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1. Introduction 

 
Temperature cracks are the most common cracks 

occurring during the construction of mass concrete 
structures (JCI 2011, Torabi and Ansari 2018). Accurate 
prediction of temperature fields and calculation of thermal 
stresses in concrete structures are prerequisites for 
formulating temperature control measures to prevent 
cracking (ACI 207.4R 2005, Tasri and Susilawati 2019, Tia 
et al. 2010, Gajda and VanGeem 2002). 

Significant advancements have been achieved in 
computational methods for concrete temperature field 
prediction. A simple and practical approach using the 3D-
Finite Difference Model (3D-FDM) was developed based 
on MS-Excel to overcome the complexity of the other FE 
models (Mansour and Ebid 2023). And it was proved that 
concrete temperature time histories at the center and the 
other different locations of the bridge pile cap could be 
reasonably predicted using the 3D finite difference model 
(Mansour and Ebid 2024). By applying heat balance 
principles and analyzing temperature gradients around 
cooling pipes, Zhu et al. (2020) proposed a method to 
calculate water temperature along pipes using the buried 
pipe element technique. Wang et al. (2023a) employed 
ABAQUS subroutines (FILM and DFLUX) to simulate 
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thermodynamic boundary conditions under solar radiation. 
Sun et al. (2023) proposed an equivalent method for 
determining hydration temperature rise rates under arbitrary 
thermal histories. Yang et al. (2025) applied MIDAS FEA 
NX to analyze the temperature regulation effects of phase 
change materials and their implications for crack resistance. 

While significant progress has been made in temperature 
field computation, current techniques for the digital 
construction of temperature fields based on measured 
temperature data still necessitate substantial refinement. 
Because the composition and materials of concrete are 
likely to change during real-world construction processes, 
weather conditions at a construction site may vary, and 
construction methods may also be inconsistent. Thus, the 
temperature field predicted before construction may differ 
significantly from actual measurements. Therefore, accurate 
reconstruction of temperature fields based on real-time 
monitoring data is critical for effective temperature control 
and crack prevention in concrete structures. Currently, the 
following key issues require resolution: 

The first method involves embedding temperature 
sensors or temperature-sensing optical fibers within the 
concrete structure and reconstructing the temperature field 
through interpolation of measured data. When using a small 
number of sensors, this approach is not practical for regions 
with non-linear temperature gradients. However, these 
regions with non-linear temperature distribution are often 
the focus of calculation and analysis. Consequently, 
reconstructing the temperature field requires dense sensor 
placement, leading to significant challenges, including 
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construction interference, elevated costs, and operational 
complexity. 

The second method is to use a finite element model to 
calculate the concrete temperature field based on the 
thermal parameters inverted from the measured temperature 
data, actual weather conditions, and construction methods. 
Among thermal parameters, hydration heat is influenced by 
the concrete temperature, and its model always contains 
multiple constants (De Freitas et al. 2013, Cervera et al. 
2002, Bentz et al. 1998, Hong et al. 2019, Kjellsen et al. 
1990, Tahersima et al. 2017). Recent advancements have 
demonstrated partial progress in multi-parameter inversion 
methodologies (Wang et al. 2023b, Hu et al. 2023, Kang 

 

 
et al. 2022, Lv et al. 2025). However, persistent technical 
limitations persist, including unresolved issues such as the 
algorithm’s tendency to converge on local optima rather 
than attaining global optimal solutions during parameter 
inversion. Furthermore, pouring temperature discrepancies 
in concrete placement - particularly the impracticality of 
representing varied placement temperatures across distinct 
structural zones with fixed parameter values - have yet to be 
systematically investigated. 

For the temperature field of mass concrete with cooling 
water pipes, some algorithms that model the water pipe 
boundary as a virtual boundary may lead to significant 
errors for areas near the water pipes. Additionally, 
algorithms that regard the water pipes as real boundaries 
often result in relatively low computational efficiency and 
complex mesh partitioning requirements due to the large 
temperature gradient in the concrete surrounding the pipes. 
Recent research advancements have demonstrated partial 
progress in achieving accurate temperature field 
computation while reducing mesh density (Li et al. 2024, 
Zhang et al. 2024). However, a comprehensive 
computational methodology for mass concrete with cooling 
pipes that simultaneously satisfies three critical 
requirements - simplified mesh discretization, precise 
calculation of water temperature along the flow path, and 
accurate grid-based thermal analysis around cooling pipes - 
remains technically elusive. 

