
A Positioning Method of Temperature
Sensors for Monitoring Dam Global
Thermal Field
Haoyang Peng1, Peng Lin1*, Yunfei Xiang1, WenQi Chen2, Shaowu Zhou3, Ning Yang3 and
Yu Qiao3

1Department of Hydraulic Engineering, Tsinghua University, Beijing, China, 2Institute for Network Sciences and Cyberspace,
Tsinghua University, Beijing, China, 3China Three Gorges Corporation, Beijing, China

During the concrete pouring process of a dam construction, timely and accurate
temperature monitoring is of great significance to reveal the thermal distribution
characteristics and evolution process, and control concrete cracking. In this study, a
positioning method of temperature sensors (PMTS) in a concrete dam is developed to
determine the arrangement of temperature sensors quantitatively. The proposed
positioning method is related to the restructured thermal field based on the natural
neighbor interpolation algorithm, and the cross-validation. Based on the method,
thermometers, distributed optical fibers and infrared thermal imagers are optimally
installed in a super-high arch dam for real-time measurement of concrete temperature.
The results show that the PMTS is reasonable and reliable for obtaining the dam global
thermal field. The on-site temperature monitoring data indicate that the time and space
temperature distribution law of the restructured thermal field is consistent with the actual
situation of the super-high arch dam. In addition, the cons and pros, and improvement of
the PMTS are further discussed. The proposed PMTS is a valuable method to monitor the
global thermal field of concrete dams.

Keywords: positioning method of temperature sensors, global thermal field, cross-validation, restructured thermal
field, concrete dam

INTRODUCTION

Concrete dams usually have a large pouring size during construction. Due to the large amount of
heat released by cement hydration, the concrete temperature rises sharply. As concrete age
increases, the concrete temperature would decrease because of the ambient temperature
influence. Different concrete areas have temperature differences during the process of
temperature change. Under certain constraints, a remarkable thermal stress could be
generated (Lin et al. 2014). Since mass concrete usually contains few steel bars, the thermal
stress is almost entirely borne by the concrete. Concrete is a fragile material, and the tensile
strength is generally 1/10 of the compressive strength. The ultimate tensile deformation during
short-term loading is only (0.6–1) × 10−4, and (1.2–2) × 10−4 during the long-term loading (Zhu
1999). Therefore, if a larger tensile stress is generated due to the temperature change, a greater
impact on the crack resistance of the concrete would be inevitable (Jaafar et al. 2007; Lin et al.
2015; Schackow et al. 2016; Lin et al. 2018; Lin et al. 2019). In order to effectively control
the temperature change process of mass concrete and reduce the risk of concrete cracking, timely
and accurate temperature monitoring is of great significance during a concrete dam construction
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(Lin et al. 2012; Peng et al. 2019). Generally, with the pouring
of dam concrete, a number of temperature sensors are
synchronously buried to obtain the real-time temperature.

At present, there are mainly three types of concrete
temperature sensors:

1) thermometers for point temperature measurement inside
concrete. In concrete dams, the most commonly used
temperature sensors are thermometers. In order to verify
the cooling effect and observe the long-term temperature
change, 440 resistance thermometers are installed in the
concrete during the Hoover Dam construction (Fan et al.
2016). Most of these thermometers are placed on two
symmetrical cross-sections about 30 m away from the
central cross-section. Almost all thermometers are placed
15 m–23 m away from the galleries. About 70 resistance
thermometers installed at a depth of some centimeters from

the external surface in the Alto Lindoso dam are used to
monitor the temperature of air, water and concrete (Mata
et al. 2014). There are 26 thermometers installed in the La
Baells double curvature arch dam. The water temperature is
measured by means of five water thermometers installed at the
upstream surface of the dam. The concrete temperature is
measured by means of 21 concrete thermometers at midpoints
between dam surfaces (Santillán et al. 2014; Santillan et al.
2015). The Tichy Haf arch dam is equipped with 12
thermometers for temperature monitoring. The
thermometers are usually located at 4 m–5 m away from the
upstream or downstream surface, or in the middle of the
concrete blocks (Belmokre et al. 2019). In buttress No.13 of
the SefidRud concrete buttress dam, the approximate location
of the thermometers are near the upstream and downstream
surface to monitor the concrete temperature (Mirzabozorg
et al. 2019).

