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Abstract: Under the action of cement hydration heat, construction environment, thermal insulation
measures, and pipe cooling system, the mass concrete pile cap produces a complex temperature
field inside the structure, which makes it difficult to control the internal surface temperature
difference, the maximum adiabatic temperature rise and the surface temperature of the structure.
In this paper, the mass concrete pile cap of a super large bridge (the length, width, and height are
26.40m, 20.90m, and 5.00m, respectively, and the central pier pile cap is constructed with concrete
with a strength of C40) is taken as the research support project. The controlling factors affecting the
temperature field of the mass concrete pile cap are found by comparing the temperature monitoring
of the pile cap with the calculated value of finite element software simulation analysis. Through the
finite element software Midas Civil and Midas FEA, the control factors affecting the temperature
field of the main pier cap (concrete mold temperature, concrete surface convection coefficient,
ambient temperature, and pipe cooling system parameters, etc.) are numerically analyzed, and the
influence law and influence degree of the control factors are found out.

Keywords: mass concrete pile cap; hydration heat effect; adiabatic temperature rise; internal surface
temperature difference; pipe cooling system

1. Introduction

As the foundation of long-span bridge construction, the mass concrete pile cap will bring great
hidden dangers to the safety and stability of bridge engineering once the temperature cracks caused
by temperature stress occur. There needs to be a unified understanding of mass concrete in various
countries. The American Concrete Association defines a concrete structure as one that must control
its hydration heat during construction to prevent cracks due to excessive volume as mass concrete
[1]. The Japanese Architectural Society: A concrete structure with a minimum size of more than 0.8m
and a temperature difference of more than 25 ° C during construction is called a mass concrete [2].
The International Prestressed Concrete Association (FIP) stipulates that all concrete members with a
minimum size of more than 0.6m and a cement content of more than 3400kg/m can be called mass
concrete [3]. It is stipulated in the ' Mass Concrete Construction Specification ' GB5049-2018 that the
minimum geometric size of the concrete structure is not less than Im, or the concrete that is expected
to cause harmful cracks due to the temperature change and shrinkage caused by the hydration of the
cementitious material in the concrete is mass concrete [4].

Although countries worldwide have yet to make uniform provisions on the specific geometric
size or dosage of mass concrete, many scholars have generated a large amount of heat inside the mass
concrete structure during construction, and it is not easy to emit. Therefore, the internal temperature
of the mass concrete is high, and its surface is greatly affected by the ambient temperature, so its
surface temperature is low. The stress caused by the significant temperature difference between the
inner and outer surfaces is the main factor leading to cracks in the mass concrete structure. Therefore,
appropriate temperature control measures must be taken during construction [5-11]. The Soviet
Hydraulic Research Institute, the United States Bureau of Reclamation, and other research
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institutions systematically analyzed and studied the early temperature cracks of mass concrete in the
middle of the 20th century. Based on the design of mass concrete and temperature control during
construction, a series of calculation methods and control measures were proposed [12-14]. Nikolay
Aniskin proposed to replace the water in the concrete mixture with ice. Based on the principle of
energy balance in the heat transfer process, a formula for calculating the amount of ice required was
established to control the initial temperature of the concrete mixture. The results show that the
maximum temperature and temperature difference in mass concrete depends primarily on the initial
temperature of the concrete mixture [15]. T.C. Nguyen et al. believed that using a 7cm sand layer can
prevent and limit the cracks in the early stage of mass concrete blocks and reduce the temperature
difference of mass concrete [16]. Trong Chuc Nguyen et al. used the numerical method to draw the
temperature-time history diagram and determined the maximum temperature of the concrete
structure under different sizes, the initial temperature of the concrete mixture, cement content, and
other parameters. The obtained temperature nomogram was compared with the finite element
method results, and the results were in agreement. It can predict the maximum temperature in the
mass concrete structure and prevent the formation of temperature cracks [17].