To solve the problems, this paper proposes a calculation 
method for temperature field reconstruction based on finite 
elements. The proposed method can be used to reconstruct a 
mass concrete temperature field with fewer monitoring 
points and does not require inversion of thermal parameters 
(such as surface heat release coefficient and concrete 
adiabatic temperature rise). The accuracy of the 
reconstructed temperature field rapidly approaches the true 
value as the number of temperature monitoring points 
increases. Thus, the proposed method can accurately and 
clearly reflect the characteristics of the concrete 
temperature field around a water pipe. Automated 
temperature reconstruction and stress calculation of 
concrete structures without human intervention can be also 
achieved by combining automatic temperature data 
acquisition technology with the algorithm proposed in this 

study (Park et al. 2015, Aleksandra et al. 2020, Kim et al. 
2015, Azenha et al. 2009). 

 
 

2. Finite element calculation theory for concrete 
temperature field 
 
The three-dimensional heat conduction problem can be 

stated in an equivalent variational form as follows (Rao 
2018): 

 
Obtain the temperature distribution T(x,y,z,t) inside the 

solid body that minimizes the integral 
 

 
where T is the temperature; x, y and z are the coordinates in 
three directions respectively; v represents the solid body 
where it is located; kx, ky, and kz are the thermal 
conductivity of the material in the x-direction, y-direction, 
and z-direction, respectively; డఏడఛ  is the rate of heat 
generated per unit volume, ρ is the density of the material, c 
is the specific heat of the material, and t is the time 
parameter. 

Additionally, the following boundary conditions must be 
satisfied: 

For the boundary condition with known temperature 
 𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇଴ (2)
 
Where t is time; 𝑇଴ is the known temperature. 
For the boundary condition with known heat flow rate 
 𝑘௫ 𝜕𝑇𝜕𝑥 𝑙௫ + 𝑘௬ 𝜕𝑇𝜕𝑦 𝑙௬ + 𝑘௭ 𝜕𝑇𝜕𝑧 𝑙௭ + 𝑞଴ = 0 (3)
 

where q0 is the boundary heat flux; lx, ly and lz are the 
direction cosines of the outward drawn normal to the 
boundary. 

For the boundary condition with known surface thermal 
convection coefficient and surrounding air (fluid) 
temperature 

 𝑘௫ 𝜕𝑇𝜕𝑥 𝑙௫ + 𝑘௬ 𝜕𝑇𝜕𝑦 𝑙௬ + 𝑘௭ 𝜕𝑇𝜕𝑧 𝑙௭ + ℎ(𝑇 − 𝑇ஶ) = 0 (4)
 

where q0 is the boundary heat flux; h is the convection heat 
transfer coefficient; T∞ is the surrounding temperature. 

 
 

3. New temperature field reconstruction algorithm 
based on finite element 
 
For the finite element calculation values of the 

temperature field of a concrete structure to be consistent 
with the actual values, three conditions must be met: 
accurate concrete thermal parameters, accurate structural 
surface boundary conditions, and accurate water-cooling 
simulation. This section introduces a finite element 
algorithm that directly uses the temperature data of the 

𝐼 = 12 ම ൥𝑘௫ ൬𝜕𝑇𝜕𝑥൰ଶ + 𝑘௬ ൬𝜕𝑇𝜕𝑦൰ଶ + 𝑘௭ ൬𝜕𝑇𝜕𝑧൰ଶ − 2 ൭𝜕𝜃𝜕𝜏 − 𝜌𝑐 𝜕𝑇𝜕𝑡~ ൱ 𝑇൩ 𝑑𝑉௏  (1)
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monitoring points, without inversion of the concrete thermal 
parameters (such as the adiabatic temperature rise and 
surface heat release coefficient), and can accurately 
determine the effect of water cooling. 

