Journal of Building Engineering 64 (2023) 105588

Contents lists available at ScienceDirect

oo «BUILDING
ENGINEERING

Journal of Building Engineering

= : S
ELSEVIER journal homepage: www.elsevier.com/locate/jobe

Check for

Effect of temperature rise inhibitor on early-age behavior and e
cracking resistance of high strength concrete under uniaxial
restrained condition

Dejian Shen %", Jiacheng Kang "¢, Ci Liu®", Ming Li®"™¢, Yifan Wei ®"%¢,
Liukun Zhou ®™¢

@ College of Civil and Transportation Engineering, Hohai Univ., No. 1, Xikang Rd., Nanjing, 210024, China

Y Jiangsu Engineering Research Center of Crack Control in Concrete, No. 1, Xikang Rd., Nanjing, 210024, China

€ Nanjing Engineering Research Center for Prefabricated Construction, No. 1, Xikang Rd., Nanjing, 210024, China
4 Nanjing Southern New Town Development & Construction (Group) Co.,Ltd, Daming Rd., Nanjing, 210022, China

ARTICLE INFO ABSTRACT

Author keywords: Temperature rise inhibitor (TRI) is used to modify the cement hydration and reduce the heat
Early-age concrete release of high strength concrete (HSC). Many investigations on the mechanical properties,
Temperature rise inhibitor temperature process, and autogenous shrinkage of cement-based materials with TRI have been
Cracking resistance conducted. However, the evaluation of the early-age behavior and cracking resistance of HSC

Tensile creep

with TRI under uniaxial restrained condition considering the effects of temperature, shrinkage,
Autogenous shrinkage

restrained stress, and tensile creep simultaneously was rarely conducted. Temperature stress test
machine, which could measure these factors simultaneously, was used to investigate the effect of
TRI contents on the early-age behavior and cracking resistance of HSC in this research. The peak
temperature, temperature rising rate, autogenous shrinkage, and tensile creep decreased with
increasing TRI contents. The addition of TRI improved the early-age cracking resistance of HSC. A
modified stress-strain failure criterion and a prediction model for autogenous shrinkage of HSC
with TRI were proposed.

1. Introduction

Although high strength concrete (HSC) has large annual consumption due to diverse sources, good durability, and relatively low
cost, early-age cracking of HSC remains a problem in many practical engineering projects, e.g., urban rail transits, tunnels, high-rise
buildings, and long-span bridges [1,2]. A site survey in 20 building city orbit traffic stations reveals that the cracking in the sidewall
usually appears within 3-5 days, and 85.3% of leakage is caused by early-age cracking [3]. Cracks occur and develop quickly when the
restrained stress of concrete induced by shrinkage deformation reaches its tensile capacity, which will destroy the integrity of the
concrete structures. The aggressive substances can easily penetrate concrete through cracks, affecting the quality of concrete and
causing many security problems [4-6]. The shrinkage deformation, which will increase the cracking risk of HSC, is related to many
factors such as the chemical reaction of the materials, the temperature and humidity environment of concrete structures, and the
restrained conditions [7]. Different kinds of shrinkage deformations occur in HSC at the early stage after pouring [8]. According to the
difference in causes, the shrinkage deformation leading to non-load-related cracks can be divided into drying shrinkage, autogenous
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shrinkage (AS), thermal shrinkage, chemical shrinkage, carbonation shrinkage, and so on [9]. The early-age cracking of HSC is mainly
caused by thermal shrinkage and AS [1,3]. HSC may have great self-desiccation and high temperature rise, and the peak temperature of
HSC can reach around 70-80 °C. The volume of HSC changes greatly with changing temperatures, and restrained tensile stress de-
velops when the temperature of HSC decreases gradually from the peak temperature, which will cause thermal cracking at early age.
Besides, self-desiccation may lead to the development of AS. The restrained stress is higher in modern concrete structures with large
volumes, large spans, and strong constraints than that in ordinary structures. Therefore, for the long-term sustainability of the HSC
structures, investigating the methods to improve the early-age cracking resistance of HSC is of great importance.

