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Influence of structural form on 
hydration-heat-induced temperature 
rise of precast concrete lining segments 
for a metro transit station

Yuzhen Han, Lei Zhang, and Jizhong He

■  A metro transit station with multiring segmental 
lining was designed in Changchun, China. Because of 
the size of the precast concrete lining segment, heat 
from hydration of cement on the segments could not 
be neglected.

■ This paper describes a heat of hydration analysis of 
a segment that was conducted using finite element 
analysis to examine the ability of the closed-cavity 
and solid forms to control temperature increases.

■ The segment was numerically modeled using a 
summer ambient temperature of 25°C (77°F) and a 
winter ambient temperature of 10°C (50°F).

Concrete is a composite material composed of 
cement, water, aggregate, and admixtures.1 During 
the concrete casting process, the exothermic 

chemical reaction between cement and water (hydration 
of cement) releases a large amount of heat.2,3 The large 
amount of hydration heat generated in a short time leads to 
a rapid rise in the concrete temperature at its early age. The 
high temperatures (greater than 70°C [158°F]) can give rise 
to delayed ettringite formation, which could cause the con-
crete to expand and crack and, in turn, reduce its strength 
and durability.4–6 Furthermore, in the interior of concrete, 
heat is trapped because of the poor thermal conductivity 
of concrete, whereas on the surface of concrete, heat is 
released into the atmosphere.3,7 The trapped heat causes 
the temperature of the interior to be relatively higher than 
the surface temperature. The temperature gradient from 
the core to the surface leads to an internal restraint, which 
results in compressive stresses in the interior and tensile 
stresses in the surface.8,9 Consequently, thermal cracks 
could occur as the restraint-induced tensile stress in con-
crete exceeds its tensile strength.

The American Concrete Institute (ACI)10 defines mass 
concrete as “any volume of concrete with dimensions large 
enough to require that measures be taken to cope with gen-
eration of heat from hydration of the cement and attendant 
volume change to minimize cracking.” In mass concrete 
structures, the nonuniform distribution of temperatures is 
particularly apparent. To control or avoid the risk of thermal 
cracking in mass concrete, its early-age temperatures must 
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be reduced.7,11 In recent decades, engineers and scientists 
have made great efforts to reduce the internal temperature 
of concrete. Research has so far mainly focused on optimiz-
ing the raw materials in concrete (for example, developing 
low-heat cement12–14) and choosing casting methods (such as 
embedding cooling pipes7,15–18) to reduce the temperature in 
mass concrete. In contrast, scant attention has been paid to 
improving the structural form of mass concrete to avert ex-
cessively high temperatures. This paper describes research on 
the effect of structural form on hydration-heat-related changes 
in precast concrete lining segments for a metro transit station 
in Changchun, China, a location where conventional cast-in-
place construction for mass concrete structures is interrupted 
by months of cold winter weather.

Reducing concrete temperature

There are two main types of methods of reducing the con-
crete temperature: precooling and postcooling methods.19,20 
Methods to precool concrete often involve the improvement 
of materials, the reduction of placing temperatures, or both 
material improvements and reduced placing temperatures. 
Material improvements involve adjusting the mixture propor-
tions of ingredients in concrete or developing new materials to 
reduce or inhibit the release of hydration heat. For example, 
the content of cement may be reduced,21–23 low-heat cement 
may be used,12–14 or hydration heat inhibitor may be added.24–26 
Jia et al.26 incorporated a microcapsule sustained-release-type 
hydration heat inhibitor into concrete and succeeded in 
decreasing its peak temperature by delaying the hydration of 
low-heat portland cement. The primary objective of reducing 
placing temperature is to decelerate the hydration of cement 
by cooling concrete-forming components (cement, water, and 
aggregate) before they are mixed to form concrete.21,23,27–29 
Aniskin et al.30 used ice as a substitute for some of the water 

in concrete and found that this technique was useful for reduc-
ing the maximum concrete temperature.