 
3.1 Temperature-tracking algorithm for internal 

elements of concrete 
 
This paper proposes a temperature-tracking algorithm 

that can accurately reconstruct the temperature field of a 
concrete structure based on measured data and does not 
require inversion of the adiabatic temperature rise and 
surface heat release coefficient. In addition, as the number 
of monitoring points increases and the calculation time step 
shortens, the reconstructed temperatures will approach the 
true values. During the time-domain discretization and step-
by-step calculation process, the calculated value is always 
adjusted and approaches the true value; thus, this algorithm 
is referred to as the temperature-tracking algorithm. 

 
3.1.1 Temperature-tracking algorithm for internal 

elements of concrete 
To accurately calculate the convection coefficient of 

concrete surface and avoid repeated inversion of internal 
temperature of concrete, an algorithm was invented by 
authors of this paper to track the internal temperature of 
concrete and obtained the authorization of Chinese patent 
(Liu et al. 2020). This method is described in detail below: 

The elements containing the concrete surface nodes and 
the elements sharing the same nodes are defined as the 
surface structural elements, and the remaining elements are 
defined as the internal structural elements. 

In this study, the adiabatic temperature-rise parameter in 
the heat-transfer equation for concrete was modified. The 
modified adiabatic temperature-rise parameter no longer 
represents the hydration heat release performance of 
concrete, but its expression and finite element discretization 
method are consistent with Eq. (1). In this study, this 
modified adiabatic temperature-rise parameter is defined as 
the concrete temperature-change parameter, the solution 
method for which is described as follows. 

For any point b on a concrete structure, if the point is a 
monitoring point, then the measured temperature is the 
temperature of the monitoring point. Otherwise, if point b is 
not a monitoring point and there are m monitoring points 
with temperatures Tcn1, Tcn2, …, Tcnm on the corresponding 
pouring layer (as shown in Fig. 1), and the distances 
between the monitoring points and point b are d1, d2, d3

…, 
dm then the measured temperature Tbcn of point b can be 
fitted using 

 𝑇௕௖௡ = ෍ 𝑇௖௡௜𝑑௜௘𝐷௠
௜ୀଵ  (5)

 
In Eq. (5), 𝐷 = ∑ 𝑑௜௘௠ଵ , i denotes the serial number of 

each monitoring point, m is the number of monitoring 
points, Tcni is the temperature of the ith monitoring point at 
the nth calculation step, di is the distance from the 
monitoring point to point b, Tbcn is the measured 
temperature of point b calculated at the nth step, and e is a 
constant. 

As shown in Fig. 2, when calculating the temperature of 
a concrete structure using the finite element method, if point 
b is on the centroid of an internal concrete element, the 
time-discrete format of the temperature-change parameter 
can be expressed as 

 𝜕𝜃𝜕𝜏 = 𝑇௕௖௡ − 𝑇௕௡ିଵ𝑡௡ − 𝑡௡ିଵ  (6)

 
where Tbcn is the measured temperature of point b calculated 
at the nth step, and Tbn-1 is the calculated temperature of 
point b at the (n -1) th step. 

If the boundary conditions are real in the calculation 
steps of each time period, the temperature-change parameter 
is the adiabatic temperature rise. If the boundary conditions 
are different from the real boundary conditions and Tbn-1 is 
lower than the actual value, the temperature-change 
parameter at the nth step will be greater than the adiabatic 
temperature rise and will offset the boundary condition 
errors. Therefore, the calculation result will be close to the 
actual solution. Similarly, if the boundary conditions are 
different from the real boundary conditions and Tbn-1 is 
higher than the actual value, the temperature-change 
parameter will be less than the actual adiabatic temperature 
rise and will offset the boundary condition errors; thus, the 
calculation result approach the actual value. The influence 
of the external environment on the concrete interior exhibits 
hysteretic characteristics. After replacing the adiabatic 
temperature-rise parameter with the temperature-change 
parameter for the finite element calculation, even if there is 
a large deviation from the actual boundary conditions, the 
temperature of the internal element of the concrete can still 
approach the true value if the time step is shortened. 

