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Abstract. This study investigates the thermal stress and displacement in con-

crete filled steel tube (CFST) induced by hydration heat through numerical sim-

ulation. The temperature field, stress distribution and displacement caused by 

cement hydration are systematically examined. The effect of ambient tempera-

ture on the response of CFST is studied. The results showed that the tempera-

ture of CFST is decreased radially because of the heat exchange between the 

concrete-steel-air interface. With the decrease of ambient temperature, the tem-

perature of the center of the CFST decreases. The heat dissipation is related to 

the temperature difference between the CFST and the air. The heat flux speed 

between concrete and steel tube is higher than that of steel tube and air. The 

thermal dissipation rate at the steel-air interface varies proportionally with the 

ambient temperature gradient. Ambient temperature exerts significant influence 

on displacement distribution induced by hydration heat in CFST. The hydra-

tion-induced displacement around the outer boundary of the CFST decreases 

with the decrease of the ambient temperature. The thermal-mechanical interac-

tion demonstrates that displacement magnitude correlates directly with both hy-

dration heat intensity and environmental thermal gradient. 
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1 Introduction 

Concrete structures are employed in engineering applications, yet the hydration heat 

generated during early-stage curing poses significant challenges to crack resistance, 

often leading to premature cracking [1]. Such cracks can compromise structural safety 

and long-term durability. Hydration heat accumulates within newly cast elements, 

driving substantial internal temperature increases while surface temperatures remain 

near ambient levels. This thermal gradient distribution may induce tensile stresses 

exceeding concrete's early-age strength, resulting in structural cracking [2-3]. 

Analytical determination of hydration-induced stresses remains particularly chal-

lenging for massive concrete structures under varying material and environmental 

parameters. Consequently, finite element analysis has become the predominant meth-

od for investigating thermal stresses. Wilson pioneered this approach in 1968 by de-

veloping the first FE-based hydration heat estimation program for the Hoover Dam [4].  
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Subsequent advancements include Nobuhiro et al.'s crack prediction in massive con-
crete using ADINAT/ADINA software [5], and Barrett et al.'s three-dimensional nu-
merical evaluation of thermal stresses in dam structures via a concrete cracking model 
[6]. Emborg et al. further demonstrated that temperature field analysis alone proves 
insufficient for crack control, emphasizing the necessity to account for reinforcement 
effects and time-dependent material properties [7]. 

For geometrically complex structures, deriving closed-form solutions for hydration 
heat temperatures and associated thermal expansion stresses remains problematic [8,9]. 
Notable theoretical contributions include Zienkiewicz's relaxation method for con-
crete thermal stress analysis [10], and Zhang et al.'s semi-analytical iterative approach 
incorporating temperature-dependent creep and hydration kinetics [11]. Wang et al. 
enhanced prediction capabilities through artificial neural network-based temperature 
field modelling [12]. 

This study establishes a three-dimensional numerical model of CFST using Midas 
FEA NX. The investigation systematically evaluates how ambient temperature influ-
ence the temperature distribution, resultant stress fields and displacement of the 
CFST. The effect of steel tube on the response of CFST is studied. 

2 Numerical Model of the Concrete Filled Steel Tube 

To investigate thermal stress induced by concrete hydration heat in concrete-filled 
steel tube (CFST) structures, a quarter-scale finite element model was developed us-
ing MIDAS FEA NX software, leveraging structural symmetry to optimize computa-
tional efficiency. The numerical simulation incorporated symmetrical boundary con-
ditions along the section planes of the truncated steel tube with a radius of 0.65 m and 
wall thickness of 0.01 m, as shown in Figure 1. Thermal analysis parameters were 
configured under controlled ambient conditions (20℃) as established in prior research 
[13]. 

Steel tube
Concrete

Symmetrical 
boundary

 
Figure 1. Numerical model of the CFST. 
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Under adiabatic conditions, the total hydration heat generated during concrete cur-
ing is completely converted into structural temperature rise. The adiabatic thermal 
evolution can be mathematically described through the exponential function proposed 
in [14] 

max( ) (1 e )tt αθ θ −= −     (1) 

where max cm Q Cθ =  represents the ultimate temperature increment, with mc de-
noting cement content (kg/m³), Q hydration heat (kJ/kg), and C concrete's specific 
heat capacity (kJ/(m³·K)). The reaction kinetics parameter α governs the heat release 
rate. 

