
Cement and Concrete Composites 139 (2023) 104996

Available online 22 February 2023
0958-9465/© 2023 Elsevier Ltd. All rights reserved.

Cracking failure behavior of high strength concrete containing nano-CaCO3 
at early age 

Dejian Shen a,b,c,*, Jiacheng Kang a,b,c, Haoze Shao a,b,c, Ci Liu a,b,c, Ming Li a,b,c, 
Xusheng Chen a,b,c 

a College of Civil and Transportation Engineering, Hohai Univ, No. 1, Xikang Rd., Nanjing, 210024, China 
b Jiangsu Engineering Research Center for Crack Control in Concrete, No. 1, Xikang Rd., Nanjing, 210024, China 
c Nanjing Engineering Research Center for Prefabricated Construction, No. 1, Xikang Rd., Nanjing, 210024, China   

A R T I C L E  I N F O   

Author keywords: 
High strength concrete 
Nano-CaCO3 

Tensile creep 
Restrained cracking 
Temperature stress test machine 
Early age 

A B S T R A C T   

Nano-calcium carbonate (CaCO3) has been added to high strength concrete (HSC) to reduce cement usage, 
control greenhouse gas emissions, increase durability, and control excessive shrinkage of HSC. Many in
vestigations on the mechanical properties and shrinkage of HSC containing nano-CaCO3 have conducted. 
However, the early-age cracking failure behavior of that considering temperature, shrinkage, restrained stress, 
and tensile creep simultaneously was rarely investigated. Temperature stress test machine, which could measure 
these factors simultaneously, was used to investigate the influence of nano-CaCO3 contents (0%, 1%, 2%, and 3% 
by weight of cement powder) on the early-age cracking failure behavior of HSC in the present investigation. 
Mechanical properties of HSC containing nano-CaCO3 were tested. The addition of nano-CaCO3 to HSC improved 
the mechanical properties, and reduced the tensile creep as well as autogenous shrinkage of that at early age. A 
simplified stress-strain failure criterion was proposed.   

1. Introduction 

High strength concrete (HSC) with diverse sources, good durability, 
and relatively low cost has been applied in construction practices 
widely. However, environmental pollution as well as resource con
sumption is inevitable with the wide application of concrete. As an 
important raw material for producing HSC, the production of cement 
consumes great energy resource, and simultaneously would generate 
much carbon dioxide (CO2) [1]. At the same time, the typically low 
water-binder (w/b) ratio would cause self-desiccation in HSC [2–4]. 
Autogenous shrinkage would be caused by self-desiccation, and 
restrained cracking commonly occurs in the HSC structures under re
straint conditions. When cracking occurs, the aggressive substances can 
easily penetrate concrete, which would affect the quality of concrete and 
cause many security problems [5]. Thus, investigations on the cracking 
problem of HSC are necessary for ensuring the safety of concrete 
structures. 

In recent years, nano-sized materials have attracted much attention 
due to their excellent properties, and many nano-sized materials have 
been incorporated into cement-based composites to modify their 

properties. Many studies have revealed that nano-sized materials have a 
better effect on concrete than micro counterparts [6,7]. Nano-calcium 
carbonate (CaCO3) is a kind of nano-sized materials, and the incorpo
ration of nano-CaCO3 has been an effective method to reduce the use of 
cement and control greenhouse gas emissions [8]. Moreover, the 
incorporation of nano-CaCO3 would increase durability, and control 
excessive shrinkage of concrete when the mix design is proper [9]. 
Recent years have seen increased attention being given to the cemen
titious composites containing nano-CaCO3. Liu et al. [10] investigate the 
flexural strength, compressive strength, and autogenous shrinkage 
strain of cement paste containing nano-CaCO3, and reveal that the op
timum content of nano-CaCO3 in cement paste is 1%. Cao et al. [7] point 
out that the chemical and physical effects of nano-CaCO3 on concrete are 
more effective than that of micro-CaCO3, and the enhancement effect of 
nano-CaCO3 is reduced due to agglomeration. Meng et al. [11] reveal 
that nano-CaCO3 is helpful to increase the mechanical properties due to 
the seeding effect and filler effect. Sato and Diallo [12] find out that 
hydration of tricalcium silicate in concrete is accelerated due to the 
seeding effect of nano-CaCO3. Liu et al. [13] report that adding nano-
CaCO3 decrease autogenous shrinkage of cement-based materials by 

* Corresponding author. College of Civil and Transportation Engineering, Hohai Univ, No. 1, Xikang Rd., Nanjing, 210024, China. 
E-mail address: shendjn@163.com (D. Shen).  

Contents lists available at ScienceDirect 

Cement and Concrete Composites 

journal homepage: www.elsevier.com/locate/cemconcomp 

https://doi.org/10.1016/j.cemconcomp.2023.104996 
Received 16 June 2021; Received in revised form 7 January 2023; Accepted 19 February 2023   

mailto:shendjn@163.com
www.sciencedirect.com/science/journal/09589465
https://www.elsevier.com/locate/cemconcomp
https://doi.org/10.1016/j.cemconcomp.2023.104996
https://doi.org/10.1016/j.cemconcomp.2023.104996
https://doi.org/10.1016/j.cemconcomp.2023.104996
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconcomp.2023.104996&domain=pdf