Therefore, if Eq. (6) is used to calculate the temperature 
field—regardless of whether the concrete material 
properties, boundary conditions, and other factors are 
accurate, the concrete temperature field near the monitoring 

 
 

Fig. 1 Relationship between internal monitoring points and 
an arbitrary point b in a concrete structure

 
 

Fig. 2 Relationship between monitoring data and 
calculation data of a concrete structure
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point will be accurate as long as the time step is sufficiently 
short. If the effect of the temperature history on the concrete 
hydration heat release can be neglected and the boundary 
conditions of the structure can be accurately simulated, the 
temperature field of the concrete structure can be accurately 
reconstructed by arranging only one temperature monitoring 
point in each pouring layer. However, to account for 
inconsistencies in the pouring temperature and material 
properties, the inaccurate boundary conditions, and the 
effect of the temperature history on concrete hydration, it is 
necessary to arrange several temperature monitoring points 
in the internal concrete elements. 

Concrete is a poor conductor of heat, and the local 
temperature distribution of concrete structures may be 
highly non-linear. Therefore, if Eq. (5) and the temperature 
of the monitoring point are used directly to fit the 
temperatures of regions without monitoring points, the 
calculation accuracy will generally be very poor. However, 
like the adiabatic temperature rise of concrete, the 
temperature-change parameter inside a structure does not 
have a highly non-linear distribution in a specific time 
calculation step. It is even considered as constant in 
ordinary temperature-field calculations. Fitting the 
temperature-change parameter using the difference method 
can deliver a high accuracy with only a small number of 
temperature monitoring points. The essence of Eq. (6) is to 
use the method of difference to determine the temperature- 
change parameter of the internal element. Therefore, based 
on Eq. (6) and the finite element method, if the boundary 
conditions are accurate, the temperature field of concrete 
structures can be reconstructed accurately by arranging only 
a small number of monitoring points inside the pouring 
layers. 

The error of this method only depends on the time span 
of the calculation step. Theoretically, the temperature of the 
monitoring point can be infinitely close to the true value as 
the time step was shortened. 

 
 
3.1.2 Temperature-tracking algorithm for surface 

elements 
The surface elements of concrete can be considered the 

equivalent of the surface boundary conditions for a concrete 
structure; that is, if the temperatures of all the nodes on a 
concrete surface element are accurate, then the surface 
boundary conditions of the concrete structure can be 
considered accurate. Concrete is a poor conductor of heat, 
and the heat release performance of concrete surface 
elements may differ substantially from that of internal 
elements. Although the tracking algorithm can be used for 
calculation, it needs to consider the surface elements 
separately from the internal elements. Generally, when no 
temperature monitoring points are arranged inside a surface 
element, the boundary conditions of mass concrete will be 
the first or second type of boundary condition expressed 
Eqs. (2) and (3), respectively, and the calculation accuracy 
will depend on the detail and precision of the boundary 
conditions. However, if a thermometer is placed very close 
to a concrete surface (e.g. 5 cm), then, using the 
temperature-tracking algorithm for the surface elements of 

the concrete structure, the node temperatures will approach 
the true value with reductions in the calculation step size. 
This will occur even when the calculated boundary 
conditions are very different from the actual boundary 
conditions. 

As different insulation materials can be applied on a 
concrete surface and because a concrete structure can block 
solar radiation, the boundary conditions of different areas of 
a concrete surface may vary significantly. Thus, it is 
necessary to divide the surface of a structure into several 
areas according to factors such as the application of 
insulation materials, and to analyze each area separately. 

First, an area with the same boundary conditions is 
selected. For any point on a selected concrete surface 
element, if the point is a monitoring point, the measured 
temperature of the point is the temperature of the 
monitoring point. If point b is an internal point on a surface 
element and there are k monitoring points on the surface 
elements that are in the same pouring layer as point b, the 
temperatures of the monitoring points are Tcn1, Tcn2, …, Tcnk, 
and the distances between the monitoring points and point b 
are d1, d2, d3

…, dk. Then, the measured temperature Tbcn of 
point b can be fitted as 

 𝑇௕௖௡ = ෍ 𝑇௖௡௜𝑑௜௘𝐷௞
௜ୀଵ  (7)

 
In Eq. (7), 𝐷 = ∑ 𝑑௜௘௞ଵ , i denotes the serial number of 

each monitoring point, m is the number of monitoring 
points, Tcni is the temperature of the ith monitoring point at 
the nth calculation step, di is the distance from the 
monitoring point to point b, Tbcn is the measured 
temperature of point b calculated at the nth step, and e is a 
constant. 