Postcooling methods aim to lower the temperature of con-
crete while it is hydrating. Postcooling is mainly performed 
by circulating cold water in pipes embedded in concrete.7,15–18 
Tasri and Susilawati7 concluded that cooling water tempera-
ture, space between cooling pipes, and coefficient of convec-
tions from cooling pipes to cooling water could be optimized 
to obtain a temperature distribution that resulted in thermal 
stresses being less than the tensile strength of concrete. In 
addition, other methods, such as layered casting31–33 and 
strengthened curing,34,35 have been adopted to reduce the tem-
perature of concrete and avoid the risk of thermal cracking.

Metro transit station model

In China, urban rail transit has emerged as a growing form 
of transportation in recent decades as the nation has rapidly 
urbanized. For example, the total length of the rail transit 
network in Changchun, China, was 106.9 km (66.4 mi) in 
2019 and is expected to expand to 235 km (146 mi) with 
174 stations by 2024.36 Notably, because Changchun is in 
the middle temperate zone, it has been necessary to take a 
four- to six-month winter break when conventional cast-in-
place concrete techniques have been used for construction of 
metro transit stations. This winter break exerts considerable 
pressure on construction schedules. To shorten the construc-
tion time line for Metro Line 2 in Changchun, an innovative 
underground metro transit station design with fully precast 
concrete components was applied.37,38 The station, which 
was constructed with a cut-and-cover method, is mainly 
composed of multiple rings of precast concrete lining seg-
ments (Fig. 1). The dimensions and mass of these segments 
are detailed in Table 1. Given the large dimensions, these 

Figure 1. Lining segments for the precast concrete metro station. Note: 1 m = 3.281 ft.

Multiple-ring design Segments in one ring
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segments were considered mass concrete structures; there-
fore, the effect of hydration heat during their casting could 
not be neglected.39 To avert excessively high temperatures, 
the design included closed cavities in the interior of the seg-
ments. The closed cavities were located at the neutral zone, 
and the total volume proportion ranged from 15% to 22%. 
Reinforcement design was sufficient to ensure that each 
segment met strength requirements.37

The finite element method (FEM) can be an economical and 
powerful tool for accurately predicting the development of 
temperature and stress in mass concrete structures.3,29,40,41 
Using FEM, it is feasible to put forward effective measures 
for controlling the temperature in mass concrete structures at 
the design stage. In the study described in this paper, FEM 
was used to numerically simulate the development of tem-
perature and stress in a precast concrete lining segment during 
its production. The FEM model and selected parameters 
were proved to be reasonable by comparing the temperature 
predictions with experimental temperature observations. 
To investigate the effect of the closed cavity on controlling 
the temperature rise, the segment was simulated in both 
closed-cavity and solid forms for comparison. The results 
from the finite element analysis were used to confirm whether 
the closed-cavity form could effectively control the tempera-
ture rise and the distributions of normal and shear stresses in 
the precast concrete segment.

Theoretical foundations  
of thermal analysis

This section introduces a differential equation of heat conduc-
tion, as well as initial and boundary conditions, to calculate 
the distribution of temperature in mass concrete.

Heat conduction equation

Heat conduction is the transfer of heat within a body due to 
temperature gradient. Given that concrete is isotropic and 
homogeneous, the heat conduction within it can be governed 
by the following equation:42

 ∂T
∂t

− λ
cρ

∇2T = ∂θ (t)
∂t

where 

T = temperature of the concrete

t = time

λ = thermal conductivity of concrete

c = specific heat of the concrete

ρ = density of the concrete

θ(t) = adiabatic temperature rise due to the heat from 
hydration of cement

The relation between θ(t) and t can be expressed by the fol-
lowing formula:43

θ(t) = θ
0
(1 – e-mt)

where 

θ
0
 = the final value of the adiabatic temperature rise

m = rate coefficient of the adiabatic temperature rise

Initial condition

Initial temperature, which is the average temperature of water, 
cement, and aggregates at the time when concrete is placed, is 
the initial condition for thermal analysis. The initial tem-
perature is continuously distributed in the concrete, and the 
concrete is assumed to be isothermal at the initial moment.44