2) distributed optical fibers for line temperature measurement
inside concrete. In recent years, due to the development of the
optical fiber sensing technology, optical fibers have also been
adopted in concrete dams for line temperature monitoring. In the
Baise Hydropower Station, the temperature-sensing optical fibers

FIGURE 1 | The flow chart of the PMTS.

FIGURE 2 | Accuracy of the thermal field judged by the cross-validation
method.
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are installed at the No. 5 overflow dammonolith of the RCCmain
dam and the No. 6A of the highest gravity dam monolith. The
snake-shaped optical fibers are embedded on the dam pouring
layer (Bao et al. 2006). In the Guangzhao Hydropower Station,
there are 7 optical fiber loops below EL615.50 m, and 16 optical
fiber loops above EL615.50 m. In addition, two vertical optical
fibers are arranged from EL560 m to the dam crest to obtain the
temperature distribution along the vertical direction. Most optical
fibers are buried as a straight line (Jiang and Guo 2008). The
Jinghong Hydropower Station is designed to install optical fibers
in the dam monoliths 12# and 17# to monitor the concrete
temperature. The optical fibers are laid in a “S” shape, with a total
length of 1,600 m (Shi 2008). In the Xiluodu arch dam, optical
fibers are embedded in 4 dam monoliths 5#, 15#, 16# and 23#,
and the total length of fibers is 13500 m. It is generally buried
from the upstream or downstream surface to the middle of the
concrete blocks, and straight-line layout scheme is usually
adopted (Zhou et al. 2017). In the Baihetan arch dam, the
optical fibers are embedded in 5 dam monoliths to acquire the
concrete temperature and three types of layout schemes on the
horizontal surface are applied, including “I”, “L”, and “Z” shape
from upstream surface to downstream surface (Zhou et al. 2019).

In the Qianping reservoir, the optical fibers are mainly used to
control the temperature cracking of the intake tower. The total
length of the mentioned optical fibers is about 4,000 m (Ouyang
et al. 2019).

3) infrared thermal imagers for concrete surface temperature
measurement. Infrared thermal imaging nondestructive testing
technology is usually adopted to obtain the temperature of
concrete surface. Based on the surface temperature of
concrete piers measured by infrared thermal imagers at
different time, Gong et al.(2012) and Chen et al.(2012)
acquire the temperature distribution of the concrete structure
and calculate the thermal deformation. Chen et al.(2013) obtain
the temperature difference of asphalt concrete pavement
between the non-manhole position and the manhole position
by infrared thermal imagers to facilitate the construction
compaction and quality control. Song (2016) monitors the
temperature change of the concrete surface by infrared
thermal imagers to determine the location and scope of the
concrete defect. Zhao et al.(2014) make use of the infrared
thermal imagers to monitor the temperature of LNG concrete
storage tank and find the fault structure of LNG storage tank
according to the thermal field change.

FIGURE 3 | The simulated thermal field of the concrete block: (A) 1 day; (B) 7 days; (C) 14 days; (D) 28 days.

Frontiers in Materials | www.frontiersin.org December 2020 | Volume 7 | Article 5877383

Peng et al. Positioning of Temperature Sensors

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


Although thermometers and optical fibers have been widely
used in concrete dams for temperature monitoring for a long time
(Pei et al. 2014), the embedding method and the quantity of
thermometers or optical fibers mainly rely on empirical design.
Generally, thermometers or optical fibers are embedded in the
representative elevation of a typical dam monolith. Moreover,
although the infrared thermal imaging nondestructive testing
technology has many advantages, such as fast measurement
speed, large observation area, non-contact, and high
measurement accuracy (Shepard and Steven 1997), this
technology has not been widely used in hydropower projects.
Therefore, a reasonable design method for the number and
positioning of temperature sensors in concrete dams is
necessary (Huang et al. 2019). However, this problem is rarely
reported in the related literatures. In this study, based on the
principle of the cross-validation method, a positioning method of
temperature sensors (PMTS) is developed to achieve a scientific
and reasonable layout of concrete temperature sensors.
Combined with the temperature data measured by the
thermometers, optical fibers and infrared thermal imagers in
the arch dam, the thermal field of low-heat cement concrete is
obtained and analyzed. Finally, the cons and pros, and
improvement of the PMTS are further discussed.