The calculation method for the temperature-change 
parameter for surface elements is the same as Eq. (6). 
Although the value of the surface heat release coefficient 
will not affect the calculation accuracy of the reconstructed 
temperature field, it may significantly affect the calculation 
efficiency. This is because if there is a large difference 
between the calculated surface heat release coefficient and 
the actual coefficient, a very short time step will be 
required. Therefore, it is necessary to select a reasonable 
surface heat release coefficient to ensure efficient 
calculation. 

This method requires thermometers to be embedded 
inside the surface element. It is recommended to embed at 
least one thermometer in areas with different solar radiation 
shielding and surface insulation conditions. Because adding 
thermometers will not significantly increase the cost of 
reconstructing the temperature field, it is recommended to 
place more thermometers on the surface area. However, if 
the accuracy of the reconstructed temperature field can be 
sacrificed, the estimated surface heat release coefficient can 
be used to perform simulation analysis for the non-key 
study areas, and the temperature-tracking algorithm can be 
used to reconstruct the temperature field for the key study 
areas. 
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3.2 Treatment of boundary conditions for water 
pipes based on heat-flow balance 

 
3.2.1 Temperature calculation method for mass 

concrete containing water pipes 
Because concrete is a poor conductor of heat, the 

concrete temperature gradient around a water pipe is 
relatively large. Moreover, the temperature monitoring point 
itself has a certain thickness, and the thermal conductivity 
of its protective material is usually very low. Therefore, it is 
challenging to measure the temperature around a water pipe 
accurately using ordinary thermometers. Because the 
premise for ensuring accuracy for the proposed tracking 
algorithm is that the measured values of the temperature 
monitoring points are accurate, the tracking algorithm may 
not accurately reflect the temperature of concrete around a 
water pipe. 

Several methods are available for calculating the 
temperature field of mass concrete containing water pipes. 
For example, if the calculation amount allows, the most 
direct method is to arrange a series of nodes along the 
direction of the water pipe and assign accurate temperatures 
at these nodes. However, the following two problems must 
be solved before using this method: 

 

(1) Generally, the only water temperatures that can be 
monitored during concrete pouring are the inlet and the 
outlet water temperatures. However, the distribution of 
water temperature inside a water pipe is highly non-linear. 
Thus, the challenge is accurately calculating the water 
temperature distribution along the water pipe. 

(2) At present, plastic water pipes are widely used in 
temperature-controlled mass concrete cooling. Because of 
the low thermal conductivity of plastic water pipes, the 
water temperature in the pipe is not equal to the node 
temperature. Thus, the challenge is calculating the 
relationship between the water temperature in the water 
pipe and the node temperature. 

 

The aforementioned factors limit the reconstruction 
accuracy of the concrete temperature field around a water 
pipe. This study provides a method that can accurately 
consider the temperature of a node where a water pipe is 
located, thereby improving the temperature field 
reconstruction accuracy for mass concrete containing water 
pipes. 

 
3.2.2 Temperature field distribution of concrete 

around a water pipe 
At present, there are many algorithms for temperature 

field of mass concrete with cooling pipes (Myers et al. 
2009, Singh and Rai 2018). This paper presents a high-
precision calculation method for small element size, which 
is suitable for reconstruction of temperature field. 

Fig. 3 shows a typical cross-section of water pipe-
containing mass concrete in the direction vertical to the 
water pipe. The red circle in the figure represents the 
cooling water pipe, the inner and outer radii of which are ri 
and ro, respectively. As shown in Fig. 3, the concrete around 
the water pipe is defined as area A (i.e., the area with inner 
and outer radii of ro and rd in Fig. 3), and the concrete 
outside area A is defined as area B. The temperature 

gradient of area A can be expressed as a function of four 
physical quantities, namely the heat flow from area B to 
area A, the change in the hydration heat release of area A 
over time, the change in the heat of area A over time, and 
the water temperature. 

