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A B S T R A C T   

Addressing the scarcity of research on the residual expansion deformation of steam-cured con
crete and its underlying factors, this study introduces a testing apparatus to characterize the 
internal stress in fresh concrete during the thermal treatment. It explores the impact of water-to- 
cement ratio (w/c) and paste-to-aggregate ratio (p/a) on internal stress and elucidates the 
developmental patterns of internal stress in concrete throughout the thermal treatment phase. 
The key findings are as follows: (i) During the thermal treatment, the internal stress in concrete 
under constraint is predominantly compressive, exhibiting a rapid increase in the heating stage, 
followed by a gradual decline in the constant temperature treatment stage, and a continued 
decrease with a decelerating trend during the cooling stage. (ii) Both w/c and p/c significantly 
influence internal stress in concrete, and this stress can be enhanced by reducing the initial free 
water content and augmenting the initial structural strength of the concrete. This paper serves as 
a valuable foundation and reference for further investigations into the residual expansion 
deformation of steam-cured concrete.   

1. Introduction 

The residual expansion deformation of steam-cured concrete refers to the irreversible volumetric expansion experienced by con
crete following the completion of a full steam curing process [1]. Fresh concrete, signifying concrete that has just been mixed and is in 
its initial setting phase, undergoes a certain degree of shrinkage and temperature-related deformation. Additionally, it experiences 
varying levels of internal expansion pressure, shrinkage stress, and humidity and temperature-induced stresses during the steam curing 
process. The volumetric deformation process of fresh concrete can be driven, and its internal microstructure will be affected under the 
combined effect of these complex internal stresses. The existing research results indicate that if the residual expansion deformation is 
more remarkable [1–3], the pore structure will be coarsened [4–6], the brittleness will increase [7,8], and the mechanical and 
durability performance of the steam-cured concrete prefabricated components will be more adversely affected [2]. Therefore, in order 
to reveal the causes of the residual expansion deformation of steam-cured concrete and make the precast components achieve the best 
performance, it is necessary to grasp the internal stress development changing rules in fresh concrete under the action of non-steady 
state humidity-and-heat coupling environment. 

The dual-ring restraint test studied by Xia and et al. [9] provides insights into conducting a dual-ring test under steam curing 
conditions. They investigated the early restraining stresses inside the cement mortar using an expansion agent under the dual invar 
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ring restraint, obtaining annular internal stresses on the contact surface between the cementitious materials and the outside of the 
inner invar ring. He [10] employed an improved dual steel rings restraint test to examine the cementitious materials with expansion 
characteristics and the residual stresses generated in the early stage. The test device is shown in Fig. 1. Annular strains can be collected 
by strain gauges on the inner and outer steel rings after the volume change of the cementitious materials begins during the steam curing 
process. 

Fig. 2 displays the annular strains of steel rings driven by the volume expansion of cement paste during steam curing (2 h of heating, 
8 h of constant temperature curing (60 ◦C), followed by natural cooling), with positive values indicating tensile strains. As observed in 
Fig. 2, the outer steel ring consistently exhibits tensile deformation, while the inner steel ring displays compressive deformation. Both 
the outer steel ring and the inner steel rings experience a significant increase in strain with rising temperature, reaching their 
maximum values during the heating stage, followed by a decrease upon entering the constant temperature curing stage. Finally, they 
maintain relative stability during the cooling stage. This suggests that the heating stage of the steam curing process is the primary 
phase responsible for the notable expansion deformation in the cementitious materials. 

However, the modified dual steel rings restraint test involved the attachment of multiple sets of resistive strain gauges to the test 
specimen and its dual steel rings, which were placed in a steam curing chamber for monitoring and curing. During the monitoring 
process, the authors discovered that the resistive strain gauges, affixed tightly to the dual steel rings using superglue and epoxy resin, 
exhibited signs of loosening in the humidity-and-heat environment during the heating stage, rendering some of the data unavailable. 