POSITIONING METHOD OF
TEMPERATURE SENSORS (PMTS)

The Principle of the PMTS
The global thermal field of a concrete dam refers to the real
temperature distribution in the entire three-dimensional (3D)
space. In order to obtain the global thermal field, the temperature
sensors should be embedded reasonably in the dam concrete,
including the reasonable quantity and position of the sensors.
Excessive temperature sensors would increase unnecessary
economic costs, and add a lot of trouble during construction. Few
temperature sensors cannot comprehensively monitor the
temperature of the dam concrete. When the number of
temperature sensors is appropriate, the global thermal field cannot
be accurately obtained if the arrangement is unreasonable. Therefore,
the principle of the PMTS is proposed to accurately reflect the
concrete temperature and get the best economic benefits. Details
are as follows:

(1) Considering the economy and technical feasibility, the
number of temperature sensors should be as minimal as
possible. Generally, about 2–4 thermometers are installed in
each concrete block, and the distributed optical fibers are

FIGURE 4 | The restructured thermal field of the concrete block based on m � 10: (A) 1 day; (B) 7 days; (C) 14 days; (D) 28 days (the red points represent
temperature sensors).
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embedded in 2–3 dam monoliths of the riverbed and bank
slope dam monolith. 2 to 3 infrared thermal imagers are
installed to monitor the dam surface temperature.

(2) The embedded position should be reasonable, which can
reflect the real concrete thermal field. When the number of

sensors is limited, the position must be optimized in order to
obtain a more accurate thermal field.

(3) The temperature sensors must have sufficient temperature
measurement accuracy to represent the real temperature.
Generally, the temperature measurement accuracy of the

FIGURE 5 | The restructured thermal field of the concrete block: (A) m � 3; (B) m � 5; (C) m � 7; (D) m � 10 (the red points represent temperature sensors).

FIGURE 6 | General view of the super-high arch dam.
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thermometers, distributed optical fibers and infrared thermal
imagers is 0.3°C, 1°C, 1°C–2°C, respectively.

Algorithm Implementation
The positioning steps of the temperature sensors are shown in
Figure 1. The specific details are as follows:

First, assuming that the coordinates of a dam block vertex are
(xi, yi, zi)，i � 1, 2, 3, . . . . . . , n. Based on the thermodynamic
parameters and boundary conditions of the concrete block, the
concrete thermal field is simulated, and the temperature of each
point inside the concrete is obtained. Then,m points (xh, yh, zh)
h � 1, 2, 3, . . . . . . , m, are randomly selected inside the dam

block. The initial temperature value Th acquired from the
simulation thermal field is assigned to the m points.
Therefore, the information of known temperature points
(xh, yh, zh, Th) are obtained. Based on the temperature data
of the m points, the natural neighbor interpolation algorithm is
used to restructure the thermal field of the dam block. Then, the
accuracy of the restructured thermal field by the cross-
validation method is judged (Figure 2). The details are as
follows:

The one deleted point from the initialm temperature points is
recorded as (xj, yj, zj). The other temperature points remain
unchanged, and the remaining (m − 1) temperature points are
used for interpolating the thermal field of the dam block. The

FIGURE 7 | Position of thermometers in concrete blocks below EL910m: (A) in horizontal direction (3 m); (B) in vertical direction (3 m); (C) in horizontal direction
(4.5 m); (D) in vertical direction (4.5 m).
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restructured temperature value T*
j at (xj, yj, zj) is then compared

with the initial value Tj. The absolute difference between them are
shown in Eq. (1):

ΔTj �
∣∣∣∣∣T*

j − Tj

∣∣∣∣∣ (1)

Next, another point is deleted from the initial temperature
points, and the thermal field is restructured by the remaining
temperature points. The restructured temperature value is
compared with the initial temperature value of this point, and
this step is repeated until all temperature points have been
compared once. Finally, m absolute difference values ΔTj are
obtained. The average difference is shown in Eq. (2):

ΔTj � 1
m

∑m
1

ΔTj (2)

The smaller ΔTj is, the more accurate and reasonable the
restructured thermal field is. The number of initial temperature
pointsm and the position of the temperature measurement points
(xh, yh, zh) h � 1, 2, 3, . . . . . . ,m, are constantly adjusted to
obtain the ΔTjMin in Eq. (3):