Cement and Concrete Composites 139 (2023) 104996

2

decreasing the porosity and reacting with tricalcium aluminate. The 
early-age restrained cracking is generally affected by shrinkage-induced 
stress in tension. The tensile creep is an important factor in evaluating 
restrained stress accurately [14–16]. Thus, the determination of tensile 
creep is significant in evaluating early-age restrained cracking failure 
behavior of concrete. However, the determination of tensile creep is 
complicated for early-age concrete because the physical and chemical 
properties change simultaneously at early age [14]. Little literature has 
been published on early-age tensile creep of HSC containing nano-
CaCO3. Thus, investigations on tensile creep are necessary for better 
understanding the cracking failure behavior of HSC containing 

nano-CaCO3 at early age. 
As an effective method to estimate cracking resistance of concrete, 

temperature stress test machine (TSTM) could study various behavior of 
concrete under uniaxial restraint conditions, e.g., temperature, 
shrinkage, restrained stress, and creep [17,18]. In addition, the simu
lation of internal condition of mass concrete can be conducted by TSTM 
by providing a nearly adiabatic condition [19]. Kovler [20] determines 
the tensile creep of concrete based on results obtained by free and 
restrained specimens of TSTM. Klausen et al. [21] study the cracking 
behavior of concrete containing fly ash using TSTM test, and reveal that 
the cracking occurs when restrained stress of concrete reaches around 
80% of its tensile strength. Several criteria, e.g., cracking stress [22], 
cracking age [23], ratio of cracking stress to tensile strength [24], stress 
reserve [25,26], as well as the integrated criterion [27,28], have been 
suggested by researchers to estimate cracking failure behavior of con
crete. Cracking resistance of different concrete mixtures could be 
compared by these criteria. However, cracking resistance of single 
concrete mixture fails to be evaluated by these criteria. Thus, proposing 
a criterion for evaluating the cracking failure behavior of single concrete 
mixture is necessary. 

In the present investigation, the influence of nano-CaCO3 on tensile 
creep and cracking failure behavior of HSC at early age was investigated. 
The mechanical properties, temperature history, autogenous shrinkage, 
restrained stress, and tensile creep of HSC containing different nano- 
CaCO3 contents (0%, 1%, 2%, and 3% by weight of cement powder) 
were tested. The prediction models of mechanical properties and the 
simplified stress-strain failure criterion of HSC containing nano-CaCO3 
were proposed. 

2. Details of experiments 

2.1. Materials 

In the present investigation, ingredient materials of HSC matrix were 
P•II 52.5 R Portland cement (China Standard GB 175 [29] and ASTM 
C150 [30]), river sand (fineness modulus was 2.05), and crushed lime
stone (maximum aggregate size was 28 mm), polycarboxylate-based 
superplasticizer, and tap water. Nano-CaCO3 powder (average size 
was 40 nm, and CaCO3 content was 98%) was used to replace part of the 
cement in HSC matrix. The particle size distribution curves of aggregates 
was given in Fig. 1. Table 1 and Table 2 depict chemical compositions 
and properties of Portland cement and the nano-CaCO3, respectively. 

Fig. 1. Particle size distribution curves of aggregates.  

Table 1 
Chemical compositions and properties of Portland cement.  

Item Portland cement 

SiO2 (%) 19.90 
Al2O3 (%) 4.60 
Fe2O3 (%) 3.00 
CaO (%) 64.60 
MgO (%) 0.78 
SO3 (%) 2.37 
Na2O (%) 0.06 
K2O (%) 0.65 
Specific surface area (m2/g) 375  

Table 2 
Chemical compositions and properties of nano-CaCO3.  

Item nano-CaCO3 

CaCO3 (%) ≥98 
MgO (%) ≥0.5 
SiO2 (%) ≥0.1 
Al2O3 (%) ≥0.1 
Fe2O3 (%) ≥0.1 
Specific surface area (m2/g) 40  

Table 3 
Mix proportions and properties of concrete.  

Component NC-00 NC-01 NC-02 NC-03 

Water (kg/m3) 151.8 151.8 151.8 151.8 
Cement (kg/m3) 460.0 455.4 450.8 446.2 
Nano-CaCO3 (kg/m3) 0 4.6 9.2 13.8 
Fine aggregate (kg/m3) 670.6 670.6 670.6 670.6 
Coarse aggregate (kg/m3) 1117.6 1117.6 1117.6 1117.6 
Superplasticizer (kg/m3) 2.07 2.07 2.07 2.07 
Initial setting time (h) 6.68 6.42 6.18 5.94 
Final setting time (h) 10.35 9.95 9.58 9.21 
Workability (mm) 153 137 130 120 
Specific weight (kg/m3) 2478 2465 2453 2438 
Air content at fresh state (%) 1.65 1.89 1.49 1.39  

Fig. 2. SEM morphology of nano-CaCO3 powders.  
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2.2. Mixture proportions 

In the present investigation, nano-CaCO3 of 1%, 2%, and 3% by 
weight of cement powder were prepared as Mixture NC-01, NC-02, and 
NC-03, respectively, and a reference concrete without nano-CaCO3 was 
prepared as NC-00. The w/b ratio was 0.33 for four mixtures, and 
Table 3 depicts the mix proportions and properties of four mixtures. The 

binder content composed of the cement and nano-CaCO3, and the total 
mass of the cement and nano-CaCO3 were kept constant to maintain the 
same w/b ratio in four mixtures. The nano-CaCO3 was in the form of 
white powder, and the nano-CaCO3 powders imaged with the Scanning 
Electron Microscope (SEM) were in cubic crystalline shape, as depicted 
in Fig. 2. 

2.3. Experimental procedure 

2.3.1. Mechanical properties test 
Specimens for mechanical properties test were molded and cured on 

the 20 ◦C condition. The tests of compressive strength, splitting tensile 
strength, and elastic modulus at the age of 1, 3, 7, and 28 d after casting 
were conducted according to China Standard GB/T 50081 [31]. Three 
samples were prepared for each test at a certain age, and results of 
mechanical properties were determined by the average value of three 
samples. The sample size was 150 mm × 150 mm × 150 mm for 
compressive and splitting tensile strength test, and was 150 mm ×

150 mm × 300 mm for elastic modulus test. 