Moreover, the resistive strain gauges deformed in tandem with the volume changes of the rings, but their deformation could not be 
fully restored to their pre-test state after the dual steel rings were cooled to room temperature. Subsequently, when the same resistive 
strain gauges were used to test the next group of specimens, similar results were often not obtained, and sometimes even yielded 
significantly different results. Replacing all the resistive strain gauges and re-attaching them to the rings posed challenges as it 
introduced errors in the positioning due to manual measurements and the characteristics of new gauges themselves, ultimately 
resulting in unsatisfactory test outcomes. 

Considering the aforementioned research limitations, the authors have introduced an integrated testing device and method [11] to 
quantitatively assess and analyze the internal stress of fresh concrete subjected to thermal conditions. This simulation mirrors the 
unsteady humidity-and-heat environment experienced during steam curing. The internal stresses of concrete, when subjected to dual 
steel rings restraint during the thermal treatment period, were tested and computed for various w/c and p/a ratios. This paper also 
presents the principles for controlling the internal stress of steam-cured concrete. 

2. Experimental device, methodology, and materials 

2.1. Test equipment, mould, and sample forming process 

In order to characterize the internal stress of fresh concrete during the thermal treatment period, a non-contact dual steel rings test 
system is designed, as shown in Fig. 3. 

It mainly includes test equipment, data acquisition equipment, data processing procedures, and concrete specimens. The inner and 
outer radii of the inner steel ring are 60 mm and 75 mm, respectively, while the inner and outer radii of the outer steel ring are 185 mm 
and 200 mm, respectively. The height of the dual steel rings is 75 mm. Due to the limited deformation and cost-effectiveness of 304 
alloy steel within the range of 20–60 ◦C, it is used to manufacture the inner and outer steel rings. On the inner lower end of the inner 
steel ring and the outer lower end of the outer steel ring, there is a circular silicone heating pad firmly attached to the steel rings, 
ensuring that the steel rings maintain the preset temperature during the heat transfer to the concrete and the heat dissipation to the 
surrounding air. 

The procedures for forming the concrete specimen and the testing process are as follows: 

Fig. 1. Schematic diagram of improved dual steel rings restraint test.  
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(i) Place a plastic ring with a thickness of 2 mm on the base of the test mold (made of steel material and 8 mm thick) and on the 
inner side of the dual steel rings to prevent direct contact between the concrete specimen and the silicone heating equipment, 
which is positioned beneath the base of the mould.  

(ii) Pour fresh concrete into the dual steel ring mold in two layers and place both the specimen and the mold on a vibration table for 
approximately 30 s to control the specimen’s height to around 74 mm. After vibration, cover the surface of the specimen with a 
thin layer of plastic film and another plastic ring to prevent water evaporation from the specimen’s surface, and then place the 
silicone heating equipment above the plastic ring.  

(iii) Before the concrete specimen reaches the required setting time (setting time at least 3 hr), place the specimen and the mold in 
the test equipment. Install the eddy current sensors and calibrate the distances between each sensor and the inner wall of the 
inner steel ring and between each sensor and the outer wall of the outer steel ring, ensuring that the distances between 1.1 ~ 
1.2 mm. When the test begins, activate both the upper and lower silicone heating equipment, heating the specimen from 20 ℃ 
to 60 ℃ within 2 hr, then maintaining constant temperature treatment at 60 ℃ for 8 hr before turning off the equipment to 
allow the specimen to cool naturally.  

(iv) The acquisition frequency is once per minute, and the final result is the average of three specimens. The test results consist of the 
measured radial displacements of the dual steel rings, and the typical test results are presented in Fig. 4. 

2.2. Internal stress calculation and test method validation 

Since there is a correlation between the internal stress test method of steam-cured concrete and the stress analysis method of thick 
wall cylinder, the steel ring is taken as the object, and the steel ring microelement is illustrated in Fig. 5. 