ΔTjMin � Min{ΔTj1, ΔTj2, ΔTj3, . . . . . . , ΔTjm} (3)

The number and the position of temperature points related to
the ΔTjMin are optimal. Finally, the position of the temperature
measurement points constitutes the layout route of the optical

FIGURE 8 | Position of thermometers in concrete blocks above EL910m: (A) in horizontal direction (3 m); (B) in vertical direction (3 m); (C) in horizontal direction
(4.5 m); (D) in vertical direction (4.5 m).
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fibers, that is, the line temperature measurement arrangement is
obtained from the point temperature measurement arrangement.
The surface temperature measurement is mainly based on the
infrared temperature measurement to monitor the temperature of
the dam upstream and downstream surfaces.

Calibration of the PMTS
In order to further illustrate the implementation of the PMTS, a
square concrete block is selected. This block size and its mesh size
are assumed to be 5 m × 5 m and 1 m × 1 m, respectively. First,
the concrete block thermal field is simulated according to the
thermodynamic parameters of concrete (Figure 3). In this case,
the concrete thermal conductivity is λ � 7980 J/(m · h ·℃); the
concrete specific heat is c � 1008.6 J/(kg ·℃); the concrete
density is ρ � 2400kg/m3; the convective heat transfer
coefficient β � 13w/(m2 · h); the coefficient of thermal
expansion of concrete is α � 8 × 10− 6/℃; the concrete pouring
temperature and ambient temperature are assumed to be 20°C; an
exponential expression of the adiabatic temperature rise of
concrete is shown in Eq. (4):

θ(τ) � 25[1 − exp{ −0.45(τ − τ0)}] (4)

where θ(τ) is temperature rise at age of τ; τ is the age of concrete.
The simulated thermal field of the concrete is selected as the

initial temperature. Assuming the temperature measurement
points m � 10, the final optimized position of temperature
points is obtained based on the positioning optimization
algorithm in Algorithm Implementation. According to the
position and temperature of the measurement points, the
thermal field is restructured at the age of 1, 7, 14, and 28 days,

respectively (Figure 4). By comparing the restructured thermal
field and initial temperature, it can be found that the thermal field
distribution law is the same as the simulated field. It is illustrated
that with a certain number of the temperature measuring points,
the restructured thermal field can reflect the actual concrete
temperature distribution based on the PMTS by optimizing
the position.

Comparing different temperature measurement points m � 3,
5, 7 and 10, it can be seen that the more temperature monitoring
points are arranged, the closer the restructured thermal field is to
the initial thermal field (Figure 5). However, the number of
temperature measurement points should be reasonable and
appropriate considering the economic costs and construction
interference in actual projects. Therefore, it is particularly
important to optimize the position of temperature measurement
points. In addition, the construction conditions of the concrete
dam are complex, and the temperature sensors are greatly affected
by the external factors, such as the influence of the cooling water
pipe. In order to avoid the influence of cooling water on the
temperature, the temperature sensors are usually as far away as
possible from the water pipes. Hence, the layout of temperature
monitoring sensors is more complicated in the engineering.

ENGINEERING APPLICATION IN A
SUPER-HIGH ARCH DAM

A super-high arch dam studied in this paper is a double-curved
concrete dam with a height of 270 m and a thickness-height ratio
of 0.19 (Figure 6), which is the thinnest 300 m level arch dam in

FIGURE 9 | Layout scheme of distributed optical fibers: (A) in quadrilateral concrete blocks; (B) in triangular concrete blocks.
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the world. The dam crest elevation is 988 m, and the dam
concrete volume is 27 million m3. The whole dam is
constructed by low-heat cement concrete, which is the first
time in the dam construction history. The dam is located at
dry and hot valley. The climate is hot and rainy in summer, dry
and windy in winter, and large temperature difference about 14°C
during day and night. Hence, it is very difficult to control the arch
dam concrete temperature.

Necessity and Challenges of Temperature
Monitoring
(1) The thinnest 300 m level arch dam

The thinner the arch dam, the more sensitive it is to air and
water temperature, and the greater the temperature change in the
dam concrete. For the temperature load, the early calculation is
mainly based on the US Bureau of Reclamation’s empirical
formula (Creager et al., 1945), which is shown in Eq. (5):

Tm � 57.57/(L + 2.44) (5)

where Tm is the average temperature of the dam cross section
(°C), L is the dam thickness (m).