Alamayreh M I et al. designed a cooling system using cold water or cooling air in the air
conditioning pipeline at about four °C to cool the concrete aggregate and found the best refrigerant
under different working conditions through the numerical model [18]. Seo Tae-Seok et al. proposed
a vertical pipe cooling method suitable for slender mass concrete such as retaining walls and bridge
towers [7]. T.C. Nguyen studied the temperature field and temperature stress of mass concrete under
the action of a cooling water pipe system. At the same time, the temperature field and cracking index
of mass concrete with a cooling water pipe system temperature of 15 °C were measured [19]. Joo-
Kyoung Yang studied the relationship between the thermal conductivity of the pipe wall and the
concrete during the cooling of the cooling pipe and established the thermal convection coefficient
function of the pipe wall and the concrete based on the flow velocity, pipe diameter, and pipe
thickness [20]. Lawrence.AM et al. first used the finite element method to calculate and then
measured the early strength development and crack formation of concrete mixed with different
cementitious materials through experiments. Finally, the numerical simulation was combined with
the actual operation to verify the accuracy of the calculation results [21]. Xue et al. carried out duct
cooling experiments on concrete walls with embedded bellows, used ultrasonic detectors to explore
the development of crack depth under different airflow velocity conditions, and judged the optimal
airflow velocity to control crack development through stress distribution [11]. Adek Tasri et al.
studied the influence of three kinds of post-cooling pipes with different materials on mass concrete's
temperature stress and temperature gradient. It was found that the concrete temperature obtained
by using steel cooling pipes was 70% and 36% lower than that obtained by using PVC and PEX
cooling pipes, respectively, which can weaken the cracking risk caused by core area expansion and
concrete surface shrinkage. However, the tensile stress generated by steel tubes is 25.3% and 12.7%
higher than that of PVC and PEX tubes [22].

It effectively reduces the rise in adiabatic temperature and internal and internal surface
temperature differences in mass concrete by changing the composition of the concrete or adding
inhibitors. However, applying to mass concrete with different mix ratios and construction conditions
is difficult. By arranging the pipe cooling system in the mass concrete, cooling the internal concrete
through cold water or cold air is also a standard means in the construction process of mass concrete.
However, the research on the pipe cooling system primarily focuses on the water temperature, and
there are few studies on the pipe diameter and flow rate. Therefore, this paper first designs the layout
mode of the pipe cooling system of the main pier cap of a super-large bridge and compares it with
the field-measured data. Then, the effects of concrete molding temperature, surface convection
coefficient, and ambient temperature on the rise of internal adiabatic temperature, surface
temperature, and internal surface temperature difference of mass concrete were systematically
analyzed. Finally, the quantitative analysis of the influence of various parameters (flow rate, water
temperature, and effective pipe diameter) of the mass concrete pipe cooling system on the cooling
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effect provides a benchmark for the test of the mathematical model of the mass concrete-pipe cooling
system and the design of the pipe cooling system.

2. Concrete Parameters and Numerical Modeling

2.1. Physical Thermal Parameters of Concrete

The length, width, and height of the mass concrete cap of a bridge are 26.40m x 20.90m x 5.00m,
respectively, and the concrete mix ratio is shown in Table 1.

Table 1. Concrete mix ratio (kg/m?).

Concrete grades Cement Fly ash Sand Gravel Water Water reducer
C40 240 160 779 1076 145 4

The thermal conductivity of concrete is the heat conductivity of the unit volume of concrete in
unit time, and the medium on both sides is the unit temperature difference. The specific heat
capacity of concrete is the heat required for the temperature of concrete per unit mass to increase by
1°C. The thermal conductivity, specific heat capacity, and adiabatic temperature rise of concrete can
be calculated according to formulas (1), (2), and (3), respectively.

1
A :;(plkl +P,A, +psAy +pAy +DsAs) 1)

where p,p,,P,,P;, Psand ps represent the percentage of concrete per cubic meter of concrete,
cement, sand, gravel, water, fly ash (%). Where A, 7u1 , 7»2 , 7L3 , 7u4 and 7u5 represent the thermal

conductivity of concrete, cement, sand, stone and water respectively, which can be valued according
to Table 2.