Both the changes in the hydration heat release and in the 
heat of area A are closely related to the volume of the 
concrete. If the volume of area A is sufficiently small, these 
changes can be ignored. Author et al. highlighted that if the 
outer radius of area A is less than 0.10 m, it can be assumed 
that the temperature of area A is only related to the heat 
flow and the temperature of the water transferred from area 
B to area A (Zhu et al. 2013). Then, the temperature 
gradient in the water pipe and that in the concrete in area A 
can be expressed as 

 

𝐺(𝑟௫) = ⎩⎨
⎧ 𝑘 𝑟଴𝑟௫   𝑟௜ ≤ 𝑟௫ ≤ 𝑟௢𝑘𝜆௣𝑟଴𝜆௖𝑟௫    𝑟௢ ≤ 𝑟௫ ≤ 𝑟ௗ (8)

 
where ri is the inner radius of the water pipe, ro is the outer 
radius of the water pipe, 𝜆௣ is the thermal conductivity of 
the water pipe material, 𝜆௖ is the thermal conductivity of 
concrete, and k is the water pipe-side temperature gradient 
at the interface between the water pipe and the concrete. 

The temperature difference between the inner and outer 
walls of the water pipe can be obtained by integrating Eq. 
(8) 𝛥𝑇௢௜ = 𝑘𝑟௢ ln ൬𝑟௢𝑟௜ ൰ (9)

 
Similarly, the temperature difference between a location 

rd from the water pipe and the outer wall of the water pipe 
(i.e., the interface between the water pipe and the concrete) 
can also be obtained by integrating Eq. (8) 

 𝛥𝑇௢௜ = 𝑘𝑟௢ 𝜆௣𝜆௖ 𝑙𝑛 ൬𝑟ௗ𝑟௢ ൰ (10)

 
From Eqs. (9) and (10), the temperature gradient at the 

inner wall of the water pipe (i.e., the interface between the 
water pipe and the water) can be obtained as follows 

 𝐺(𝑟௜) = 𝑇ௗ − 𝑇௪ቂln ቀ௥೚௥೔ቁ + ఒ೛ఒ೎ ln ቀ௥೏௥೚ቁቃ 𝑟௜ (11)

 
where Tw is the water temperature, and Td is the temperature 

 

 
Fig. 3 Typical cross-section of a cooling water pipe in 

mass concrete
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of the location at a distance d from the water pipe. 
Similarly, according to Eqs. (9) and (10), the 

temperature of the outer wall of the water pipe (i.e., the 
interface between the water pipe and the concrete) can be 
expressed as 

 𝑇௣ = 𝑇௪ + ln ቀ௥೚௥೔ቁln ቀ௥೚௥೔ቁ + ఒ೛ఒ೎ ln ቀ௥೏௥೚ቁ (𝑇ௗ − 𝑇௪) (12)

 
3.2.3 Calculation of water temperature along a 

water pipe 
According to the literature, the increment in water 

temperature along a water pipe of length dl can be 
expressed as 

 Δ𝑇wi = −𝜆௣𝑐௪𝜌௪𝑞௪ ඵ 𝜕𝑇𝜕𝑛௰బ 𝑑𝑠 (13)
 

where cw is the specific heat of water, ρw is the density of 
water, qw is the heat flow, dl is a micro element of the water 
pipe section, ∂T/∂n is the temperature gradient, and λp is 
the thermal conductivity of the water pipe material. 

The temperature gradient around a water pipe is 
regarded as constant. According to Eq. (11) 

 𝜕𝑇𝜕𝑛 = 𝑇௪೔ − 𝑇ௗቂln ቀ௥೚௥೔ቁ + ఒ೛ఒ೎ ln ቀ௥೏௥೚ቁቃ 𝑟௜ (14)

 
Evidently, ∬ 𝑑𝑠௰బ = 2𝜋𝑟௜𝑑𝑙, and 
 Δ𝑇wi = 2𝜋𝑑𝑙𝜆௣(𝑇ௗ − 𝑇௪௜)𝑐௪𝜌௪𝑞௪ ቂln ቀ௥೚௥೔ቁ + ఒ೛ఒ೎ ln ቀ௥೏௥೚ቁቃ (15)