According to Fig. 5, there is 

Fig. 2. Dual steel rings strain situation during the steam curing process: (a) the outside of the outer steel ring; (b) the inside of the inner steel ring.  
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εθ =
(r + w) · dθ − r · dθ

r · dθ
=

w
r

(1)  

where: r represents the inner diameter of the steel ring microelement, and w denotes the outward displacement of the inner side of the 
steel ring microelement. This means that changes in the radial length of the steel ring microelement can be directly converted into 
annular strain. The schematic diagram and device dimensions are illustrated in Fig. 6. 

Fig. 3. Test diagram of dual steel rings test system and concrete specimen.  

Fig. 4. Radial displacements diagram of dual steel rings.  
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Based on Fig. 6, it is evident that the radial displacement of the steel ring, as monitored by the eddy current sensor, can be 
transformed into the annular strain of each steel ring by using Eq. (2), which is as follows: 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

εi =
A1t − A1

Rii

εo =
A2 − A2t

Roo

(2)  

where: εi and εo are the strains generated by the inner and outer steel rings, respectively; A1t and A1 are the distances measured by the 
inner sensor at time t and the initial moment, respectively; A2t and A2 are the distances measured by the outer sensor at time t and the 
initial moment, respectively. Since the test system has 6-channel data samplers, there are 

⎧
⎨

⎩

εii =
εi1 + εi2 + εi3

3

εoo =
εo1 + εo2 + εo3

3

(3)  

where: εi1, εi2, and εi3 are the inner ring strains measured by the three inner sensors, respectively; εo1, εo2, and εo3 are the outer ring 
strains measured by the three outer sensors, respectively. 

Meanwhile, in order to calculate the internal stress, the following reasonable assumptions need to be made [12]:  

(i) The steel ring is in close contact with the concrete specimen, and the contact surface is fully adhered to prevent any relative slip 
deformation during the development of expansion or shrinkage of specimen.  

(ii) The deformation of the outer wall of the steel ring and the deformation of the inner wall of the concrete occur simultaneously 
and have equal values. 

Fig. 5. Deformation of microelement of the steel ring.  

Fig. 6. Schematic diagram and dimensions of dual steel rings test mould.  
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(iii) The concrete specimen undergoes elastic deformation and creep, while the steel rings undergo only elastic deformation.  
(iv) The deformation of the steel ring and the specimen is uniform in radial direction or along the ring. 

It is well-established that the annular stress at any radius within the concrete ring can ultimately be calculated based on the radial 
stresses acting on the inner and outer steel rings [13–16], as follows: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pi = − εi ·Es ·

(
R2

io − R2
ii

2R2
io

)

Po = εo ·Es ·

(
R2

oo − R2
oi

2R2
oi

)

σθ =
Pi ·R2

io − Po ·R2
oi

R2
oi − R2

io
+
(Pi − Po) ·R2

io ·R2
oi

R2
oi − R2

io
·

1
r2

(4)  

where: Pi and Po are the radial stresses of the concrete ring acting on the inner and outer steel rings, MPa, respectively; Es is the modulus 
of elasticity of the steel ring, with a modulus of 210 GPa, and it varies very little within 100 ℃ range; σθ is the annular stress of the 
concrete ring with different radii inside the ring, MPa. The annular stress resembles a comprehensive force, encompassing the stress 
behaviors arising from internal factors during the curing process of fresh concrete, thus serving as a comprehensive representation. 

The above formula is primarily derived from the stress analysis of thick-walled cylinders. r represents the radius of the concrete 
ring, which varies from 75 mm to 185 mm, allowing for characterization of the annular stresses at various radii. When the concrete 
specimen is in an expanded state, the calculation result can be manifested as compressive stress. Currently, the primary challenge lies 
in the unclear temperature gradient of concrete and the subsequent inaccurate calculation of its thermal elastic stress, which un
doubtedly impacts the computed results. Therefore, the authors did not consider making corrections to the results for thermal elastic 
stress. 

To achieve temperature compensation for the dual steel rings while processing the strain data of the rings and the specimen, the 
eddy current sensor and resistive strain gauge were employed for in-situ detection to monitor the strain of the empty dual steel rings 
during the thermal treatment period. Schematic diagram of contrast test and the results are presented in Figs. 7 and 8, respectively. 