Thermal boundary condition

To solve the differential equation governing heat conduction 
within a body, it is necessary to apply thermal conditions 
at the boundaries of the body. The three common boundary 
conditions are convection, specified temperature, and heat flux 
at the surface.43 Convection is a form of heat transfer whereby 
heat is transmitted between a fluid (for example, water or air) 
and the surface of a solid through a fluid’s relative molecular 
motion. In this study, convection was applied to consider the 
heat transmitted between the concrete surface and the atmo-
sphere.9,42,45 The heat transfer due to convection is governed 
by the following:

Table 1. Information for the precast concrete lining segments

Segment Length, m Width, m Thickness, m Cavity volume, m3 Mass, tonne

A 10.50 0.80 to 1.26 2.00 4.60 40.0

B 5.00 3.20 2.00 6.00 40.0

C 8.95 0.70 to 1.02 2.00 1.74 31.0

D 10.20 5.30 2.00 4.71 48.5

E 10.30 5.30 2.00 4.77 54.5

Note: 1 m = 3.281 ft; 1 m3 = 1.308 yd3; 1 tonne = 1.102 tons.
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q
conv

 = h(T – T
a
)

where

q
conv

 = convective heat flux

h = convection coefficient

T
a
 = ambient temperature

Finite element method model

The heat of hydration analysis in the study was carried out 
with a commercial FEM simulator (Midas/FEA). Segment B 
in Fig. 1 was selected for the hydration heat analysis and its 

three-dimensional FEMs in both solid and closed-cavity forms 
are presented in Fig. 2. The reinforcing bars were ignored in 
the models because their interaction with the concrete was 
beyond the scope of this work. The concrete mixture pro-
portions of the lining segments were designed with a 28-day 
compressive strength of 50 MPa (7.25 ksi) (Grade C50) and 
the mixture components were determined according to the 
Chinese standard.46 Table 2 lists the main components of the 
concrete mixture. This study used common portland cement 
(Table 3).47 Table 4 presents the main model parameters for 
the heat of hydration analysis. The thermal properties of the 
concrete (thermal conductivity λ, specific heat c, convection 
coefficient h, final value of adiabatic temperature rise θ

0
, rate 

coefficient of adiabatic temperature rise m, and coefficient of 
thermal expansion) were set to reasonable ranges from the 

Table 2. Concrete mixture proportions

Component Dosage, kg/m3

Cement 400

Fly ash 70

Ultra-fine sand 326

Medium-coarse sand 490

Gravel (5 to 10 mm) 379

Gravel (10 to 25 mm) 598

Water 150

Note: 1 mm = 0.0394 in.; 1 kg/m3 = 1.6875 lb/yd3.

Table 3. Portland cement mineral contents

Ca3SiO5 Ca2SiO4 Ca3Al2O4 Ca4AlnFe2-nO7

Proportion, % 40.62 29.58 10.42 9.15

Note: Al = aluminum; Ca = calcium; Fe = iron; O = oxygen; Si = silicon.

Table 4. Input parameters for the heat of hydration 
analysis

Parameter Value

Thermal conductivity λ, kJ•m-1•hr-1•°C-1 10.0

Specific heat c, kJ•kg-1•°°C-1 0.95

Density r, kg/m3 2400

Final value of adiabatic temperature rise θ0, °C 56

Rate coefficient of adiabatic temperature rise m 0.45

Convection coefficient h, kJ•m-2•hr-1•°C-1 50.4

Initial placing temperature T0, °C 20

Ambient temperature in summer Tas, °C 25

Ambient temperature in winter Taw, °C 10

Poisson’s ratio 0.2

Coefficient of thermal expansion, °C-1 1e-5

Note: 1 kg/m3 = 1.6875 lb/yd3; 1 kJ/kg = 0.4299 Btu/lb; 1 kJ/m = 0.2889;  

1 kJ/m2 = 0.0881 Btu/ft2; °C = (°F – 32)1.8.

Figure 2. Finite element method models of segment B.