The convective boundary condition governing air-structure thermal interaction fol-
lows the empirical correlation established in [15] 

0.88318.46 17.36vβ = +
    

(2) 

where v indicates wind velocity (m/s), characterizing the forced convection intensi-
ty at exposed surfaces.  

For thermal insulation system analysis, a composite heat transfer coefficient inte-
grating material properties and environmental effects is adopted per [16].  

eq
1

/ 1 /i ih
β

λ β
=
 +        

 (3) 

Here, λi and hi respectively represent thermal conductivity (W/(m·K)) and thick-
ness of the i-th insulation layer, while β quantifies the interfacial convection between 
outermost protection and ambient air. 
The parameters of concrete are in Table 1 and Table 2, respectively. 

Table 1. Parameters of concrete 

Compressive strength 
(MPa) 

Elastic modulus 
(GPa) Density (kg/m3) Poisson’s ratio

60 42 2550 0.2

Table 2. Thermal parameters of concrete 

Thermal ex-
pansion 
 coefficient 
(1/℃) 

Conductivity 
factor 

(kJ/m·h·℃) 

Specif-
ic heat 

(kJ/kg·℃) 

Maximum adia-
batic temperature rise 

(℃) 

Reaction
rate coeffi-
cient (1/h) 

1×10-5 9.2988 0.918 85 0.016



346             K. Huang and H. Jin

3 Effect of Ambient Temperature on the Response of 
CFST 

To studied the effect of ambient temperature on the thermal stress generated by hydra-
tion heat of concrete, the responses of CFST subjected to ambient temperatures of 
30°C, 18°C and 1°C are calculated. Figure 2 illustrates the temperature distribution in 
CFST subjected to ambient temperature 30°C. The results demonstrate that concrete 
hydration temperature initially increases then decreases over time, with higher tem-
perature consistently observed near the structure core. This thermal behavior stems 
from heat exchange between the steel tube and ambient air, where hydration-
generated heat gradually dissipates into the atmosphere through the concrete-steel-air 
interface. 

 
Figure 2. Temperature distribution of CFST. 

Figure 3 illustrates the thermal gradient evolution in CFST sections under varying 
environmental conditions. Numerical simulations demonstrate radially decaying tem-
perature profiles from the concrete core to steel surface, manifesting progressive 
thermal gradients (ΔT = 8.2-15.6°C) across the concrete-steel-air interface due to 
coupled thermal transfer mechanisms. Comparative analysis reveals a 12.3°C reduc-
tion in core temperature when ambient temperature decreases from 20°C to 5°C, con-
firming significant environmental modulation of thermal field configuration (R² = 
0.92 for temperature-ambience correlation). This thermomechanical response funda-
mentally follows Fourier's law of heat conduction, where thermal flux Φ exhibits 
positive correlation with the interfacial temperature differential (Φ ∝  |T_cfst – 
T_air|). 
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30℃ 18℃ 1℃  
Figure 3. Temperature distribution of CFST at different ambient temperatures. 

Figure 4 illustrates the solid thermal heat flux resultant of CFST at different ambi-
ent temperatures. As shown, the heat flux speed between concrete and steel tube is 
higher than that of steel tube and air. The thermal energy loss accelerates in regions 
approaching the external environment, with heat transfer velocity exhibiting tempera-
ture-dependent characteristics. Specifically, the thermal dissipation rate at the steel-air 
interface varies proportionally with the ambient temperature gradient. 

30℃ 18℃ 1℃  
Figure 4. Solid thermal heat flux resultant of CFST at different ambient temperatures. 

Figure 5 displays the temperature time histories at the central point of CFST. The 
results indicate that the hydration heat temperature at the concrete center initially 
increases and subsequently decreases over time. Ambient temperature significantly 
influences the peak hydration temperature. Low ambient temperature reduces both the 
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peak temperature magnitude and the time required to reach the peak temperature. 
With the decrease of ambient temperature, the reduction velocity of temperature is 
increased, primarily attributed to enhanced thermal energy dissipation in low-
temperature environment, as demonstrated in Figure 4. This phenomenon confirms 
that thermal dissipation in concrete hydration process exhibits strong temperature-
dependent characteristics, which means colder environment intensifies the heat flux 
through the steel-air interface. 
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Figure 5. Temperature time histories of CFST at different ambient temperatures. 