As seen in Fig. 8, the maximum strains recorded by the strain gauges for both the inner and outer steel rings were primarily around 
400 με during the initial thermal treatment. In this stage, the inner steel ring exhibited a compressive strain, while the outer steel ring 
showed tensile strain. However, by the end of the cooling phase, the residual strains of the inner steel ring and the outer steel had 
reduced to approximately 150 με and 60 με, respectively. Subsequently, all the feedback data from the strain gauges were reset to zero, 
and then the second thermal treatment began. During this phase, the maximum strains for both the inner and outer steel rings, as 
monitored, were approximately 350 με after entering the constant temperature curing stage. This represented a significant decrease 
compared to the first treatment. 

Simultaneously, the strain gauges were unable to detect residual strains at the end of the cooling period, suggesting that the all 
gauges had undergone irreparable deformation during the initial thermal treatment. In the subsequent third treatment, the maximum 
strains in both the inner and outer steel rings showed a slight decrease, highlighting the lack of accuracy and reliability in the test data 
when using the same strain gauge under significant temperature variations and humidity. Meanwhile, the maximum strains monitored 
by the eddy current sensors for the inner and outer rings during all three thermal treatments remained at approximately 360 με. The 
temperature strains in both rings remained relatively stable throughout the heating, constant temperature curing, and cooling phases. 
This suggests that the non-contact method for monitoring strain changes during the non-steady state thermal treatment is more 
accurate. 

Fig. 7. Contrast test for measuring the strain of empty dual steel rings by strain gauge and non-contact methods.  
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2.3. Raw materials and concrete mixing proportions 

The 42.5 Portland cement (PC) produced by the China Building Materials Academy, without any additional blending materials is 
adopted. The technical specifications for PC are listed in both Table 1 and Table 2. The fine aggregate is Xiangjiang River sand (S) with 
a fineness modulus of 2.8. The coarse aggregate consisted of crushed limestone gravel (G) with particle sizes ranging from 5 mm to 
20 mm. Within the coarse aggregate, 40 % is in the range of 5–10 mm, and 60 % is in the range of 10–20 mm. The mixing water (W) is 
ordinary tap water at room temperature (20 ℃). Additionally, the polycarboxylate high-performance water-reducing agent (SP, % by 
weight of cement) produced by Jiangsu Sobute New Materials Co., Ltd is used. 

Because both the w/c and aggregate content of concrete have a certain influence on the early structural strength of concrete. As a 
result, the internal stress changes during the thermal treatment vary among different concrete mixtures. Five groups of steam-cured 
concrete mixing proportions were designed, which were presented in Table 3. The control group is represented by C1, and groups C1 to 
C3 were designed to assess the effects of initial free water content on internal stress. Additionally, groups C4 and C5 were designed to 
evaluate the impact of aggregate content on internal stress, with the sand ratio being the same as that of the control group C1. To 
ensure that each concrete group undergoes testing under consistent conditions with slump values ranging from 70 to 85 mm, various 
SP contents were employed. 

Fig. 8. Contrast test results of measured strain of empty dual steel rings: (a) strain gauge method; (b) non-contact method.  

Table 1 
Main oxide composition of PC.  

Cement Oxide composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq 

PC 20.85 4.91 3.23 63.74 2.26 2.12 0.54  
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Table 2 
Relative content of PC clinker (%).  

Type C3S C2S C3A C4AF Other 

Ratio 57.83 15.77 7.69 11.03 7.68  

Table 3 
Mixing proportions of concrete for internal stress tests (kg/m3).  