1
C= E(plcl +p,C, +p,C; +p,C, +p5Cy) )

where C,C,,C,,C;,C,and C; represent the specific heat capacity of concrete, cement, sand,

stone, water, and fly ash, respectively, which can be valued according to Table 3.
Qeo=k-Q,-W 3

where Q_ is the total calorific value of concrete (kJ/m3), Q, is the hydration heat of cement

(kJ/Kg), W is the amount of concrete cementitious material (kg/m?3), and k is is the adjustment
coefficient. The value is shown in Table 4.

Table 2. Thermal conductivity of concrete materials.

Concrete materials Cement Sand Gravel Water Fly ash
Thermal conductivity (W/(m-K)) 2218 3.082 2.908 0.600 0.23

Table 3. Specific heat capacity of concrete materials.

Concrete materials Cement Sand Gravel Water Fly ash
Specific heat capacity (kJ/(kg-K))  0.536 0.745 0.708 4,187 0.92

Table 4. Hydration heat parameter adjustment coefficient.

Parameter 0 10% 20% 30% 40%
Fly ash 1 0.96 0.95 0.93 0.82
Slag powder 1 1 0.93 0.92 0.84
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The thermal conductivity of concrete is 2.573 W/(m-K), the specific heat capacity is 0.926
kJ/(kg-K), and the adiabatic temperature rise is 67.92 °C.

2.2. Numerical Modeling

2.2.1. Basic Setting

The plane size of the cap is 26.4m x 20.9m, and the height is 5m. The cap is poured and formed
simultaneously, and the finite element software Midas Civil is used for modeling. The following
settings are made during the modeling process:

(1) Assuming that the pile cap is a homogeneous body, the heating rate of each node in the model
is the same.

(2) Assuming that the initial temperature of the pile cap is the same.

(3) Assuming that the surface convection coefficient of each side of the pile cap is the same,
considering the foundation's influence on the concrete's heat dissipation.

(4) Assuming that the influence of steel bars and other materials inside the cap is ignored, the
influence of heat preservation and moisture retention during construction is considered.

(5) The concrete molding temperature and ambient temperature are obtained by field
measurement. According to the thermal insulation measures (steel formwork and thermal insulation
materials) in the construction process, the surface convection coefficient of the pile cap surface is
calculated to be 11.79kJ/(m’h°C), and the surface convection coefficient without considering the
thermal insulation measures is 76.6kJ/(m” -h-°C) .

(6) The foundation size is larger than the cap size. According to experience, the foundation size
is considered 30.9m x 36.4m x 3m. The foundation's specific heat capacity and thermal conductivity
are 0.2 and 1.7. All the nodes around the foundation are consolidated. That is, all rotation and
translation are restrained.

2.2.2. Arrangement of Pipe Cooling System

The pipe cooling system is used for internal cooling during the cap construction. The water pipe
of the pipe cooling system is a thin-walled iron pipe with an effective diameter of 40 mm, and the
water inlet rate of the cooling pipe is 6 m3/h per pipe. The water temperature of the inlet is corrected
according to the field measurement. Four layers of independent inlet and outlet pipe cooling systems
are arranged on the pile cap. The arrangement of the pipe cooling system is shown in Figure 1.
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Figure 1. Pipe cooling system layout: (a) Elevation diagram of tube cooling system; (b) First and third-
floor plan of tube cooling system; (c) Second and fourth-floor plan of tube cooling system.

2.2.3. Numerical Model of Cap

The pile cap's hydration heat state is analyzed using the finite element software Midas Civil. In
the model, the internal pipe cooling system of the main pier cap is simulated by the connection
between the nodes, and the low-temperature fluid in the pipe cooling system is considered according
to the load. Figure 2 is the temperature field distribution inside the pile cap and foundation model
and the pile cap with or without pipe cooling system (the mold temperature is tentatively set at 20°C,
the water temperature is 20 °C, the ambient temperature is 20 °C, and the other parameters are shown
in Section 2.1).
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Figure 2. Numerical model diagram: (a) Overall numerical model of pile cap; (b) The temperature
field distribution with pipe cooling system; (c) The temperature field distribution without pipe
cooling system.