In 1970s, the dam temperature T(x) is decomposed into three
parts (Zhu 1999): the average temperature Tm along the thickness
direction, equivalent temperature difference Td , and nonlinear
temperature difference Tn, which are shown in Eq. (6):

FIGURE 10 | Layout of thermometers, distributed optical fibers and infrared thermal imagers in the super-high arch dam.
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΔTm � 1
L

∫
L/2

−L/2
T(x)dx

ΔTd � 12
L2

∫
L/2

−L/2
T(x)xdx

ΔTn � T(x) − Tm − Tdx/L

(6)

Since the Tn does not affect the displacement and internal
force calculation of the dam, only Tm and Td are usually
considered in arch dam design. It can be seen from the Eqs.
(5) and (6) that the thinner the arch dam, the greater the
corresponding temperature load.

Except the free boundary at the dam crest, the other three
boundaries of the arch dam are constrained by the bedrock,
and the temperature deformation is constrained greatly.
Therefore, the greater the temperature change of the dam,
the greater the thermal stress. As the world’s thinnest 300 m
level super-high arch dam, the temperature control is
particularly significant. Reliable and accurate temperature
monitoring is a prerequisite to ensure effective temperature
control of the dam concrete.

(2) The whole dam constructed by low-heat cement concrete for
the first time

Low-heat cement has the characteristics of slow hydration
rate, low hydration heat, high strength in the later period and
great durability (Wang et al. 2018). It can effectively improve the
crack resistance ability of hydraulic mass concrete and reduce the
risk of concrete cracking. The super-high arch dam uses low-heat
cement for the construction of the entire dam, which has no
precedent in arch dam construction history. The engineering level
of this dam is high. The quality of low-heat cement and the
construction method are all different from other dams. In
addition, the law of low-heat cement hydration and concrete
temperature distribution are unclear. In order to obtain the
temperature change law of the arch dam concrete,
thermometers are embedded in all concrete blocks and the
distributed optical fibers are buried in dam monoliths 7# and
12#. Moreover, the infrared thermal imagers are installed on the
upstream surface and the right bank abutment platform for
temperature monitoring. On this basis, the dam concrete
temperature control measures can be optimized and adjusted.

Layout of Temperature Sensors
Based on the optimization principle of the PMTS, the real 3D
spatial thermal field of the super-high arch dam studied in this
paper is realized by thermometers, distributed optical fibers and
infrared thermal imagers.

1) the position of thermometers

FIGURE 11 | The arrangement of thermometers, distributed optical fibers and infrared thermal imagers in the concrete blocks 12#-0033, 0034, 0035, 0036.
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In the arch dam, thermometers are embedded in each concrete
block to monitor the concrete temperature. The number and
position of thermometers buried in the dam concrete during
construction are as follows:

When the elevation of concrete blocks is below EL910 m, 3
and 4 thermometers are embedded in the 3 m and 4.5 m
pouring blocks, respectively. When the thickness of concrete
blocks is 3 m, thermometers should be arranged in each of the
upstream, middle and downstream areas (about 1/4 length of
the concrete blocks along the water flow direction) between the
two layers of cooling water pipes (Figures 7A,B). When the
thickness of concrete blocks is 4.5 m, thermometers should be
arranged in each of the upstream, middle and downstream
areas between the first and second layers of cooling water pipes.
There is also a thermometer embedded in the middle area
between the second and third layers of cooling water pipes
(Figures 7C,D).

When the elevation of concrete blocks is above EL910 m, 2 and
3 thermometers are embedded in the 3 m and 4.5 m pouring
blocks, respectively. When the thickness of concrete blocks is 3 m,
thermometers should be arranged in each of the upstream and
downstream areas (about 1/3 length of the concrete blocks along
the water flow direction) between the two layers of cooling water
pipes (Figures 8A,B). When the thickness of concrete blocks is

4.5 m, thermometers should be arranged in each of the upstream,
and downstream areas between the first and second layers of
cooling water pipes. There is also a thermometer embedded in the
middle area between the second and third layers of cooling water
pipes (Figures 8C,D).