Group PC S G W SP w/c p/a 

C1 450 660 1210 135 3.60 0.30 0.39 
C2 440 647 1186 154 2.64 0.35 0.42 
C3 433 635 1164 173 1.73 0.40 0.45 
C4 497 636 1167 149 3.97 0.30 0.44 
C5 413 679 1248 124 3.30 0.30 0.34  

Fig. 9. Strains of group C1 on dual steel rings during the thermal treatment period.  
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3. Results and discussion 

3.1. Characterization of internal stress evolution 

The strains generated by group C1 on the dual steel rings during the thermal treatment are illustrated in Fig. 9. 
As can be seen from Fig. 9, the effect of concrete on the strain of the inner and outer steel rings under thermal treatment condition is 

similar: the strain increases rapidly in the 3 hr ~ 5 hr of the heating stage. However, due to the influences of heat conduction and heat 
radiation, the internal temperature of the specimen rises more slowly, and the heat transferred to the concrete from the base of the 
mould and the steel rings gradually accumulates, which results in continued changes in the strain of the inner and outer steel rings. The 
strains of the inner and outer steel rings finally stabilize between 2 hr ~ 4 hr into the early constant temperature curing period. The 
strain of the inner ring remains within 500 με in the middle and late stages of the constant temperature curing, while the strain of the 
outer ring reaches about 750 με, which is higher than that of the inner ring. 

Then, both the inner and outer rings experience a rapid decrease in the early period of cooling, with the decreasing trend being 
smoother in the later stages. However, both exhibit unrecoverable residual strains, with the strain of the inner ring at about 150 με at 
the end of the cooling period, and the outer ring reaching around 240 με, with the residual strain of the outer ring higher than that of 
the inner ring. 

Furthermore, the impact of the control concrete on both the inner and outer rings in the two parallel tests is also similar, with very 
small strain differences between the two tests at the same moment, indicating good test method reproducibility. The internal stress of 
the control concrete at the radius r with 75 mm in the treatment process under restraint is calculated and displayed in Fig. 10. 

As depicted in Fig. 10, during the thermal treatment, the internal stresses within the specimens predominantly exhibit compressive 
characteristics. This is attributed to the combined effect of the rings’ constraints and the transition of the concrete from a plastic state to 
a certain degree of stiffness. Based on these two test results, the evolutionary patterns of internal stress can be summarized as follows:  

(i) Compressive stress increases rapidly during the heating stage and eventually reaches about 14 MPa at the end of heating stage.  
(ii) Compressive stress gradually decreases during the constant temperature curing period and reaches approximately 8 MPa at the 

end of this period.  
(iii) There is a sharp decrease in compressive stress as cooling stage begins, followed by a slight recovery in the first 2 hr ~ 4 hr. This 

recovery is mainly due to differences in the heat dissipation efficiency between the steel rings and the concrete specimen. 
However, as the temperatures of both gradually approach each other and eventually reach room temperature, the compressive 
stress continues to decrease and eventually stabilizes. The residual internal stress of the control group at the end of the cooling 
period remains within 2 MPa under restraint. 

Based on the aforementioned evolutionary characteristics, it is evident that the internal stress of thermally treated concrete is 
significantly elevated. This contrasts with the conventional understanding of concrete’s early strength development. Several potential 

Fig. 10. Internal stress of the control group under restraint during the thermal treatment.  
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explanations for this phenomenon are considered below. 
Firstly, fresh concrete undergoes a rapid stage of condensation and hardening during the heating phase. The concrete itself 

gradually transitions from a highly plastic state to a semi- plastic state and then to a state with a certain level of stiffness. Because the 
low modulus of elasticity and compressive strength of the specimen, coupled with the restraining effect of the inner and the outer steel 
rings, internal moisture expansion of concrete primarily contributes to the development of compressive stress [17] during this process. 

Secondly, as the cement hydration process accelerates and the strength of the specimen rapidly during the constant temperature 
curing period [18], chemical shrinkage of the specimen and self-drying shrinkage caused by the chemical shrinkage gradually intensify 
[19]. This leads to the gradual development of internal shrinkage stress within the specimen. As the concrete structure becomes more 
refined and the moisture expansion effect diminishes, the shrinkage stress compensates for the compressive stress to some extent, 
resulting in a gradual reduction of compressive stress during this phase. 