2.3.2. TSTM test 
The concrete from early-age in free and restraint conditions can be 

characterized by TSTM system [32]. As depicted in Fig. 3(a), TSTM is 
equipped with measuring and controlling systems of temperature, 
displacement, and load [33]. TSTM specimen molds were both in 
dog-bone shape, and the dimension at the central part was 150 mm×

150 mm× 1500 mm, as depicted in Fig. 3(b). Fig. 3(c) depicts the photo 
of TSTM. 

The process of TSTM test was as follows: 1) Concrete mixtures were 
cast into the TSTM specimen molds, and the surface of concrete was 

Fig. 3. The schematic diagrams of TSTM: (a) The schematic diagram of TSTM [20]; (b) The schematic diagram of specimen mold (mm); (c) The photo of TSTM.  

Fig. 4. Results of compressive strength obtained from experiment.  
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sealed to prevent moisture from evaporating. 2) Temperature sensors 
were installed at the center of restrained shrinkage and free shrinkage 
specimen molds to record temperature history of concrete. Molds were 
hollow and filled with ethylene glycol to control temperature of con
crete. Adiabatic curing mode was conducted to simulate the condition of 
mass concrete, as reported in Refs. [19,34–38]: the concrete increased to 
peak temperature, and was maintained for 48 h. Finally, the concrete 
cooled down at a rate of 1 ◦C/h until cracking. 3) Displacement sensors 
with accuracy of 0.01 μm were installed to determine the displacement 
of two specimen molds. 4) Once displacement of restrained specimen 
reached a threshold value (2 μm), the specimen was pulled/pushed to 
original position by a stepper motor to provide full restraint, as reported 
in Refs. [39,40]. The displacement of the free specimen mold was not 
under restraint condition. 5) The measurements started immediately 
after pouring, and the data was collected until concrete cracked. The test 
data was obtained every 5 min. One TSTM test was conducted for each 
mixture in the present investigation, as recommended in Refs. [20,41]. 

3. Test results and discussion 

3.1. Mechanical properties 

3.1.1. Compressive strength 
The compressive strength of four concrete mixtures is depicted in 

Fig. 4. It is remarked that partial replacement of cement by nano-CaCO3 
improved compressive strength of HSC. For example, the 28-d compres
sive strength was 53.0, 59.9, 57.8, and 55.2 MPa, which increased by 
13.0%, 9.1%, and 4.2% with increasing content of nano-CaCO3 ranging 
from 0% to 1%, 2%, and 3%, respectively. Result also reveals that the 
increase ratio of HSC containing 1% nano-CaCO3 in compressive 
strength was higher than that of HSC containing 2% and 3% nano-CaCO3 
at different ages. Similar findings on the compressive strength can be 
found in the literature [10,42]. Liu et al. [10] reveal that the addition of 
nano-CaCO3 enhanced the 7-d and 28-d compressive strength of hard
ened cement paste. Shaikh et al. [42] study the compressive strength of 
concrete containing different nano-CaCO3 contents ranging from 1% to 
4%, and results reveal that the concrete containing 1% nano-CaCO3 
showed the highest compressive strength. 

3.1.2. Tensile strength 
The partial replacement of cement in concrete by nano-CaCO3 

enhanced its splitting tensile strength, as depicted in Fig. 5. For example, 
the 28-d splitting tensile strength was 4.07, 4.50, 4.38, and 4.20 MPa, 
which increased by 10.6%, 7.6%, and 3.2% with increasing content of 
nano-CaCO3 ranging from 0% to 1%, 2%, and 3%, respectively. 

Splitting tensile strength of HSC containing 1% nano-CaCO3 reached 
maximum, and decreased when the content of nano-CaCO3 was beyond 
1%. Similar findings on tensile strength can be found in the literature 
[43]. Mishra et al. [43] find that the tensile strength increases with the 
increment of nano-CaCO3 due to the formation of small spherulites in 
concrete. 

Time-dependent axial tensile strength was calculated using Eqs. (1) 
and (2) in the present investigation, as reported in Refs. [44,45]. 

ft = 0.77 × fspl + 0.21 (1)  

ft(t)= ft,28 exp
{
− λ1[ln(1 + (t − t0))]

− k1
}

(2)  

where ft = axial tensile strength, in MPa; fspl = splitting tensile strength, 
in MPa; ft(t) = time-dependent axial tensile strength, in MPa; ft,28 = 28- 
d axial tensile strength, in MPa; t = age of concrete after casting, in day; 
t0 = initial setting time of concrete, in day; and λ1, k1 = fitting param
eters. Results of prediction model of axial tensile strength are depicted in 
Fig. 6 and Table 4, and the coefficients of determination (R2) were over 
0.980. The setting times of concrete were also tested in the present 
investigation. The results of initial setting time or final setting time were 
6.68, 6.42, 6.18, and 5.94 h or 10.35, 9.95, 9.58, and 9.21 h, which 
decreased by 3.9%, 7.5%, and 11.1% or 3.9%, 7.4%, and 11.0% with 
increasing content of nano-CaCO3 ranging from 0% to 1%, 2%, and 3%, 
respectively, as depicted in Table 3. The addition of nano-CaCO3 can 
shorten the setting time of concrete because they have a larger surface 
area than larger particles. The larger the surface area of nano-CaCO3, the 
more water they can come into contact with, and the faster the hydra
tion reaction will occur. 