 
As the inlet temperature of the cooling water is known, 

Eq. (15) can be used to calculate the water temperature of 
each cooling water pipe along the direction of the water 
flow. Let a certain cooling water pipe be divided into m 
sections, the inlet water temperature be Tw0, and the 
increment in water temperature in the ith water pipe section 
be ΔTwi. Then 

 𝑇wi = 𝑇௪଴ + ෍ 𝛥𝑇wj

௜
௝ୀଵ ,     𝑖 = 1,2,3,⋅⋅⋅, 𝑚 (16)

 
Because both Eqs. (15) and (26) contain the water 

temperature variable and are not explicit equations, the 
 
 

 
Fig. 4 Element where water pipe node is located

temperature field cannot be obtained in one step. An 
iterative solution method must be used to obtain the actual 
solution gradually. In the first iteration, it can be assumed 
that the water temperature along the entire cooling water 
pipe is equal to the inlet temperature of the cooling water, 
and the approximate temperature field can be obtained 
using Eq. (1). Subsequently, Eqs. (15) and (16) can be used 
to obtain the water temperature along the water pipe. The 
iterations are repeated until a stable solution is obtained. 

 
2.2.4 Solving the finite element node temperature 
For the finite element mesh, the node diagram in Fig. 4 

is used as an example. P is a node on the water pipe, and 
N1, N2, …, Nj, …, Nm are the m nodes that are not on the 
water pipe and share common elements with node P. 

Let the distance between node Ni and node P be rdi. 
Then, the m temperatures of node P and the temperature 
along the water pipe of length dl, denoted as Tpj and ΔTwj, 
respectively, can be obtained using Eqs. (12) and (15), 
respectively. 

Then, the temperature of node P can be expressed as 
 𝑇௣ = ∑ 𝑇௣௜௠௝ୀଵ𝑚  (17)
 
The temperature increment along the water pipe of 

length dl can be expressed as 
 Δ𝑇wi = ∑ Δ𝑇wij

௠௝ୀଵ𝑚  (18)
 
If the size of the element where node P is located meets 

the requirements of Eq. (8), then Eqs. (16)-(18) will yield 
the temperatures of the nodes where the water pipe is 
located. By applying the first type of boundary condition, 
given in Eq. (2), the boundary condition of the water pipe 
can be simulated accurately. 

 
 

4. Calculation example 
 
4.1 Test introduction 
 
A concrete test block was used to verify the accuracy of 

the proposed algorithm. The known thermal properties of 
the concrete were its thermal conductivity and temperature 
conductivity. Within 6.5 d of pouring, 5 cm of polyurethane 
was sprayed on the outer side of the steel formwork on the 
four sides of the concrete. After 6.5 d of pouring, 10 cm of 
benzene boards were placed on the S-1 and S-3 sides, and 5 
cm and 10 cm of polyurethane were sprayed on the S-2 and 
S-4 sides, respectively. The properties of all insulation 
materials were unknown. 

As shown in Fig. 5(a), the test block used in this study 
had dimensions of 5 m × 5 m × 3 m, and thermometers 
were placed on the EFGH and ABCD sections as shown in 
Fig. 5(a). 

Plastic cooling water pipes with an inner diameter of 28 
mm and an outer diameter of 32 mm were installed 1.5 m 
away from the concrete. The layout of the cooling water 
pipes is shown in Fig. 5(d). After the concrete was poured, 
the water cooling was started. The inlet water temperature 
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(a) Test block dimensions (b) Thermometer layout on section EFGH

 

 

(c) Thermometer layout on section ABCD (d) Layout of cooling water pipes 

Fig. 5 Dimensions of pouring block and locations of thermometers 

(a) Inlet and outlet water temperatures (b) Flow rate 

Fig. 6 Measured inlet and outlet water temperatures and flow rate 

 
(a) Layout of monitoring points and water pipes (b) Construction process 

 

 

(c) Spraying of insulation materials before demolding (d) Insulation materials after demolding

Fig. 7 Concrete monitoring point layout, pouring, and insulation 
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and flow rate are shown in Fig. 6. 
On-site images of the layout of the concrete monitoring 

points, the pouring, the spraying of polyurethane on the 
outer side of the steel formwork, and the thermal insulation 
material cover after demolding are shown in Fig. 7. 