As shown in Figure 2, when the pipe cooling system is not arranged, a large amount of heat is
generated inside the cap due to cement hydration, and the ability of concrete to transfer heat is poor.
The internal temperature of the cap is high, and the surface of the mass concrete cap has heat
exchange with the air, resulting in a surface temperature reduction rate more significant than the
internal cooling rate of the concrete. At this time, there is a temperature difference on the inner surface
of the cap. If the temperature difference is too significant, the temperature stress caused by it will
lead to temperature cracks in the central pier cap. After the pipe cooling system is arranged, the
internal temperature field of the pile cap is redistributed, and the internal temperature is significantly
reduced, which can significantly improve the internal temperature difference and reduce the risk of
temperature cracks. For mass concrete, it is generally required that the internal maximum
temperature does not exceed 75°C, and the temperature difference between the inner surface of the
concrete should not be more significant than 25°. Therefore, the following analysis takes the internal
maximum temperature and the maximum temperature difference between the inner surface as the
analysis object.
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3. Field Test Data and Parameter Sensitivity Analysis

3.1. Test Instrument and Measuring Point Arrangement for Field Test

The center of the pile cap is symmetrical, so the temperature sensor is only arranged in 1/4 of the
pile cap, and the automatic temperature acquisition module is used to collect the temperature data.
Five layers are arranged in the vertical direction of the main pier cap, and there are 9 measuring
points in each layer. Five temperature sensors and two temperature sensors for monitoring the
ambient temperature are arranged for the inlet and outlet of the pipe cooling system, and a total of
52 temperature sensors are arranged. The specific layout position of the temperature sensor is shown

in Figure 3.
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Figure 3. Pile cap temperature measuring point layout diagram: (a) Facade layout; (b) Plane layout.

The temperature is monitored every 2 hours during the pouring stage and the heating stage of
the pile cap, the temperature is monitored every 4 hours after the pile cap enters the cooling stage,
and the temperature is monitored every 12 hours after the cooling rate is stable. When the difference
between the surface temperature of the cap and the ambient temperature is less than 20 °C, the
temperature measurement is stopped.

3.2. Analysis of Field Measured Data

The temperature difference between the inner surface of the mass concrete cap should be less
than 25 °C, which is the decisive factor affecting the temperature stress of the concrete. Therefore, the
maximum value of internal adiabatic temperature rise, surface temperature, and internal surface
temperature difference of the cap are analyzed using field-measured data. In the construction process
of A# and B# pile caps, the average temperatures of the field environment are 1°C and 18°C, the
average temperatures of the concrete into the mold are 13 °C and 16 °C, the inlet temperatures of the
pipe cooling system are 8°C and 20°C. The surface convection coefficient is 11.79kJ/(m*h°C) during

the cap construction, and the model without heat preservation is calculated for comparison. The
temperature rise curves of A# and B# caps are shown in Figure 4.
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Figure 4. Temperature rise curves of cap: (a) A# cap; (b) B# cap.

As shown in Figure 4, for A# cap, the maximum measured internal adiabatic temperature rise is
46.2°C (160h). In the finite element results, it is 46.2°C (97h) when considering the heat preservation
measures and 46°C (97h) when not considering the heat preservation measures. For B# cap, the
maximum measured internal adiabatic temperature rise is 54.1°C (61h). In the finite element results,
it is 58°C (83h) when the heat preservation measures are considered, and it is 57.6°C (83h) when the
heat preservation measures are not considered. It can be seen that for mass concrete with the same
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mix ratio and mold temperature, after fully considering the pipe cooling system and ambient
temperature, the presence or absence of heat preservation measures has little effect on the maximum
adiabatic temperature rise inside the concrete in the finite element model. The measured value is
lower than the theoretical value at the initial stage of concrete pouring. The measured value of the
rise in internal adiabatic temperature is lower than the calculated value of the model at the initial
stage of concrete pouring. Because the cooling water temperature is low at the initial stage of pouring,
the heat exchange between the internal concrete and the pipe cooling system is sufficient, the cooling
water temperature rises rapidly in the later stage, and the cooling effect is significantly reduced. The
finite element software is more accurate for calculating the maximum adiabatic temperature rise
inside the concrete, but the calculation of the occurrence time needs to be more accurate.