3.1.3. Elastic modulus 
Fig. 7 depicts that partial replacement of cement in concrete by nano- 

CaCO3 enhanced its elastic modulus. For example, the 28-d elastic 
modulus was 50.2, 56.2, 55.6, and 52.7 GPa, which increased by 12.0%, 
10.8%, and 5.0% with increasing content of nano-CaCO3 ranging from 
0% to 1%, 2%, and 3%, respectively. Similar findings on elastic modulus 
can be found in the literature [46]. A possible explanation for this might 
be that the nucleation of calcium silicate hydrate (C-S-H) is accelerated 
due to the seeding effect of nano-CaCO3 [46]. Considering that the 

Fig. 5. Results of splitting tensile strength obtained from experiment.  

Fig. 6. Results of prediction model of axial tensile strength.  
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results of tensile elastic modulus are similar to compressive one at early 
age [47–49], Eq. (3) is used to predict time-dependent tensile elastic 
modulus on the basis of the results of compressive elastic modulus [45]. 

Et(t)=Et,28 exp
{
− λ2[ln(1 + (t − t0))]

− k2
}

(3)  

where Et(t) = time-dependent tensile elastic modulus, in GPa; Et,28 =

28-d tensile elastic modulus, in GPa; and λ2, k2 = fitting parameters. 
Table 4 depicts the results of prediction model of elastic modulus, and 

the results of R2 were over 0.990. 
The improvement of strength and modulus is attributed to two rea

sons: on one hand, the partial replacement of cement by nano-CaCO3 
accelerates the cement hydration and increases reaction products that 
enhance the microstructures [22]. On the other hand, the microstructure 
of concrete is filled up by adding nano-CaCO3, which decreases the 
porosity and increases the density degree of concrete [23]. 

The replacement of cement with 1% nano-CaCO3 showed a higher 
compressive strength, tensile strength, and elastic modulus than that of 
concrete containing 2% and 3% nano-CaCO3. The reduced strength and 
elastic modulus are attributed to several factors. Firstly, the content of 
hydration products decreased due to the dilution effect caused by 
excessive nano-CaCO3. Secondly, the space in concrete was filled up by 
adding nano-CaCO3, and the formation of hydration products was 
impeded. Lastly, van der Waal’s forces of nano-CaCO3 are higher than 
that of cement powder in the wet mix, hence, weak zones are established 
in the microstructure of concrete because of the agglomeration of nano- 
CaCO3 [42,50]. 

3.2. Influence of nano-CaCO3 on temperature history 

The heat induced by cement hydration in concrete would contribute 
to a quick temperature rise in concrete, which directly affects its 
cracking failure behavior at early age [51–53]. In the present investi
gation, casting temperature or peak temperature was 21.9, 20.7, 21.4, 
and 22.0 ◦C or 49.8, 52.0, 55.7, and 59.5 ◦C for Mixture NC-00, NC-01, 
NC-02, and NC-03, respectively. Adiabatic temperature rise is deter
mined by Eq. (4) [54]. 

Ttr =Tht − Tct (4)  

where Ttr = adiabatic temperature rise, in ◦C; Tht = peak temperature, in 
◦C; and Tct = casting temperature, in ◦C. 

Fig. 8 depicts that adiabatic temperature rise was 27.9, 31.3, 34.3, 
and 37.5 ◦C for Mixture NC-00, NC-01, NC-02, and NC-03, which 
increased by 12.2%, 22.9%, and 34.4% with increasing content of nano- 
CaCO3 ranging from 0% to 1%, 2%, and 3%, respectively. Besides, 
temperature rise rate increased by adding nano-CaCO3, as depicted in 
Fig. 8, which was due to the filling and chemical effects of nano-CaCO3. 
Similar findings can be found in the literature [46,55]. Sato et al. [46] 
and Camiletti et al. [55] both find that the hydration of cement is 
significantly accelerated by adding nano-CaCO3. When the nano-CaCO3 
is in contact with water in the concrete mixture, on one hand, the Ca2+

around C3S particles is absorbed onto the surface of nano-CaCO3. On the 
other hand, the carboaluminates (C3A⋅CaCO3⋅11H2O) are formed when 
CO2−

3 reacts with C3A, which makes it easy for Ca2+ as well as water to 
diffuse into concrete. The two factors would reduce Ca2+ concentration, 
and increase hydration rate [56]. 

Early-age cracking resistance is directly affected by the tensile stress 
induced by temperature drop during cooling phase [57]. Temperature 
drop is taken to evaluate the cracking behavior of concrete in the present 
investigation, as reported in Ref. [58]. Eq. (5) is used to calculate tem
perature drop of HSC [59]. 

Ttd =Tht − Tck (5) 

Table 4 
Results of axial tensile strength and elastic modulus.  

Concrete mixtures Axial tensile strength (MPa) λ1 k1 Elastic modulus (GPa) λ2 k2 

1 d 3 d 7 d 28 d 1 d 3 d 7 d 28 d 

NC-00 2.31 2.67 2.98 3.34 0.213 0.989 33.2 46.4 48.7 50.2 0.126 1.954 
NC-01 2.61 3.07 3.40 3.68 0.183 1.115 35.8 52.0 54.2 56.2 0.134 2.026 
NC-02 2.54 2.95 3.30 3.58 0.189 1.088 35.7 51.6 53.6 55.6 0.132 2.053 
NC-03 2.50 2.82 3.24 3.44 0.178 1.098 35.2 48.5 51.9 52.7 0.124 2.044 

*The results listed were the average value of three samples. 

Fig. 7. Results of prediction model of elastic modulus.  

Fig. 8. Adiabatic temperature history of restrained specimen.  
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where Ttd = temperature drop, in ◦C; Tht = peak temperature, in ◦C; and 
Tck = cracking temperature, in ◦C. 