Finally, the internal stress of the specimen under restraint is manifested as residual compressive stress at the end of cooling period. 
This is mainly because the thermally treated concrete has completely hardened and gained high strength, and its expansion defor
mation that occurred during the heating stage cannot be fully recovered through the reduction of temperature-related deformation and 
the growth of shrinkage deformation [3,20,21]. Additionally, the inner and the outer steel rings also retract, creating a compressive 
tightening effect on the expanded concrete. Consequently, there are residual strains in both the steel rings, resulting in low compressive 
stress within the thermally treated concrete. 

The above analysis is based on the annular stress of the thermally treated concrete ring near the outer side of the inner steel ring, 
while the radius r of the concrete ring ranging from 75 mm ~ 185 mm. As a result, the internal annular stresses of the concrete ring 
under restraint with different radii can be obtained, as shown in Fig. 11. The internal stresses at the end of the heating and cooling 
periods are shown in Table 4. 

According to the Fig. 11, the internal annular stresses of the thermally treated specimen under restraint with different radii first 
peak at the end of heating stage. The peak internal stresses of the specimen exhibit a decreasing trend as the concrete ring from the 
inside to the outside. The peak internal stress of the specimen decreases to 5.82 MPa when r is 185 mm (the outside of the concrete 
ring), which is about 59 % less than that of the concrete ring at r with 75 mm. When r is lower than 85 mm, the internal stress can reach 
its peak at the end of heating stage. However, as r continues to increase, the peak internal stress at the end of heating stage decreases 
rapidly but then rises during the first 2 hr of the constant temperature curing period. This phenomenon is attributed to the slower 
temperature increase of the concrete. When the internal and external temperatures of the specimen gradually align with the thermal 
treatment environment, the strains of the inner and the outer rings will also reach their respective maximum value. 

Secondly, the internal stresses of the concrete ring at different radii locations under restraint essentially remain constant at the end 
of constant temperature curing period, but the rate of decrease in these stresses varies significantly. One possible explanation is that 
when the thermal treatment reaches a certain point, the shrinkage deformation of the specimen is limited. As the radius of the concrete 
ring increases, the shrinkage stress at that radius decreases, resulting in a reduced compensatory effect for the internal compressive 
stress. 

Finally, the internal stresses present an increase with the concrete ring radius from the inside to the outside, with the residual 

Fig. 11. Internal stresses of thermally treated control group specimen under restraint with different radii.  
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compressive stress at the outer edge of the concrete ring being approximately 103 % higher compared to the inner edge at the end of 
the cooling period. Simultaneously, the more noticeable decrease in internal stresses from the inside to the outside of the thermally 
treated concrete ring with different radial locations indicates that the outer part of the concrete, subject to the restraint by the steel 
rings, experiences greater effects. The peak internal compressive stresses and residual compressive stresses of fresh concrete under 
restraint with different radii positions during the thermal treatment period can be seen in Fig. 12. Furthermore, these phenomena can 
be better understood by analyzing the deformation patterns of the inner and outer steel rings and the concrete ring, as shown in Fig. 13. 

As can be seen in Fig. 13, on the one hand, both the inner and the outer steel rings undergo thermal expansion deformations, DSRi 
and DSRo, respectively. Simultaneously, the concrete ring experiences thermal expansion deformations, DCi and DCo, which exert 
pressure on the inner and the outer steel rings during the heating stage. When r is 75 mm, the significant moisture expansion of the 
concrete ring acts on the outside of the inner steel ring, causing the inner steel ring to expand outward. Consequently, the concrete ring 
experiences stronger restraint at this location, resulting in a smaller expansion strain of the inner steel ring and higher peak internal 
compressive stress. When r is 185 mm, the moisture expansion of the concrete ring impacts on the inside of the outer steel ring. Both 
the outer steel ring and the concrete ring expand outward, leading to a greater expansion strain in the outer steel ring compared to the 
inner steel ring. Furthermore, due to the simultaneous expansion of the outer steel ring and the concrete ring, the restraint of the 
concrete ring at this position is reduced, resulting in a lower peak compressive stress within the concrete ring. 