Figure 4 shows that the measured value of the surface temperature of the pile cap is greatly
affected by the ambient temperature and fluctuates wildly. However, it is consistent with the
calculated value of the surface temperature of the finite element model considering the heat
preservation measures. Therefore, reasonable heat preservation measures significantly improve the
surface temperature of the pile cap, which can significantly improve the surface temperature of the
pile cap. Affected by the fluctuation of the surface temperature of the pile cap, the internal surface
temperature difference also fluctuates, and it is basically consistent with the calculated value of the
finite element model, considering the thermal insulation measures. However, in the later monitoring
stage, the internal surface temperature difference of the calculated model value considering the heat
preservation measures has begun to decrease. However, the measured data still fluctuate around the
maximum temperature difference and show a slight increase. The main reason is that the peak value
of the measured data of the highest core temperature inside the concrete appears late and lasts for a
long time.

3.3. The Influence of Concrete Molding Temperature

The standard value of concrete molding temperature is 5°C ~ 28°C (values 5, 10, 15,20,25,28 °C).
The size of the cap is consistent with the previous text. The surface of the cap is naturally cooled, and
no pipe cooling system is arranged. The influence of different molding temperatures on the internal
adiabatic temperature rise, surface temperature and internal surface temperature difference of mass
concrete caps was analyzed by setting the construction environment temperature to 20 °C. Figures 5-
7 show the internal adiabatic temperature rise, surface temperature, and internal surface temperature
difference at different concrete molding temperatures.
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Figure 5. Internal adiabatic temperature rise under different molding temperatures: (a) Internal
adiabatic temperature rise; (b) Maximum internal adiabatic temperature rise.

In Figure 5, the maximum internal adiabatic temperature rises with the increase in concrete
molding temperature. The theoretical adiabatic temperature rise of the concrete is 67.92°C, and the
relationship between the molding temperature and the internal adiabatic temperature rise is Y =
1.026X + 60.80. Due to the heat dissipation of the surface and the heat exchange between the
foundation and the cap, the maximum internal adiabatic temperature rise is less than the theoretical
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calculation of the adiabatic temperature rise plus the concrete molding temperature. However, the
internal adiabatic temperature rises and reaches the highest temperature at different molding

temperatures. The internal adiabatic temperature rise is approximately 1°C for every 1°C increase in
the molding temperature.
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Figure 6. Surface temperature under different molding temperatures: (a) Surface temperature; (b)
Maximum Surface temperature.

As shown in Figure 6, the maximum surface temperature increases with the increase in molding
temperature, and the relationship between the molding temperature and the maximum adiabatic
temperature rise is Y = 0.189X + 25.35. Due to the influence of ambient temperature and surface
convection coefficient, the maximum temperature the concrete surface can reach under natural heat
dissipation conditions is much smaller than the core temperature inside the cap. 0.2°C approximately
increases the maximum surface temperature for every 1°C increase in the molding temperature.
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Figure 7. The internal surface temperature difference at different molding temperatures: (a) The
internal surface temperature difference; (b) Maximum internal surface temperature difference.

In Figure 7, the internal surface temperature difference increases with the increase of concrete
molding temperature, and the relationship between the molding temperature and the maximum
internal surface temperature difference is Y = 0.931X + 36.43. 0.95 °C approximately increases the
maximum internal surface temperature difference for every 1°C increase in the molding temperature.