Results of cracking temperature or temperature drop were 16.9, 
14.2, 14.3, and 14.3 ◦C or 32.9, 37.8, 41.4, and 45.2 ◦C for Mixture NC- 
00, NC-01, NC-02, and NC-03, which decreased by 16.0%, 15.4%, and 
15.4% or increased by 14.9%, 25.8%, and 37.4% with increasing con
tent of nano-CaCO3 ranging from 0% to 1%, 2%, and 3%. Temperature 
drop improved when the cement in concrete was partly replaced by 
nano-CaCO3, which indicated that the addition of nano-CaCO3 to HSC 
reduced its thermal cracking risk. 

3.3. Influence of nano-CaCO3 on autogenous shrinkage 

In the present investigation, the total deformation and temperature 
history of free specimen were measured, which includes autogenous 
shrinkage and thermal deformation [41]. Fig. 9 depicts the total defor
mation and temperature history recorded in free specimens. The analysis 
of deformation is implemented from “time-zero”, and previous studies 
take different methods to determine “time-zero” [60–65]. Lura et al. 
[65] use TSTM to investigate the early-age shrinkage of concrete from 

the time when stress first occurs. Considering that only the 
stress-induced deformation was analyzed in the present investigation, 
the value of autogenous shrinkage was set to be zero from the beginning 
of the test to the point of “time-zero”, as recommended in Ref. [65]. The 
deformation of free specimens increased at early stage after casting 
because of the temperature rise of concrete. Fig. 9 depicts that defor
mation of free specimens decreased gradually during constant temper
ature phase, and main reason was that thermal deformation remained 
constant, and autogenous shrinkage developed gradually in free speci
mens during this phase. When the concrete cooled down, the total 
deformation decreased continuously, and finally changed from expan
sion to contraction. 

Autogenous shrinkage is considered as shrinkage that excludes vol
ume changes induced by temperature variation, restraint, and loading 
[66,67]. Eq. (6) is used to subtract thermal deformation in order to 
determine autogenous shrinkage [68]. 
{

εas = εtotal − εT
εT = α × ΔT (6)  

Fig. 9. Total deformation and temperature history recorded in free specimens.  

Fig. 10. Autogenous shrinkage of HSC containing nano-CaCO3.  

Fig. 11. Restrained stress recorded in restrained specimens.  

Fig. 12. Total accumulated deformation recorded in restrained specimens.  
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where εtotal = total deformation, in με; εas = autogenous shrinkage, in με; 
εT = thermal deformation, in με; α = coefficient of thermal expansion 
(CTE); and ΔT = temperature change, in ◦C. 

CTE changes drastically along with time, and Eq. (7) is taken to 
calculate CTE to calculate the autogenous shrinkage more accurately 
[39]. 

αT(t) =αk × (1+ 41× t− m) (7)  

where αT(t) = time-dependent CTE, in με/◦C; αk = 28-d CTE, in με/◦C; 
and m = 2.0. The value of αk was 6.04, 6.65, 6.23, and 5.80 με/◦C for 
Mixture NC-00, NC-01, NC-02, and NC-03, respectively, which was 
calculated by regression analysis on results of free deformation and 
temperature history during cooling phase, as reported in Ref. [57]. Eq. 
(8) is used to determine autogenous shrinkage [68]. 

εas(t)= εtotal − αT(t) × [T(t) − Ttime− zero] (8)  

where εas(t) = time-dependent autogenous shrinkage, in με; T(t) =
time-dependent temperature, in ◦C; and Ttime− zero = “time-zero” tem
perature, in ◦C. 

Fig. 10 depicts the development of autogenous shrinkage of Mixture 

Fig. 13. Development of creep of HSC containing nano-CaCO3.  

Fig. 14. Development of tensile creep of HSC containing nano-CaCO3.  

Fig. 15. Development of creep-shrinkage ratio of HSC containing nano-CaCO3.  

Fig. 16. Development of ratio of specific basic tensile creep to stress of HSC 
containing nano-CaCO3. 

Fig. 17. Stress reserve and integrated criterion of HSC containing nano-CaCO3.  
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NC-00, NC-01, NC-02, and NC-03. In the present investigation, cracking 
first occurred in Mixture NC-00 at 114.3 h after casting. The absolute 
value of autogenous shrinkage at 114.3 h was 138, 70, 83, and 93 με for 

Mixture NC-00, NC-01, NC-02, and NC-03, which decreased by 49.3%, 
39.9%, and 32.6% with increasing content of nano-CaCO3 ranging from 
0% to 1%, 2%, and 3%, respectively. Result shows that autogenous 
shrinkage decreased by adding nano-CaCO3 to HSC. In addition, 
autogenous shrinkage of HSC containing 1% nano-CaCO3 was the 
lowest, following by Mixture NC-02, NC-03, and NC-00. This is consis
tent with the previous investigation reporting that there is an optimal 
content of nano-CaCO3 in reducing the autogenous shrinkage of cement- 
based materials [13]. The reduction of autogenous shrinkage by adding 
nano-CaCO3 to HSC was due to the following reasons. Firstly, the 
addition of nano-CaCO3 improves the microstructure of the concrete and 
increases the amount of calcium hydroxide in the cement paste. Calcium 
hydroxide is a byproduct of the hydration of cement, and it has been 
shown to help reduce the volume changes that occur during the curing 
process. By increasing the amount of calcium hydroxide in the cement 
paste, the volume changes can be reduced, leading to reduced autoge
nous shrinkage [69]. In addition, the nano-CaCO3 mainly reacts with 
C3A to form carboaluminates (C3A⋅CaCO3⋅11H2O). The formed 
C3A⋅CaCO3⋅11H2O has the ability to expand slightly, which compensates 
the autogenous shrinkage of concrete [13]. One possible reason why the 
inhibitory effect of nano-CaCO3 on autogenous shrinkage weakens with 
increasing content of nano-CaCO3 would be that the specific surface area 
of nano-CaCO3 is large, and increasing content makes it easy for the 
agglomeration of nano-CaCO3 powders [9]. The air void content in 
concrete mixture would increase because of the nonuniform dispersion 
of nano-CaCO3 powders, thus weakening the influence of nano-CaCO3 
on reducing autogenous shrinkage of concrete [70]. 