2) the layout of distributed optical fibers
The concrete blocks of the arch dam have two shapes. One is a

quadrilateral block, mainly located at the riverbed dammonoliths
and the high elevation of bank slope dam monoliths. The other is
a triangular block, mainly located at the low elevation of the bank
slope dam monoliths.

For quadrilateral concrete blocks, optical fibers are arranged
as a "Z" shape and embedded in the same layer with the
thermometers. Taking the dam monolith 7# of the arch dam
as an example, Z-shaped optical fibers are embedded in two
forms (Figure 9A), the first of which (①-①) is as follows: the
embedded starting point is 1 m and 3 m away from the upstream
surface and the transverse joint 6#, respectively. Then, the
optical fibers are buried along the water flow direction and
turned at the thermometer in the middle of the concrete block.
Next, the optical fibers are embedded along the direction
transverse to the water flow direction until they are 3 m away
from the transverse joint 7#. Finally, the optical fibers are
embedded along the water flow direction again and end at

FIGURE 12 | The 3D thermal field in the concrete blocks 12#-0033, 0034, 0035 and 0036: (A) May 1, 2019; (B) Aug 1, 2019; (C) Nov 1, 2019; (D) Jan 1, 2020.
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the point 1 m away from the downstream surface. The second
(②-②) and the first embedded forms are symmetric about the
center line of the concrete block.When the two embedded forms
alternate along the vertical direction, the optical fibers can be
coupled with each other to obtain a more accurate and real
thermal field.

For the triangular concrete blocks, due to the short length
along the direction transverse to the water flow direction, the
optical fibers are embedded as a "7" shape. Taking the dam
monolith 12# of the arch dam as an example, the embedded
starting point of optical fibers is 1 m and 3 m away from the
upstream surface and the transverse joint 12#, respectively. Then,
the optical fibers are buried along the direction transverse to the
water flow direction, turned to the thermometer in the upstream
area of the concrete block. Finally, the optical fibers are embedded
along the center line of the concrete block and end at the point
1 m away from the downstream surface (Figure 9B).

3) the layout of infrared thermal imagers
The infrared thermal imaging nondestructive testing

technology is an indirect temperature measurement and has
great advantages, which can overcome the complex
environmental influence, e.g. strong wind, fog, high
temperature, etc. Moreover, the longest monitoring distance
can be up to approximately 300 m, and the temperature
accuracy can reach 1°C–2°C. According to the infrared thermal
radiation characteristics of the object, an infrared thermal imager
is used to receive the thermal radiation of the concrete surface.
Considering the monitoring range of the infrared thermal imager,
two infrared thermal imagers are installed on the upstream
surface and the right bank abutment platform to monitor the
surface temperature of the studied super-high arch dam,
respectively. The thermometers, optical fibers and infrared
thermal imagers installed in the studied super-high arch dam
are shown in Figure 10.

FIGURE 13 | The thermal field in section A-A and B-B in the concrete blocks 12#-0033, 0034, 0035 and 0036: (A)May 1, 2019; (B) Aug 1, 2019; (C)Nov 1, 2019;
(D) Jan 1, 2020.
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Global Thermal Field Realization
According to the temperature measured by thermometers,
distributed optical fibers and infrared thermal imagers, the
real 3D spatial thermal field is obtained. Illustrated by the
example of concrete blocks 12#-0033, 0034, 0035, 0036
(Figure 11), the concrete thermal field is restructured on
May 1, Aug 1, Nov 1, 2019 and Jan 1, 2020. The
restructured 3D thermal fields of different time are shown
in Figures 12,13.

As can be seen from Figures 12A,13A, on May 1, 2019, the
temperature of concrete blocks at the high elevation is higher
than that of the concrete blocks at the low elevation. The main
reasons are the late pouring time of the high elevation concrete
blocks, the great cement hydration heat and the less heat
exchange between cooling water and concrete. The concrete
temperature of the downstream area is lower than that of the
upstream area along the water flow direction. The higher the
concrete blocks elevation, the greater the temperature
difference between the upstream and downstream area. The
temperature difference of the high elevation concrete blocks is
about 3°C, whereas the temperature difference of the low
elevation concrete blocks is less than 1.5°C.