3.4. The Influence of Ambient Temperature and Surface Convection Coefficient

The molding temperature is set to 20 °C without considering the pipe cooling system. The
ambient temperature range is —=5°C ~ 30°C. According to the previous study, the range of surface
convection coefficient is 11.79kJ/(m*h°C) ~76.6kJ/(m°h°C). The analysis scheme as shown in Table 5.

The temperature rise curves under different working conditions are shown in Figures 8-10.
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Table 5. Analysis scheme.
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t
emperalile__ o gec  5C  10°C  15°C  20°C 25°C  30°C
Surface convection
coefficient

11.79 Al B1 C1 D1 El F1 Gl H1

20 A2 B2 C2 D2 E2 F2 G2 H2
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40 A4 B4 C4 D4 E4 F4 G4 H4

50 A5 B5 C5 D5 E5 F5 G5 H5

60 A6 B6 C6 Dé6 E6 F6 G6 Hé6

76.6 A7 B7 c7 D7 E7 F7 G7 H7

A1 ~ H7 is the working condition number, and the unit of surface convection coefficient is kJ/(m*h°C).
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Figure 8. Internal adiabatic temperature rise: (a) Ambient temperature -5 °C; (b) Ambient temperature
0°C; () Ambient temperature 5°C; (d) Ambient temperature 10°C; (e) Ambient temperature 15°C; (f)
Ambient temperature 20°C; (g) Ambient temperature 25°C; (h) Ambient temperature 30°C.

In Figure 8, the change of surface convection coefficient has little effect on the internal adiabatic
temperature rise when the ambient temperature is constant. However, after the internal adiabatic
temperature rise reaches the peak and enters the cooling stage, the more significant the surface
convection coefficient, the greater the internal cooling rate. When the surface convection coefficient
is constant, the ambient temperature change has little effect on the internal adiabatic temperature

rise.
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Figure 9. Surface temperature: (a) Ambient temperature -5 °C; (b) Ambient temperature 0°C; (c)
Ambient temperature 5°C; (d) Ambient temperature 10°C; (e) Ambient temperature 15°C; (f) Ambient
temperature 20°C; (g) Ambient temperature 25°C; (h) Ambient temperature 30°C.

As shown in Figure 9, the maximum surface temperature increases with the decrease of the
surface convection coefficient when the ambient temperature is constant. However, the surface
temperature decreases faster after the cap enters the cooling stage. When the ambient temperature is
low, and the surface convection coefficient is significant, there is no obvious heating process for the
surface temperature. When the surface convection coefficient is constant, the maximum value of the
surface temperature increases with the increase of the ambient temperature. The greater the surface

convection coefficient, the greater the influence of the construction environment temperature on the
surface temperature.
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Figure 10. The internal surface temperature difference: (a) Ambient temperature -5 °C; (b) Ambient
temperature 0°C; (c) Ambient temperature 5°C; (d) Ambient temperature 10°C; (e) Ambient

temperature 15°C; (f) Ambient temperature 20°C; (g) Ambient temperature 25°C; (h) Ambient
temperature 30°C.

When the ambient temperature is constant, the internal surface temperature difference decreases
with the decrease of the surface convection coefficient. When the surface convection coefficient is

constant, the internal surface temperature difference decreases with the increase in ambient
temperature.

3.5. The Influence of Pipe Cooling System Parameters

The pipe cooling system has strong controllability, and the temperature gradient of mass
concrete can be regulated by pipe diameter, water temperature, water flow and other conditions, and
the effect is noticeable. In order to study the effect of various parameters of the pipe cooling system
on the temperature reduction of the concrete around the tube cooling system, the concrete model of
a quarter of the cylinder was established by Midas FEA software. The diameter of the cylinder model
is 5m, the height is 8m, the length of the X-axis unit is 10cm, the length of the Y-axis unit is 20cm, and
the length of the Z-axis unit is 50cm. The Midas FEA analysis model is shown in Figure 11.
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Figure 11. The Midas FEA analysis model.