3.4. Influence of nano-CaCO3 on restrained stress 

The stress develops in concrete when the deformation is under re
straint condition, and concrete will crack when restrained stress reaches 
its tensile capacity [40]. Fig. 11 depicts the results of restrained stress 
recorded in concrete specimens. Adding nano-CaCO3 increased tem
perature rise rate and adiabatic temperature rise, which increased the 
thermal expansion, thus increasing the maximum compressive stress. 
The results of maximum compressive stress were − 0.55, − 1.17, − 1.38, 
and − 1.60 MPa, and the absolute value of which increased by 112.7%, 

Fig. 18. Stress-strain relationship between theoretical failure results and re
sults of restrained cracking test. 

Table 5 
Experimental and predicted results.  

Concrete 
mixtures 

Restrained 
specimen 

Theoretical 
results 

K =

σcr

σp 

σpre σpre − σcr

σcr 

σcr εcr σp εp 

NC-00 2.18 50.57 2.45 49.83 0.89 2.42 11.0% 
NC-01 2.52 61.82 2.76 50.15 0.91 2.17 − 13.9% 
NC-02 2.43 57.84 2.69 49.17 0.90 2.07 − 14.8% 
NC-03 2.31 52.53 2.60 50.08 0.89 2.49 7.8%  

Fig. 19. Stress-strain relationships of four mixtures.  
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150.9%, and 190.9% with increasing content of nano-CaCO3 ranging 
from 0% to 1%, 2%, and 3%, respectively. The restrained compressive 
stress and tensile stress developed quickly in the early stage of constant 
temperature phase and cooling phase, respectively. Then the restrained 
stress of concrete decreased slowly over time due to stress relaxation, as 
depicted in Fig. 11. 

The compressive stress was transformed into the tensile one during 
cooling phase, and restrained tensile stress increased quickly because of 
the development of thermal deformation as well as shrinkage in HSC 
specimens. The sharp drop of stress curves in Fig. 11 represents that 
cracking occurred in the restrained specimens. Cracking stress is an 
index of tensile capacity of concrete under loading, which is defined as 
the stress when cracking occurs in the concrete during the test [71]. The 
cracking stress of Mixture NC-00, NC-01, NC-02, and NC-03 was 2.18, 
2.52, 2.43, and 2.31 MPa at the cracking age of 114.3, 116.8, 115.9, and 
114.6 h, respectively, which demonstrated that adding nano-CaCO3 
improved early-age cracking resistance of HSC. However, the cracking 
age and evolution of restrained tensile stress of different mixtures during 
the cooling phase were very similar. The possible reason would be that 
the addition of nano-CaCO3 have an impact on the tensile creep po
tential of concrete. Specifically, the addition of nano-CaCO3 decreased 
the tensile creep of concrete. This is because the addition of nano-CaCO3 
can increase the toughness of the material, causing it to undergo less 
deformation under tensile stress, thereby restricting the development of 
tensile creep. At the same time, the addition of nano-CaCO3 increased 
the tensile strength and elastic modulus of concrete. Although the evo
lution of restrained tensile stress was slightly increased by adding 
nano-CaCO3, the cracking ages of different mixtures were similar. Thus, 
the early-age cracking resistance of HSC could not be evaluated only by 
cracking stress or cracking age. 

Hattel et al. and Liu et al. [72,73] estimate cracking resistance of 
concrete, and reflect damage degree of that using ratio of cracking stress 
to tensile strength. Considering that the curing condition of TSTM test 
was different from that of mechanical properties test. The actual age of 
concrete in TSTM test was converted to equivalent age at 20 ◦C with Eq. 
(9). The ratio of cracking stress to axial tensile strength at equivalent 
cracking age was taken to evaluate the early-age cracking resistance of 
HSC, as reported in Refs. [28,74]. 

te =

∫ t

0
exp

[
Ea(T)

R

(
1

Tref + 273
−

1
T(t) + 273

)]

dt (9)  

where te = equivalent age of 20 ◦C; T(t) = actual temperature, in ◦C; 
Ea(T) = activation energy, in kJ/mol; R = an ideal gas constant (8.315 J⋅ 
mol− 1⋅K− 1); and Tref = a reference temperature (20 ◦C). The equivalent 
cracking age was 299.70, 305.03, 350.17, and 401.24 h, and results of 
axial tensile strength at equivalent cracking age were 3.07, 3.46, 3.36, 
and 3.25 MPa for Mixture NC-00, NC-01, NC-02, and NC-03, respec
tively. The results of ratio of cracking stress to axial tensile strength at 
equivalent cracking age were 0.710, 0.728, 0.723, and 0.711, which 
increased by 2.5%, 1.8%, and 0.1% with increasing content of nano- 
CaCO3 ranging from 0% to 1%, 2%, and 3%, respectively. The ratios of 
cracking stress to axial tensile strength at equivalent cracking age for 
four mixtures were in a range of 0.6–0.8, these results were in line with 
those of previous studies [75,76]. The main reason is that higher static 
fatigue and damage accumulation would be caused in restrained spec
imen due to the longer loading time of TSTM test than that of me
chanical property test [77]. The great ratio of cracking stress to axial 
tensile strength at equivalent cracking age reflects a small damage de
gree and high cracking resistance of concrete specimens under loading. 
The results of cracking stress to axial tensile strength at equivalent 
cracking age indicated that Mixture NC-01 showed the highest cracking 
resistance than other mixtures. 