According to the Figures 12B,13B, with the increase of
concrete age, the concrete temperature decreases due to water
cooling and heat dissipation. On Aug 1, 2019, the maximum
temperature of concrete blocks 12#-0033, 0034, 0035, 0036
dropped by about 1.6°C compared with that on May 1, 2019.
The concrete temperature of the downstream area is lower
than that of the upstream area along the water flow direction.
For instance, the temperature difference between the upstream
and downstream area of the concrete block 12-0036 is
about 4.4°C.

t can be seen from Figures 12C,13C that the maximum
concrete temperature on Nov 1, 2019 decreased by about 5.4°C
compared with that on Aug 1, 2019. The main reason is that
the concrete blocks 12#-0033, 0034, 0035, 0036 are in the
initial temperature control stage and the concrete temperature
should be controlled at about 22°C–24°C on Aug 1, 2019.
However, the concrete blocks 12#-0035, 0036 are in the
intermediate temperature control stage and the concrete
temperature should be controlled at about 18°C–20°C on
Nov 1, 2019. The concrete blocks 12#-0033, 0034 are in the
late temperature control stage and the concrete temperature
should be controlled at 14°C on Nov 1, 2019. Hence, the
temperature decrease is large during this period.

As shown in Figures 12D,13D, the maximum concrete
temperature on Jan 1, 2020 decreased by about 3.5°C
compared with that on Nov 1, 2019. The 3D concrete thermal
field tends to be uniform, and most of the temperature is
approximately 13.5°C–14°C. According to the design standard
of the studied super-high arch dam, the concrete blocks 12#-0033,
0034, 0035, 0036 should be in the late temperature control stage
on Jan 1, 2020. In order to satisfy the requirement of transverse
joints grouting, the temperature should be controlled at about
14°C. It can be seen that the space-time distribution law of the
restructured thermal field is consistent with the actual situation of
the super-high arch dam.

DISCUSSION

Compared with the method of determining the position of
temperature sensors empirically, the PMTS proposed in this
study, which can obtain the thermal field of concrete dams
more efficiently and provide method support for the
arrangement of temperature sensors, is more reasonable and
reliable. However, the PMTS may be affected by the complex
construction and economic conditions in engineering
application. When the thermometers, optical fibers and
infrared thermal imagers are arranged mutually, the
construction interference is usually large, which reduces the
survival rate of the sensors. Moreover, concrete is a relatively
complex material and multiple temperature control measures
may be applied simultaneously during construction, which
result in a particularly complex temperature change and bring
great challenges to temperature monitoring.

Under such complex conditions, the PMTS proposed in this
paper has been successfully applied to the construction of a
super-high arch dam, which provides a basis for the
temperature control measures. Up to now, the studied
super-high arch dam has not produced a single temperature
crack during construction and impounding period. In the
PMTS method, the natural neighbor interpolation algorithm
and cross-validation are used in this study to restructure the
thermal field and verify the accuracy of the restructured
thermal field, respectively. However, there are many
methods for restructuring and verifying the thermal field.
For instance, the restructuring methods of the thermal field
include kriging and inverse distance weighting interpolation
algorithm. The verification methods can utilize average error
or root mean square error methods. Therefore, two key points
of the PMTS will be further studied in future research, that is
the thermal field restructuring method and the accuracy
verification method of restructured thermal field, in order
to facilitate the wide engineering application of the PMTS.

CONCLUSIONS

A positioning method of temperature sensors is developed to
determine the arrangement of temperature sensors in concrete
dams scientifically and quantitatively. The proposed method is
then applied to the arrangement of thermometers, distributed
optical fibers and infrared thermal imagers in a super-high
arch dam for real-time measurement of concrete temperature.
According to this study, several conclusions are as follows:

(1) The proposed PMTS based on the natural neighbor
interpolation algorithm and the cross-validation is reasonable
and reliable, which is illustrated by the accurate acquisition of
the super-high arch dam thermal field based on point, line,
surface temperature measurement.

(2) The temperature change of the studied super-high arch dam
is consistent with the design temperature control process,
which indicates that the dam has achieved precise control of
concrete temperature.
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(3) The PMTS may be affected by the complex engineering site.
Therefore, future studies will focus on the application of the
PMTS considering construction interference and the
integration of the advantages of other thermal field
restructuring methods and the accuracy verification
methods.
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