The pipe cooling system is arranged inside the mass concrete, and the low-temperature cold
water is introduced to reduce the temperature rise caused by the hydration heat of the concrete
through the heat exchange between the concrete and the low-temperature fluid. The concrete
parameters are the same as above, the molding temperature is 20°C, and the ambient temperature is
20°C. Without considering the heat preservation measures of mass concrete structure, surface heat
dissipation is considered natural. In the pipe cooling system, the effective diameter of the cooling
pipe is set to be 20mm ~ 50mm (step length 10mm), the water flow rate in the pipe is set to be 60cm/s
~120cm/s (step length 20cm/s), and the water temperature in the pipe is set to be 10°C ~ 25°C (step
length 5 °C). The above parameters are cross-analyzed for a total of 64 working conditions, and the
concrete temperature reduction of 5 °C is defined as the effective influence range of the pipe cooling
system. The influence range and influence temperature results of different conditions are shown in

Table 6, and some results are shown in Figures 12-14.

Table 6. Analysis scheme of the influence of ambient temperature and surface convection

coefficient.

Effective influence range (cm)/
Temperature reduction

Water temperature(°C)

10 15 20 25
value(°C)

Q) 20/60 150/30.5-5.0 130/27.7-5.4 120 /24.9-5.3 110/22.2-5.2
g 20/80 150/30.7-5.0  130/27.9-5.5 120/25.1-5.4 110/22.3-5.2
z 20/100 150/30.9-5.0  140/28.1-5.0 120/ 25.2-5.4 110/22.4-5.2
S 20/120 150/31.0-5.0 140/28.1-5.0 120/ 25.3-5.4 110/22.5-5.3
§ 30/60 150/30.8-5.0  140/28.0-5.0 120 /25.2-5.4 110/22.4-5.2
= 30/80 150/31.0-5.0 140/28.2-5.0 120 /25.3-5.4 110/22.5-5.3
© 30/100 150/31.1-5.0 140/28.2-5.0 120/25.4-5.4 110/22.6-5.3
i 30/120 150/31.1-5.0 140/ 28.3-5.0 120/ 25.5-5.5 110/22.6-5.3
S 40/60 150/31.0-5.0 140/28.2-5.0 120/ 25.4-5.5 110/22.5-5.3
E; 40/80 150/31.1-5.0 140/28.3-5.0 120/ 25.4-5.5 110/22.6-5.3
% 40/100 150/31.2-5.0 140/28.3-5.0 120/25.5-5.5 110/22.7-5.3
E 40/120 150/31.2-5.0  140/28.4-5.0 120/ 25.5-5.5 110/22.7-5.3
ﬁ 50/60 150/31.1-5.0 140/ 28.3-5.0 120/ 25.4-5.4 110/22.6-5.3
= 50/80 150/31.2-5.0  140/28.4-5.0 120/ 25.5-5.5 110/22.7-5.3
é 50/100 150/31.3-5.0 140/28.4-5.0 120/ 25.6-5.5 110/22.7-5.3
i 50/120 150/31.3-5.0 140/28.4-5.0 120/25.6-5.5 22.7-5.3
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Figure 11. The influence range and temperature change value: (a) Effective diameter (20mm) and
water flow rate(60cm/s); (b) Effective diameter (30mm) and water flow rate(80cm/s); (c) Effective
diameter (40mm) and water flow rate(100cm/s); (d) Effective diameter (50mm) and water flow

rate(120cm/s).
Table 6 and Figure 11 show that the effective range of the tube cooling system and the decrease

of the concrete temperature increase with the decrease of the water temperature. When the inlet water

temperature is 10°C, 15°C, 20°C and 25°C, the effective ranges of different pipe diameters and flow
rates are 150cm, 140cm, 120cm and 110cm concrete around the cooling water pipe, respectively. The
maximum temperature reduction values are 30.5°C~31.3°C, 27.7°C ~28.4°C, 24.9°C ~25.6°C and

22.2°C~22.7°C, respectively.
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Figure 12. The influence range and temperature change value: (a) Water temperature (10C) and water
flow rate(60cm/s); (b) Water temperature (15C) and water flow rate(80cm/s); (c) Water temperature

(20°C) and water flow rate(100cm/s); (d) Water temperature (25°C) and water flow rate(120cm/s).