3.5. Influence of nano-CaCO3 on tensile creep 

The restrained specimen was under full restraint condition, thus the 
deformation of restrained specimen was zero. Eq. (10) depicts the 
deformation of restrained specimen, which contains free shrinkage, 
creep, as well as elastic strain [17]. 

εtotal = εe + εsh + εcr = 0 (10)  

where εtotal = total deformation of restrained specimen, in με; εsh = free 
shrinkage of free specimen, in με; εe = accumulation of incremental 
elastic strain of restrained specimen, in με; and εcr = creep, in με. The 
results of total accumulated deformation recorded in restrained speci
mens and the results of creep are depicted in Figs. 12 and 13, 
respectively. 

Fig. 13 depicts that compressive creep of concrete developed rapidly 
when the temperature rose due to hydration. Zhang et al. [39] report 
that around free expansion deformation is nearly compensated by creep 
in compression in the first 24 h, and similar results can be found in the 
present investigation, as depicted in Figs. 9 and 13. The compressive 
creep changed to the tensile one after that period because restrained 
tensile stress developed in restrained specimens when the concrete 
cooled down. In the present investigation, only tensile creep was dis
cussed, and the tensile creep was zeroed at the time when restrained 
stress in tension occurred, as reported in Ref. [40]. Development of 
tensile creep of concrete specimens is depicted in Fig. 14. Mixture NC-00 
cracked first at 114.3 h, and the tensile creep at that time was 150, 141, 
144, and 146 με, which decreased by 6.0%, 4.0%, and 2.7%, respec
tively. When the tensile creep decreased, the long term part of the 
autogenous shrinkage would decrease accordingly due to the effect of 
capillary force. In general, the relationship between tensile creep and 
autogenous shrinkage is complex and depends on various factors, which 
needs to be investigated in further studies. 

The creep-shrinkage ratio, which can be expressed as the ratio be
tween the tensile creep to free shrinkage, was taken to estimate the creep 
behavior of HSC, as recommended in Ref. [53]. The creep-shrinkage 
ratio reveals the reduction in the development of tensile strain in con
crete under restrained condition, which is used to evaluate the degree of 
stress relaxation. The shrinkage of free specimens at 114.3 h during the 
forced cooling phase was 200, 201, 200, 198 με, and the creep-shrinkage 
ratio at 114.3 h was 0.75, 0.70, 0.72, and 0.74, which decreased by 
6.7%, 4.0%, and 1.3% with increasing content of nano-CaCO3 ranging 
from 0% to 1%, 2%, and 3%, respectively, as depicted in Fig. 15. Adding 
nano-CaCO3 led to a reduction in creep-shrinkage ratio, and the 
creep-shrinkage ratio of Mixture NC-01 was lower than that of the other 
mixtures. 

The specific basic tensile creep is defined as the ratio of cumulative 
tensile creep to restrained stress considering that restrained stress 
developed with time in the present investigation [39,54]. Fig. 16 depicts 
the development of ratio of specific tensile creep to stress of HSC con
taining nano-CaCO3. For Mixture NC-00, NC-01, NC-02, and NC-03, 
restrained stress at 114.3 h was 2.18, 2.43, 2.36, and 2.28 MPa, and 
specific tensile creep at 114.3 h was 68.62, 57.90, 61.02, and 64.17 
με/MPa, which decreased by 15.6%, 11.1%, and 6.5% with increasing 
content of nano-CaCO3 ranging from 0% to 1%, 2%, and 3%, respec
tively. Results indicated that visco-elastic properties of HSC under re
straint condition were reduced by adding nano-CaCO3, and Mixture 
NC-01 showed the lowest early-age visco-elastic response. Besides, 
specific tensile creep decreased nonlinearly with increasing content of 
nano-CaCO3. 

3.6. Influence of nano-CaCO3 on cracking resistance 

In the present investigation, two methods were taken to estimate 
cracking resistance of Mixture NC-00, NC-01, NC-02, and NC-03, 
respectively: 1) stress reserve, and 2) modified integrated criterion. 
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The stress reserve, which takes cracking stress as well as stress at 
room temperature of 20 ◦C into consideration simultaneously, is taken to 
evaluate cracking resistance of concrete by Shi et al. [26] and Zhang 
et al. [25], as depicted in Eq. (11) [78]. 

φ=
σc − σr

σc
× 100% (11)  

where φ = stress reserve; σc = cracking stress, in MPa; and σr = stress at 
room temperature (20 ◦C), in MPa. 

Fig. 17 depicts that stress at room temperature was 1.98, 2.21, 2.14, 
and 2.07 MPa, and the result of stress reserve was 9.2%, 12.3%, 11.9%, 
and 10.4% for Mixture NC-00, NC-01, NC-02, and NC-03, which 
increased by 33.7%, 29.3%, and 13.0% with increasing content of nano- 
CaCO3 ranging from 0% to 1%, 2%, and 3%, respectively. 

In the present investigation, the integrated criterion was modified in 
Refs. [27,28] to compare influence of nano-CaCO3 on cracking potential 
of HSC, as depicted in Eq. (12). 

φN =
S

ttcr
(12)  

where φN = integrated criterion of cracking potential, in MPa/(h⋅day), 
and all other variables were defined in Refs. [27,28]. Higher value of 
integrated criterion indicated higher cracking potential (lower cracking 
resistance). 

Fig. 17 depicts that integrated criteria for Mixture NC-00, NC-01, NC- 
02, and NC-03 were 0.040, 0.028, 0.032, and 0.035 MPa/(h⋅day), which 
decreased by 30.0%, 20.0%, and 12.5% with increasing content of nano- 
CaCO3 ranging from 0% to 1%, 2%, and 3%, respectively. The integrated 
criterion was the lowest when the content of nano-CaCO3 was 1%. Re
sults of stress reserve and integrated criterion indicated that adding 
nano-CaCO3 increased early-age cracking resistance of HSC. 