Solid form Closed-cavity form



92 PCI Journal  | March–April 2023

literature on similar materials.48–52 Density ρ and Poisson’s 
ratio were measured using the Chinese standard.46 The initial 
temperature for placing concrete (the initial placing tempera-
ture T

0
) was approximately maintained at 20°C (68°F). The 

ambient temperature T
a
 was specified or fixed during the man-

ufacturing of the segments as either 25°C (77°F) for concrete 
being cast in the summer or 10°C (50°F) for winter casting.

Model validation

To validate the FEMs, the numerical predictions of temperature 
evolution in the closed-cavity segment B were compared with 
corresponding experimental observations. Two points around 
the surface and core of the closed-cavity segment B were 
selected to measure the evolution of temperature after concrete 
was placed. The corresponding measurement points in the 
numerical model and experimental observations were set at the 
same locations. Figure 3 compares the evolution of tempera-
ture with time at the selected points in the numerical models 
and experimental measurements. The numerical predictions 
were approximately consistent with the experimental obser-
vations, although the temperature in the numerical model was 
slightly higher. This good consistency between the numerical 
and experimental results indicated that the FEM and selected 
parameters were reasonable.

Results

Figure 4 presents the temperature distributions in the 
closed-cavity and solid forms of segment B as the temperature 
rise reached its maximum (termed maximum temperature dis-
tributions herein) during 28 days of curing. Notably, for each 

specific structural form, the temperature of the segment cast 
in the summer was higher than the temperature of the segment 
cast in the winter. In each of the ambient temperatures, the 
temperature distribution in the closed-cavity segment was 
more uniform than that in the solid one. In both structural 
forms and at both ambient temperatures, the maximum tem-
peratures of the segment occurred at the core.

To observe the evolution and differences of temperature in 
a segment, two points in each segment were designated to 
measure the evolution of temperature (Fig. 4). Points P1 and P2 
were located at the core and surface of the segments, respective-
ly, and were set at the same locations in each segment. Figure 5 
presents temperature history at the measurement points. Because 
of the heat from the hydration of the cement, the temperatures 
of all segments rapidly increased up to a peak, and then segment 
temperatures decreased to the value of the  ambient temperature 
as hydration came to a halt. For the summer and winter ambient 
temperatures at both measurement points, the maximum tem-
perature of the closed-cavity segment was much lower than that 
of the solid one and the peak temperature was reached earlier in 
the closed-cavity segment. These findings can be attributed to 
the lesser volume of concrete in the closed-cavity segment and 
hence the lesser amount of hydration heat.

When the summer ambient temperature was 25°C (77°F), the 
maximum temperatures at point P1 were 89.48°C (193.06°F) 
in the solid segment and 58.97°C (138.15°F) in the closed-cav-
ity segment. Also at an ambient temperature of 25°C, the 
maximum temperatures at point P2 were 80.18°C (176.32°F) in 
the solid segment and 59.90°C (139.82°F) in the closed-cavity 
segment. In other words, compared with the maximum tem-

Figure 3. Comparison between the experimental measurements and numerical predictions of time-temperature history. Note: °C 
= (°F – 32)1.8.

Surface of closed-cavity segment B Core of closed-cavity segment B
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Figure 4. Maximum concrete temperature distributions of segment B forms. Note: P1 = temperature measurement point 1; P2 = 
temperature measurement point 2; T = temperature of concrete. °C = (°F – 32)1.8.

Closed-cavity segment B at summer  
ambient temperature of 25°C

Solid segment B at summer  
ambient temperature of 25°C

Closed-cavity segment B at winter  
ambient temperature of 10°C

Solid segment B at winter ambient  
temperature of 10°C 

Figure 5. Time-temperature history at measurement points (P1, P2) of segment B forms. Note: °C = (°F – 32)1.8.

Summer ambient temperature of 25°C Winter ambient temperature of 10°C 
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perature in the solid segment, the maximum temperature in the 
closed-cavity segment was approximately 31.4% lower at point 
P1 and 25.3% lower at point P2 in the summer scenario.