On the other hand, both the inner and the outer steel rings experience inward shrinkage deformations, DSRi’ and DSRo’, respectively. 
Simultaneously, the concrete ring will also undergo shrinkage deformations, DCi’ and DCo’, which exert pressure on the inner and the 
outer steel rings during the cooling period. When r is 75 mm, the concrete already possesses high strength, causing the specimen and 
the inner steel ring shrinks inwards. This implies that the concrete experiences the least restraint at this position, resulting in the lowest 
residual compressive stress. However, when r is 185 mm, the shrinkage deformation cannot fully offset the significant expansion 
deformation of the specimen. Moreover, the outer steel ring further contracts inwards, intensifying the restraining effect on the 
concrete ring at this position. Consequently, the residual strain of the outer steel ring is the largest, leading to an increase in residual 
compressive stress. This demonstrates that the internal stress of thermally treated concrete can reach such levels under the restraint of 
both the inner and the outer steel rings, as well as the inherent restraint of the concrete itself. 

For ease of analysis, all calculations related to internal stress in thermally treated concrete under restraint are conducted at a radius 
of 75 mm. In other words, this paper focuses on discussing the internal stress within the concrete ring at the smallest radius. 

3.2. Influence of w/c on internal stress 

The results of internal stress tests of fresh concrete under restraint with varying free water content during the thermal treatment 
period are illustrated in Fig. 14. 

As depicted in Fig. 14, the peak internal stress of group C1 is around 14 MPa. With an increase of w/c, the peak internal stresses of 
groups C2 and C3 increase by 14.3 % and 35.7 %, reaching 16 MPa and 19 MPa, respectively. 

Firstly, the rapid increase in internal stresses during the heating stage is primarily due to the intense expansion of different con
stituent materials inside fresh concrete and the uneven heating of the concrete in the non-steady-state treatment environment. A 
significant residual expansion pressure acts on the outside of the inner steel ring, which can increase with higher moisture content in 
the system. 

Secondly, the decreasing trend of internal stress in concrete is significant. The decrease in internal stress for group C1 is 49.5 %, and 
for group C3, it’s 47.4 % during the constant temperature curing stage. This decrease occurs mainly because the steel rings and 
concrete ring gradually reach the same temperature when the maintenance temperature stabilizes. As a result, the thermal expansion 
effect of concrete ring decreases, while self-drying and chemical shrinkages gradually manifest. A higher w/c provides more free water 
inside the system, which exacerbates the shrinkage deformation of the specimen during the constant temperature curing period. The 
gradual increase in the internal shrinkage stress in the concrete compensates for parts of the compressive stress, ultimately leading to 

Table 4 
Internal stress of thermally treated control group specimen under restraint at the ends of the heating 
and cooling periods.  

r (mm) Compressive stress (MPa) 

at the end of heating at the end of cooling 

75 -14.05 -1.56 
85 -11.87 -1.98 
95 -10.34 -2.28 
105 -9.23 -2.50 
115 -8.39 -2.67 
125 -7.75 -2.79 
135 -7.25 -2.89 
145 -6.84 -2.97 
155 -6.51 -3.03 
165 -6.24 -3.09 
175 -6.02 -3.13 
185 -5.82 -3.17  
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an overall reduction in the internal stress of the specimen. 
Subsequently, the internal stress of thermally treated concrete decreases rapidly in the first 2 hr, mainly due to the rapid decrease in 

the overall system temperature, and the residual expansion pressure inside the concrete is diminishes, resulting in a rapid decrease in 
internal stress upon entering the cooling period. 

Finally, the internal residual compressive stress of thermally treated concrete under restraint with different w/c falls within the 
range of 1 MPa ~ 3 MPa. 

3.3. Influence of p/a on internal stress 

The results of internal stress tests of fresh concrete under restraint with varying aggregate content during the thermal treatment 
period are illustrated in Fig. 15. 