3.7. The simplified stress-strain failure criterion 

The restrained specimen suffers sustained loading and creep, which 
resembles fatigue and creep failure [79]. When cracking occurs in 
concrete, cracking strain exceeds strain capacity. However, cracking 
stress is lower than strength capacity. To estimate safety of single 
restrained concrete considering the strain and stress of concrete, Zhu 
et al. [80] propose a stress-strain failure criterion based on results ob
tained from direct tensile test and restrained cracking test. In general, 
TSTM only has one motor to push and pull restrained specimen, thus, it 
is relatively inconvenient to carry out direct tension test on free spec
imen [20]. In the present investigation, the theoretical failure results 
obtained from prediction models were used to replace the results of 
direct tensile test in study [80], and the results of restrained cracking 
were obtained by TSTM. The usage of prediction models of mechanical 
properties to replace direct tensile test could simplify test procedure and 
reduce test cost, which made it more convenient for the application in 
practical engineering. The simplified stress-strain failure criterion is 
depicted in Eq. (13), and Fig. 18 depicts the stress-strain relationship 
between results of restrained cracking test and theoretical failure results. 

f (σcr, εcr)=K ⋅ Ep ⋅
(
εcr − εp

)
−
(
σp − σcr

)
(13)  

where f (σcr, εcr) = the simplified stress-strain failure criterion (concrete 
is safe when value of f (σcr, εcr) is less than 0, and concrete is likely to 
crack when value of f (σcr, εcr) is over 0); K = relationship between σcr 
and σp under the linear assumption, in MPa; σcr = stress of restrained 
concrete at the cracking age, in MPa; εcr = accumulative strain of 
restrained concrete at the cracking age, in με; σp = theoretical result of 
stress at equivalent cracking age, in MPa; and εp = theoretical result of 
strain at equivalent cracking age, in με. 

The stress as well as strain of restrained concrete at the cracking age 
was determined on the TSTM. The theoretical results of stress σp as well 
as strain εp at equivalent cracking age were determined on the basis of 

the prediction models of axial tensile strength (Eq. (2)) as well as tensile 
elastic modulus (Eq. (3)), as depicted in Eq. (14). 

⎧
⎪⎨

⎪⎩

σp = η⋅ft,28 exp
{
− λ1[ln(1 + (te − t0))]

− k1
}

εp =
σp

Et,28 exp
{
− λ2[ln(1 + (te − t0))]

− k2
}

(14)  

where η = relationship between cracking stress and tensile strength. 
Altoubat et al. [77] reveal that the cracking occurs when the stress in the 
concrete reaches around 80% of the tensile strength, and η was set as 0.8 
in the present investigation. 

The restrained cracking test was conducted to examine the predic
tion accuracy of the simplified stress-strain failure criterion proposed in 
the present investigation. The prediction result of σpre for four mixtures 
were determined by Eq. (13), as depicted in Table 5 and Fig. 19. 

Table 5 depicts the theoretical failure results and results of restrained 
cracking test of Mixture NC-00, NC-01, NC-02, and NC-03, respectively. 
The predicted failure stress could be calculated by substituting the re
sults of K, σp, εp, and εcr in Eq. (13). The relative prediction error ranged 
from − 14.8% to 11.0%, which was acceptable in practical engineering, 
and was similar to the model with a prediction error ranged from 
− 7.61% to 12.89% proposed by Zhu et al. [80]. Thus, the simplified 
stress-strain failure criterion could be used to predict the cracking stress 
of HSC containing nano-CaCO3. Compared with the traditional strength 
and strain capacity criteria of concrete, simplified stress-strain failure 
criterion based on the results obtained from restrained cracking test and 
prediction models of mechanical properties was more applicable and 
convenient. In practical engineering, the simplified stress-strain failure 
criterion has certain significance to design a better temperature control 
strategy for increasing the cracking resistance of concrete. 

4. Conclusions 

The influence of nano-CaCO3 on temperature history, autogenous 
shrinkage, restrained stress, and tensile creep of HSC was investigated, 
and the acting mechanism of nano-CaCO3 on cracking failure behavior 
of HSC was explained from many aspects of material properties. The 
following conclusions could be obtained:  

1. The compressive strength, splitting tensile strength, as well as elastic 
modulus of HSC were enhanced by adding nano-CaCO3. The addition 
of 1% nano-CaCO3 showed the optimum content, which gave the 
highest compressive, tensile strength and elastic modulus, followed 
by 2%, 3%, and 0%, respectively.  

2. The autogenous shrinkage, tensile creep, creep-shrinkage ratio, as 
well as specific tensile creep of HSC were reduced by adding nano- 
CaCO3. The autogenous shrinkage, tensile creep, creep-shrinkage 
ratio, as well as specific tensile creep of HSC containing 1% nano- 
CaCO3 was the lowest, followed by HSC containing 2%, 3%, and 0%.  

3. The early-age cracking resistance of HSC increased by adding nano- 
CaCO3. Many criteria, e.g., cracking stress, ratio of cracking stress to 
axial tensile strength, stress reserve, as well as integrated criterion of 
cracking potential, were taken to evaluate early-age cracking resis
tance of HSC containing nano-CaCO3.  

4. The simplified stress-strain failure criterion was proposed. The 
relative prediction error ranged from − 14.8% to 11.0%. Considering 
that the data was limited in the present investigation, future studies 
will be conducted using the criterion to better evaluate the cracking 
failure behavior of concrete in practical engineering. 
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