To reduce the thermal shrinkage and improve the early-age cracking resistance of concrete, different methods such as compen-
sating shrinkage, reducing hydration heat release, and improving the dissipation condition of heat have been proposed from the
perspective of material [10]. Temperature rise inhibitor (TRI) is a polymeric admixture composed prepared by acid hydrolysis of corn
starch to reduce the hydration heat release of concrete [11]. The addition of TRI would depress the main hydration peak to have a
lower maximum heat flow and less heat release during the first few days, which may be beneficial in mitigating the delayed ettringite
formation (DEF) risk. The difference in the heat flow is mainly caused by changing the C-S-H nucleation. Besides, the addition of TRI
would mainly affect the C-S-H precipitation, and partly change the surface environment of the cement particle [2]. Many studies have
been conducted on the properties of cement-based materials containing TRI, which mainly focus on the effect of TRI on cement hy-
dration, mechanical properties, and AS of cement-based materials [1,3,10,12,13]. For instance, Zhang et al. [13] found that the
addition of TRI delayed the growth of ettringite in pore solution and decreased the dissolution rate of aluminum from clinkers, which
decreased the AS of cement paste. Li et al. [3] revealed that the concrete generated expansion deformation by adding a kind of TRI and
slight expansion mixture (HME). Besides, with the addition of TRI, the cement hydration in the acceleration phase was reduced, and
the main heat release peak was prolonged. The investigation on the effect of TRI (less than 0.15%) on cement hydration and heat
evolution of cement pastes and mortars was conducted by Yan et al. [2], and the results showed that TRI had “depressing effect” on
maximum heat flow, and “retarding effect” on heat release depending on the initial state. Wang et al. [14] reported that adding TRI
(ranging from 0 to 1.5%) to mass concrete could reduce the maximum temperature rise, delay the arrival time of peak temperature, and
improve the cracking resistance of that. However, the investigations on the early-age cracking resistance of HSC with TRI are still
limited. Previous studies [15-17] have revealed that tensile creep (TC) plays a significant role in the evaluation of the early-age
cracking resistance of HSC, which is important in reducing the stress induced by restrained thermal shrinkage and AS of HSC at
early age. However, the investigation on the effect of TRI on TC of HSC at early age remains limited. Besides, the difference between the
restrained conditions has a great effect on the TC of concrete. For instance, in the direct tensile test, the TC increases with increasing
water-to-binder (w/b) ratios [18]. However, the TC of concrete under uniaxial restrained condition decreases with increasing w/b
ratios at early age [5]. Thus, the investigation on the TC of concrete under uniaxial restrained condition is necessary. Considering that
the TC of concrete under uniaxial restrained condition would be influenced by AS deformation, therefore, the characterization of TC
and AS is important for evaluating the early-age cracking resistance of HSC with TRI under uniaxial restrained condition.

Temperature stress test machine (TSTM) test is an effective method considering several factors such as temperature, shrinkage,
restrained stress, and creep, to evaluate the early-age cracking resistance of HSC under uniaxial restrained condition [5,19,20]. TC, AS,
restrained stress, and temperature process of concrete can be obtained through TSTM test simultaneously based on the results obtained
by free and restrained specimens [19,21]. The representative volume element in mass concrete is treated as a specimen in the sealed
condition, and the simulation of internal condition in mass concrete can be conducted by TSTM test with the temperature controlling
molds by providing a nearly adiabatic condition [22]. Thus, using TSTM to evaluate the early-age cracking resistance of HSC with TRI
could simultaneously consider the effects of TC, AS, restrained stress, and temperature process, which is of great significance to the
investigation on the effect of TRI on the cracking resistance of HSC at early age.

Many criteria based on the TSTM test are proposed to evaluate the early-age cracking resistance of concrete, e.g., cracking stress
[23], cracking temperature [24], cracking age [25], ratio of cracking stress to tensile strength [26], and stress reserve [27]. The
difference between the cracking resistance of different concrete mixtures could be evaluated by these criteria, however, the cracking
resistance of a single concrete mixture fails to be evaluated. Thus, proposing a criterion for evaluating the cracking resistance of a
single concrete mixture is necessary.