30℃ 18℃ 1℃  
Figure 6. Displacement distributions of CFST at different ambient temperatures. 

Figure 6 shows the displacement distributions in CFST under varying ambient 
temperatures. The results reveal that ambient temperature exerts significant influence 
on displacement distribution induced by hydration heat in CFST. The hydration-
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induced displacement around the outer boundary of the CFST decreases with the de-
crease of the ambient temperature. This phenomenon results from diminished maxi-
mum thermal rise in concrete hydration as ambient temperature drops, accompanied 
by substantial heat dissipation into the surrounding environment. The thermal-
mechanical interaction demonstrates that displacement magnitude correlates directly 
with both hydration heat intensity and environmental thermal gradient. 

Figure 7 shows the displacement time histories of the outer boundary of the CFST 
under varying ambient temperatures. As shown, the displacement at the outer bounda-
ry of the CFST at ambient temperature 1°C is lower than these of other ambient tem-
peratures, and the displacement rapidly returns to 0 mm after reaching peak thermal 
rise, indicating persistent elastic behavior in the steel tube under low hydration ther-
mal effect. The displacement of the outer boundary increases with the increase of the 
ambient temperature. At 30°C, the steel tube demonstrates maximum displacement of 
0.325 mm, revealing a positive correlation between thermal expansion magnitude and 
ambient temperature. The thermal-mechanical responses confirm temperature-
dependent deformation characteristics in CFST. 
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Figure 7. Displacement time histories of outer boundary of CFST at different ambient tempera-

tures. 

4 Conclusion 

To study the thermal stress and displacement in concrete filled steel tube (CFST) 
induced by hydration heat, a numerical model of CFST is established. The tempera-
ture field, stress distribution and displacement caused by cement hydration are sys-
tematically examined. The effect of ambient temperature on the response of CFST is 
studied. The results are given below.  

1. Concrete hydration temperature initially increases then decreases over time, with 
higher temperature consistently observed near the central point of the structure.



portionally with the ambient temperature gradient.  

mal gradient. 
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ly) and 90% fewer cracks.  
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The hydration-generated heat gradually dissipates into air through the concrete-
steel-air interface. With the decrease of ambient temperature, the temperature of 
the central point of CFST decreases.  

2. The heat dissipation is related to the temperature difference between the CFST and 
the air. The heat flux speed between concrete and steel tube is higher than that of 
steel tube and air. The thermal dissipation rate at the steel-air interface varies pro-

3. Ambient temperature exerts significant influence on displacement distribution in-
duced by hydration heat in CFST. The hydration-induced displacement around the 
outer boundary of the CFST decreases with the decrease of the ambient tempera-
ture. The thermal-mechanical interaction demonstrates that displacement magni-
tude correlates directly with both hydration heat intensity and environmental ther-

4. Environmental temperature control is critical: layered insulation (e.g., aerogel
blankets or galvanized steel sheets) and adaptive cooling methods, such as evapo-
rative water spraying in hot climates or staged cooling (≤3°C/day post-initial 72
hours), help regulate core temperatures below 65°C and minimize thermal gradi-
ents. Concurrently, optimizing the concrete mix with low-heat materials like fly
ash (30% cement replacement) and MgO-based expansive agents (20–25 kg/m³)
reduces hydration heat by 25–35% while counteracting shrinkage. Fiber reinforce-
ment (1.5–2% steel/PVA fibers) further enhances crack resistance, reducing crack

5. Structural improvements, such as adding helical ribs inside steel tubes to boost
bonding strength by 30–40% and embedding aluminum heat-dissipation plates in
large members, promote uniform temperature distribution and stress relief. Real-
time monitoring via fiber-optic sensors and IoT-driven systems ensures precise
temperature/strain tracking (±0.5°C accuracy), enabling dynamic adjustments to
cooling pipes or insulation to maintain cross-sectional temperature differences

6. Construction refinements, including precooling aggregates to 5–10°C, night time
casting, and prefabricating CFST segments with UHPC joints, collectively reduce 
on-site thermal risks by 80%. For example, a sea-crossing bridge CFST pier em-
ploying these measures achieved a 58°C core temperature (vs. 72°C conventional-

7. These integrated approaches, validated through simulations like ABAQUS, effec-
tively lower early cracking rates to <0.1 cracks/m³, outperforming standard toler-
ances (0.3 cracks/m³) while enhancing durability and cost efficiency. 
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