dams is a current research hotspot. It is vital for dam
managers to establish a corresponding structural oper-
ation performance prediction model by analyzing tem-
poral changes in dam deformation, stress, strength,
seepage pressure, and other parameters, as well as
their respective relationships with structural safety. In
recent years, with the development of information tech-
nologies such as the Internet of Things, artificial intel-
ligence, and big data, real-time analysis and predic-
tion of dam status have become feasible. The concept
of dam safety management which is real-time, online,
and intelligent across full lifecycles has gradually be-
come a consensus in the industry.



5 Case study

The Baihetan Hydropower Station is the second
cascade in the lower reaches of the Jinsha River, with
a total installed capacity of 16000 MW, making it the
world’s second-largest hydropower station behind the
Three Gorges Hydropower Station. The dam is a con-
crete hyperbolic arch dam with a maximum height of
289 m and a total pouring volume of over 8 million m’.
It started pouring in April 2017 and was poured to
its top by the end of May 2021. The dam faces sev-
eral challenges in terms of thermal anti-cracking con-
trol, such as structural asymmetry, the first compre-
hensive application of low-heat cement concrete, high
pouring strength, frequent strong winds, and dry hot
valleys.

Through the comprehensive application of multi-
ple thermal anti-cracking technologies (such as intelli-
gent cooling control), the spatiotemporal evolution of
the concrete temperature can gradually proceed accord-
ing to the ideal process preset in the design (Fig. 7a).
This significantly reduces the risk of dam cracking
and ensures the construction of dams without signifi-
cant cracks. Fig. 7b shows the distribution histograms
of the absolute and relative control deviations of the
2194 blocks of the Baihetan Dam, throughout its en-
tire age. The data show that the average absolute con-
trol deviation is 0.40 °C, and the main body is distrib-
uted within 3 °C, accounting for 98.86%. The compli-
ance rate of the highest temperature of the concrete
exceeds 97%, and the compliance rate of the cooling
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rate is over 98%. Thus, the thermal cracking of the
dam concrete has been effectively controlled.

Owing to variations in dam structures, geologi-
cal conditions, and construction environments across
different projects, comprehensive control schemes for
anti-cracking safety will differ. Technologies such as
material mix optimization, interval period control, full
process temperature control, and digital management
are effective approaches for improving structural anti-
cracking safety. The key to constructing a crack-free
dam is to ensure that the tensile strength or allowable
tensile stress of the structure in time and space exceeds
the actual tensile stress of the structure through the
combined application of control measures; in this man-
ner, the structure can possess a sufficient safety margin
against cracking. Our proposed anti-crack safety con-
trol method for concrete dam construction has been
successfully applied in Xiluodu, Wudongde, Baihetan,
and other projects, and has achieved satisfactory
results. Various anti-cracking control schemes have
been formed (Table S2) and can be used as a reference
for anti-cracking design and construction in similar
projects.

6 Conclusions

Based on thermal anti-cracking control of 300 m-
level superhigh arch dams, such as the Xiluodu,
Wudongde, and Baihetan projects in China, we inves-
tigated anti-cracking safety control in concrete dams.
To construct dams without significant thermal cracks,
a comprehensive technology system for anti-cracking
safety control was established, with concrete quality
serving as the basis, progress as the thread, full pro-
cess temperature control technologies (including pre-
cooling concrete, intelligent cooling control, fully cov-
ered curing, and insulation) serving as the core driv-
ers, and the intelligent construction management plat-
form acting as a practical interface.

The specific anti-cracking safety control technol-
ogies include (i) the production of hydraulic concrete
materials with better anti-cracking capacity; (ii) a con-
tinuous transition from foundation treatment to concrete
pouring, employing consolidation grouting technol-
ogy without covering weight; (iii) leveraging progress-
temperature-behavior coupling simulations to reduce the
heterogeneous cracking risk caused by long intervals;
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(iv) accurate space—time temperature evolution con-
trol through closed-loop intelligent technology based
on the understanding that the thermal stress is mainly
influenced by the temperature gradient, which can be
controlled via pipe cooling.

The HCPID are core management factors for
achieving objectives of project progress, quality, and
safety in dam construction. Knowledge and handling
of the HCPID factors can be realized through intelli-
gent management and control technologies. Our novel
methodology has been successfully applied in Xiluodu,
Wudongde, and Baihetan, and was extended to TB,
NY (abbreviation of hydropower station name), and
other dams. Compared with the traditional single tem-
perature control method, the flexible application of
the proposed technical system achieves a compliance
rate of over 96% for key indicators such as tempera-
ture variation, which can significantly reduce crack-
ing risk in hydraulic concrete structures. The positive
results regarding construction practice with multiple
high arch dams in the lower reaches of the Jinsha River
in China can provide a reference for thermal anti-
cracking safety design and construction management
in other projects.
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