 
4.2 Temperature-field reconstruction results 
 
Based on actual measurements of the temperature field 

of the test block, the proposed algorithm was used to 
reconstruct the temperature field of the test block. The finite 
element time step in the reconstruction process was set as 
0.025 d. As shown in Fig. 5, in the inversion process, 
monitoring points C30, C38, C39, C40, and C41 tracked the 
temperature of the bottom surface. C23 tracked the 
temperature of the top surface. C13, C14, and C15 tracked 
the temperature of the S-1 surface. C16, C17, and C18 
tracked the temperature of the S-2 surface. C2, C3, and C4 
tracked the temperature of the S-3 surface, and C35, C36, 
and C37 tracked the temperature of the S-4 surface. 

According to the results of the previous analysis, the 
 
 

 
 

 
 

temperature data from the monitoring points on the water 
pipe wall cannot represent the actual temperature data. The 
monitoring points that track the internal temperature of 
concrete do not include those near the wall of a water pipe. 
Eighteen days before pouring, all the internal temperature 
monitoring points except those on the water pipe wall were 
used for the tracking calculation; 18 d after pouring, only 
C1, C26, and C27 were used in the tracking calculation. 

The temperature distributions of the surface, cross-
section A, and cross-section B in the reconstructed 
temperature field of the concrete on the 2nd, 10th, and 28th 
days after pouring are shown in Figs. 8, 9, and 10, 
respectively. The reconstructed temperature field 
completely conformed to the general temperature field 
distribution pattern. The errors between the measured 
values that were used in the tracking calculation and the 
corresponding true values can be controlled by shortening 
the finite element time step. For brevity, only monitoring 
points C1–C6 are discussed. As shown in Fig. 11, when the 
time step was 0.025 d, the errors between the measured 
values and the calculated values were all within 0.2°C. 

 
 

 
 

 
 

 
(a) Surface temperature distribution (b) Cross-section temperature distribution

Fig. 8 Surface and cross-section temperature distributions on 2nd day after pouring 

 
(a) Surface temperature distribution (b) Cross-section temperature distribution

Fig. 9 Surface and cross-section temperature distributions on 10th day after pouring 

 
(a) Surface temperature distribution (b) Cross-section temperature distribution

Fig. 10 Surface and cross-section temperature distributions on 28th day after pouring 
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Eighteen days after pouring, when only three monitoring 
points were used in the tracking calculation, using 
monitoring points 5 and 6 as examples—it can be seen that 
the calculated temperature process line almost coincided 
with the measured line. These results indicate that a high 
accuracy can be achieved by arranging only a small number 
of monitoring points inside the pouring block when using 
the proposed algorithm. 

 
 

5. Conclusions 
 
In this study, a temperature-tracking algorithm was 

developed to reconstruct the temperature field of concrete, 
and the heat flow balance method was adopted to calculate 
the temperatures of nodes at water pipes in mass concrete. 
The proposed method can be used to reconstruct the 
temperature field without inversion of the surface heat 
release coefficient and concrete adiabatic temperature rise. 
Moreover, the calculation examples provided herein showed 
that in the temperature field reconstructed using the 
proposed algorithm, the temperature of the monitoring point 
can be infinitely close to the true value as the time step was 
shortened. Furthermore, only a small number of monitoring 
points are needed for accurately reconstructing the 
temperature field of mass concrete containing water pipes. 
In addition, automatic reconstruction and calculation of the 
temperature and stress of concrete structures without human 
intervention can be realized using the proposed algorithm. 

This study proposes an explicit temperature field 
reconstruction algorithm for temperature field that requires 

 
 

smaller computational time steps. The time step of the 
proposed algorithm needs to be very short for accurate 
reconstruction of a temperature field when there are large 
deviations between the calculated boundary conditions and 
the actual boundary conditions. With this study, the 
calculation efficiency of the proposed algorithm is only 
suitable for temperature field reconstruction of slices, 
aqueducts, and other small-scale mass concrete structures. 
Thus, this necessitates concurrent research into maintaining 
computational accuracy while implementing enlarged time 
steps. 
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