Table 6 and Figure 12 shows that when the water temperature and flow rate in the pipe cooling
system are constant, increasing the diameter of the cooling water pipe has little effect on the effective
range of reducing the concrete temperature. When the effective diameter is 20mm, 30mm, 40mm and

50mm, the maximum temperature reduction range in the model under different water temperatures
and flow rates is 30.5°C~22.2°C, 30.8°C~22.4°C, 31.0°C~22.5°C and 31.1°C~22.6°C, respectively. The

effective range is 150 ~ 110mm around the cooling water pipe.
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Figure 13. The influence range and temperature change value: (a) Water temperature (10C) and
effective diameter (20mm); (b) Water temperature (15°C) and effective diameter (30mm); (c) Water
temperature (20°C) and effective diameter (40mm); (d) Water temperature (25°C) and effective

diameter (50mm).
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Table 6 and Figure 13 show that when the water temperature and effective diameter in the pipe
cooling system are constant, the temperature reduction value increases slightly when the flow rate
increases from 60cm/s to 100cm/s. However, when the water flow rate increases from 100cm/s to
120cm/s, it does not affect the temperature reduction value, and the increase of the cooling water pipe
flow rate has little effect on the influence range. When the flow rate is 60cm/s, 80cm/s, 100cm/s and
120cm/s, the maximum temperature reduction range in the model under different water
temperatures and flow rates is 30.5°C~22.2°C, 30.8°C~22.4°C, 31.0°C~22.5°C and 31.1°C~22.6°C,
respectively. The effective range is 150 ~ 110mm around the cooling water pipe.

4. Conclusion

This paper uses field measurement and numerical methods to study the hydration heat effect of
the mass concrete cap and water pipe cooling system. The source of the difference between the
measured value and the numerical method result is discussed, and the controlling factors affecting
the temperature field of mass concrete pile cap are found out. The influence of concrete parameters
and pipe cooling system parameters on the temperature field of mass concrete is analyzed. The
following conclusions can be drawn from the study.

1. The measured maximum adiabatic temperature rise inside the cap is basically consistent with
the calculated value of the model, but there is a deviation in the occurrence time. The measured
value of the surface temperature of the structure is greatly affected by the ambient temperature,
and the temperature difference of the inner surface of the structure is also fluctuating.

2. When the surface of the concrete structure is naturally cooled, and the pipe cooling system is not
arranged, the molding temperature is linearly related to the highest temperature inside the
concrete, the highest temperature on the surface and the temperature difference between the
inner and outer surfaces of the concrete. For every 1 °C increase in the mold temperature, the
internal adiabatic temperature rise, the surface adiabatic temperature rise, and the maximum
temperature difference between the inner and outer surfaces are approximately increased by 1
°C, 0.2 °C, and 0.94 °C, respectively.

3. The surface convection coefficient of the structure and the ambient temperature of the concrete
have little effect on the internal adiabatic temperature rise, but have a significant influence on
the surface temperature. After the structure enters the cooling stage, the larger the surface
convection coefficient, the faster the internal temperature decreases. The smaller the convection
coefficient and the larger the ambient temperature, the faster the surface temperature decreases
after the structure enters the cooling stage.

4. The lower the water temperature in the tube cooling system, the more extensive the effective
range of the cooling water pipe and the more significant the temperature drop. The cooling water
pipe diameter and flow rate have little effect on the effective range and temperature reduction
value. The effective range of the pipe cooling system ( concrete temperature reduction value
exceeds 5°C ) under the system of pipe diameter ( 20mm~50mm ), flow rate ( 60cm/s~120cm/s )
and water temperature ( 10 °C ~25°C)) is about 1.2~1.5m.

5. Further Development

This paper mainly provides a hydration heat effect and pipe cooling system of mass concrete
cap analysis through field measurement and numerical methods. However, the field test of the pipe
cooling system needs to be further studied.
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