At the winter ambient temperature of 10°C (50°F) , the 
maximum temperatures at point P1 were 72.12°C (161.82°F) 
in the solid segment and 37.49°C (99.48°F) in the closed-cav-
ity segment. The maximum temperatures at point P2 were 
62.81°C (145.06°F) in the solid segment and 32.49°C 
(90.48°F) in the close-cavity segment. Thus, in the winter 
scenario, the maximum temperatures of the closed-cavity 
segment were approximately 48.0% lower at point P1 and 
48.3% lower at point P2 than maximum temperatures at the 
same points in the solid segment.

Furthermore, at each of the ambient temperatures, the 
maximum temperature differences between point P1 and point 
P2 were smaller when the closed-cavity form was employed. 
In both the summer and winter scenarios, the maximum tem-
perature difference between the two points was around 10°C 
(50°F) in the solid segment. In contrast, in the closed-cavity 

segment, the maximum temperature difference between P1 
and P2 was about 5°C (41°F) when the ambient tempera-
ture was 10°C and almost negligible when the ambient 
temperature was 25°C (77°F). The lower temperatures and 
smaller temperature differences in the closed-cavity segment 
indicated that the closed-cavity form was more effective in 
suppressing the temperature rise, which lowered the risk of 
thermal cracking. ACI’s Guide to Mass Concrete10 says that 
to avoid the cracks caused by delayed ettringite formation and 
thermal stress, the maximum temperature and the temperature 
difference inside the concrete must not exceed 70°C and 20°C 
(158°F and 68°F), respectively. For this study, the tempera-
tures during casting of the closed-cavity segment completely 
satisfied the ACI requirements and the maximum temperature 
of the solid segment exceeded the 70°C threshold for avoiding 
the risk of delayed ettringite formation.

Figures 6 and 7 present the distributions of normal and shear 
stresses in the segments as the stresses reach a maximum. 
(These stresses are termed maximum normal stress distribution 
and maximum shear stress distribution herein, respectively.) 

Figure 6. Maximum normal stress distributions of segment B forms. Note: 1 MPa = 0.145 ksi; °C = (°F – 32)1.8.

Closed-cavity segment B at summer  
ambient temperature of 25°C

Solid segment B at summer ambient  
temperature of 25°C

Closed-cavity segment B at winter  
ambient temperature of 10°C

Solid segment B at winter ambient  
temperature of 10°C
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For each specific structural form, the normal (shear) stress of 
the segment cast in summer temperatures was larger than that 
in winter temperatures; also, at each ambient temperature, the 
stresses of the closed-cavity segment were smaller than those in 
the solid one.

At the summer ambient temperature of 25°C (77° F), the 
maximum normal stress was 40.4% lower in the closed-cavity 
segment than in the solid segment (10.2 MPa [1.5 ksi] com-
pared with 17.1 MPa [2.5 ksi]). The maximum shear stress 
in the closed-cavity segment was 22.7 MPa (3.3 ksi), which 
was 30.2% lower than the maximum shear stress of 32.5 MPa 
(4.7 ksi) in the solid segment.

At the winter ambient temperature of 10°C (50°F), the 
maximum normal stress was 8.1 MPa (1.2 ksi) in the closed-cav-
ity segment and 15.7 MPa (2.3 ksi) in the solid segment (that is, 
the maximum normal stress was 48.7% lower in the closed-cav-
ity segment). The maximum shear stress was 15.7 MPa in the 
closed-cavity segment and 37.5% lower than the maximum 
shear stress of 25.1 MPa (3.6 ksi) in the solid segment.

The smaller stresses in the closed-cavity segment indicated 
greater effectiveness of the closed-cavity form to mitigate 
the thermal stress and ensure the quality of the manufactured 
segments.

Conclusion

An innovative, fully prefabricated metro transit station with a 
multiring segmental lining was designed to expedite construc-
tion in Changchun, China, where cold winter weather stops 
conventional cast-in-place construction for several months. The 
precast concrete lining segments with large dimensions were 
mass concrete structures, so the effect of heat from hydration 
of cement on the segments could not be neglected. To avert 
excessively high concrete temperatures due to hydration heat, 
which can lead to delayed ettringite formation– and thermal 
stress–related cracking, a closed-cavity form was designed for 
the segments. The segment was numerically modeled in both 
closed-cavity and solid forms for comparison. Ambient tem-
peratures of 25°C and 10°C (77°F and 50°F) were selected to 
simulate summer and winter production conditions, respectively.