As shown in Fig. 15, the trends in changing internal stresses for groups C1, C4, and C5 are essentially the same as those observed for 
groups C1 ~ C3 under the restraint of dual steel rings. The peak internal stress for group C4 is approximately 20 MPa. However, with a 
decrease in p/c, the internal stresses of groups C1 and C5 decrease by about 30 % and 50 %, respectively, when compared to that of 

Fig. 12. Peak internal compressive stress and residual compressive stress of thermally treated concrete under restraint with different radii position: 
(a) at the end of heating; (b) at the end of cooling. 
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group C4. It is evident that increasing the aggregate content in concrete effectively controls the internal stress of fresh concrete under 
restraint during the thermal treatment period. 

Firstly, the primary reason for the rapid increase in internal stresses during the heating stage remains formation of a significant 
residual expansion pressure inside the concrete, which is inevitable when utilizing steam curing or thermal treatment. 

Secondly, the internal stress of concrete with different p/a decreases significantly during the constant temperature stage. In the case 
of group C4, there is a remarkable reduction of 66.7 %. As the aggregate content in the concrete decreases, the constraining effect on 
the expansion and shrinkage deformation of the specimen diminishes substantially, and the concrete becomes porous, which hampers 
the dissipation of the internal stress. 

Consequently, the concrete undergoes considerable volume deformation under the non-steady state humidity-and-heat environ
ment. In contrast, the internal stress of group C5 remains relatively stable when compared to that of group C4, indicating that raising 
the aggregate content in fresh concrete under a consistent sand ratio has a positive effect on densifying the concrete structure and 
enhancing its ability to withstand and transfer forces. 

Finally, the decreasing trends of internal stress in different concrete mixes follow a similar pattern to those with varying w/c. The 
internal stress decreases rapidly within the first 2 hr and exhibits slight increase in the subsequent 2 ~ 4 hr after entering the cooling 

Fig. 13. Deformation diagram of dual steel rings and concrete ring during the thermal treatment period: (a) during the heating stage; (b) during the 
cooling period. 

Fig. 14. Internal stress test results of concrete under restraint during the thermal treatment period with different w/c.  
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period. Consequently, the internal residual compressive stresses of groups C1 and C5 range from 1 ~ 2 MPa, while that of group C4 
remains around 3 MPa. 

Clearly, a significant residual stress is present within steam-cured or thermally treated fresh concretes. This stress invariably exerts 
an adverse influence on both the microscopic and macroscopic structure and properties of the concrete, resulting in a weakening of its 
mechanical and durability performance. This factor contributes to the development of thermal damage in steam-cured concrete. 

4. Conclusions 

The process of thermal treatment generates substantial internal stress in fresh concrete under the restraint of dual steel rings. This 
paper outlines the testing device and method for internal stress, and elaborates on the evolution characteristics of thermally treated 
concrete, leading to the following conclusions:  

(i) The inner steel ring experiences compressive strain, while the outer steel ring undergoes tensile strain. Both reach their 
maximum values when the concrete acts on them at the end of heating stage.  

(ii) The internal stresses in thermally treated concrete under restraint are predominantly compressive. They exhibit a rapid increase 
during the heating stage, followed by a gradual decline in the constant temperature curing stage and a further reduction during 
the cooling period with a slower downward trend.  

(iii) Both w/c and p/a have a significant impact on the internal stress of thermally treated concrete under the effect of dual steel 
rings. Without considering thermal elastic stress, the peak internal stress in the concrete with 0.3 w/c is 14 MPa, whereas it 
reaches 19 MPa ~ 20 MPa for concrete with 0.4 w/c or 0.44 p/a.  

(iv) Control over the internal stress in steam-cured or thermally treated concretes under restraint can be achieved by reducing the 
initial free water content and raising the initial structural strength of the concrete. For example, by using rapid-setting cement, 
nanoscale particle materials, water-absorbing resins, reducing the water-to-cement ratio, or employing designed aggregate 
gradation, and so on. 
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Fig. 15. Internal stress test results of concrete under restraint during the thermal treatment period with different p/a.  
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