Figure 7. Maximum shear stress distributions of segment B forms. Note: 1 MPa = 0.145 ksi; °C = (°F – 32)1.8.

Closed-cavity segment B at summer  
ambient temperature of 25°C

Solid segment B at summer ambient tem-
perature of 25°C

Closed-cavity segment B at winter  
ambient temperature of 10°C

Solid segment B at winter ambient  
temperature of 10°C
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The FEM and selected parameters were proved reasonable 
by the consistency between the numerical predictions and ex-
perimental observations from the closed-cavity segment. The 
results show that for both the closed-cavity and solid struc-
tural forms, the temperature of the segment cast in summer 
conditions was higher than that in winter conditions. In both 
of the ambient temperatures, the maximum temperature was 
much lower in the closed-cavity segment than in the solid one 
and the temperature distribution in the closed-cavity segment 
was more uniform. The lower temperature and more uniform 
temperature distribution in the closed-cavity segment resulted 
in less thermal stress in the closed-cavity segment, thereby 
lowering the probability of thermal cracking.

During casting of the closed-cavity segment, the maximum 
temperature and the difference in maximum temperatures 
inside the concrete were kept below 70°C and 20°C (158°F 
and 68°F), respectively, fully satisfying the ACI requirements10 
for avoiding cracks caused by delayed ettringite formation and 
thermal stress. In contrast, the maximum temperature of the 
solid segment exceeded 70°C. Thus, compared with the solid 
segment, the closed-cavity segment can more effectively resist 
cracking. With the closed-cavity segments and novel prefabri-
cation techniques, on which Yang and Lin53 have elaborated, six 
fully prefabricated metro transit stations have been completed 
in Changchun, China. The prefabrication of these segments 
in cold ambient temperatures has been proved to be effective 
in accelerating the construction of metro transit stations in the 
cold regions. Moreover, this prefabricated construction could be 
a promising approach to improve time-efficiency of other large-
scale underground construction projects, such as underground 
parking structures.
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Notation

c = specific heat of the concrete

h = convection coefficient

m = rate coefficient of adiabatic temperature rise

q
conv

 = convective heat flux

t = time

T = temperature of the concrete

T
a
 = ambient temperature

T
as

 = ambient temperature in summer

T
aw

 = ambient temperature in winter

T
0
 = initial placing temperature

θ
0
 = final value of adiabatic temperature rise

θ(t) = adiabatic temperature rise due to the heat from 
hydration of cement

λ = thermal conductivity of concrete

ρ = density of the concrete
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Abstract

This paper describes research on the effect of structural 
form on hydration-heat-related changes in large-scale 
precast concrete lining segments. These segments of 
mass concrete were used in the construction of an un-
derground metro transit station in Changchun, China, 
a location where conventional cast-in-place construc-
tion is interrupted for months by cold winter weather. 
Heat of hydration analysis of closed-cavity and solid 
lining segments was conducted using the finite element 
method (FEM). Two ambient temperatures of 25°C 
and 10°C (77°F and 50°F) were selected to simulate 
segment manufacturing conditions in summer and 
winter, respectively. The FEM and selected parameters 
were found to be reasonable because the numerical 
predictions and experimental observations from the 
closed-cavity segment were consistent. At both of the 
ambient temperatures, the maximum internal concrete 
temperature of the closed-cavity segment was much 
lower than that in the solid one and the temperature 
distribution in the closed-cavity segment was more 
uniform. As a result, thermal stress was lower in the 
closed-cavity segment than in the solid segment, which 
reduced the risk for cracking. The closed-cavity form 
of the lining segments enhanced the structural integri-

ty and durability, and the ability to prefabricate these 
segments in cold ambient temperatures effectively 
accelerated construction on this project.

Keywords

FEM, finite element method, heat of hydration, lining 
segment, prefabricated metro transit station, structural 
form, transit.
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