Table 1

The chemical and physical properties of Portland cement.
Item Portland cement
SiO, 19.9%
Al,03 4.6%
Fe,03 3.0%
CaO 64.6%
MgO 0.78%
SO3 2.37%
Na,O 0.06%
K;0 0.65%
Specific surface area 375 m%/kg
3-d compressive strength 35.6 MPa
28-d compressive strength 66.9 MPa
Initial setting time 159 min
Final setting time 213 min
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In this research, the effect of TRI on the cracking resistance of HSC at early age was investigated. The mechanical properties,
temperature process, AS, restrained stress, and TC of HSC containing different TRI contents (0, 0.5%, 1.0%, and 1.5% by weight of
cement power) were tested. A modified stress-strain failure criterion and a prediction model for AS of HSC with TRI were proposed.

2. Experimental work

The initial and final setting time, slump, compressive strength, splitting tensile strength, and elastic modulus at different ages were
tested for HSC with different TRI contents. The TSTM tests were conducted to investigate the effect of TRI content on the early-age TC
and cracking resistance of HSC.

2.1. Materials and mixture proportions

Portland cement (P-II 52.5R) was utilized according to the Chinese Standard GB 175 [28] and ASTM C150 [29]. Table 1 depicts the
chemical and physical properties of Portland cement. Crushed limestone with a maximum aggregate size of 20 mm, and natural river
sand with a fineness modulus of 2.33 were used as coarse and fine aggregate, respectively. Fig. 1 depicts the aggregate size grading
curves obtained as a result of the sieve analysis. A polycarboxylate-based superplasticizer was taken to adjust workability.

A kind of starch-based TRI was used. The photograph of TRI and the molecular structure of starch are depicted in Fig. 2. Table 2
shows the basic properties of TRI.

The w/b ratio of the samples was constant at 0.32 in this research. The TRI content was 0, 0.5%, 1.0%, and 1.5% by weight of
cement, as recommended in [14]. Table 3 depicts the mixture proportions of the specimens. TRIOO represents the reference concrete
without TRI content. TRIO5, TRI10, and TRI15 represent HSC incorporated with 0.5%, 1.0%, and 1.5% TRI contents.

In the specimen preparation, all the dry materials (i.e., coarse aggregate, fine aggregate, cement, and TRI) were added to the mixer
and mixed for 3 min ensuring that the ingredients were uniform. After that, tap water together with the superplasticizer was added to
the mixer slowly. The mixtures were mixed for another 3 min finally.

2.2. Setting time, slump, and mechanical properties tests

The initial and final setting times of fresh pastes were tested using the Vicat apparatus according to ASTM C191 [30]. The slump of
the fresh concrete was measured using the standard slump test apparatus according to ASTM C143 [31]. Compressive strength,
splitting tensile strength, and elastic modulus were tested according to Chinese Standard GT/B 50081 [32]. Three cubic samples of size
150 mm x 150 mm x 150 mm were used for TRIOO0, TRIO5, TRI10, and TRI15 concretes in the compressive strength and splitting
tensile strength test. Three prismatic samples of size 150 mm x 150 mm x 300 mm were used for the elastic modulus test. The results
of mechanical properties were calculated by the average values of three samples. After the samples were cast for 24 h, the samples were
cured at a constant temperature of 20 + 1 °C and relative humidity of 95 + 2 %. The mechanical properties tests were conducted by
Electro-hydraulic Servo Universal Testing Machine at 1, 3, 7, and 28 d.

2.3. TSTM test

2.3.1. Curing mode for TSTM test
Considering that the interior of mass concrete is insulated well, it takes a long time for the temperature to drop to ambient tem-
perature [33,34]. The temperature history of mass concrete is close to semi-adiabatic curing mode, thus the semi-adiabatic curing
mode was employed on TRIOO0, TRIO5, TRI10, and TRI15 concretes to simulate the temperature history inside the mass concrete.
The temperature of the samples developed freely due to the hydration process, and the temperature was maintained for 36 h after
reaching the peak temperature. Then, the temperature was cooled down at a rate of 1 °C/h until the samples cracked.

100.00 I
90.00 -}
80.00 -}
70.00 | /
60.00 -} /
50.00 |
40.00 -}
30.00 -}
20.00 -}
10.00 -
0.00 - -~

0.01 0.10 1.00 10.00 100.00
Sieve size (mm)

—a— Natural river sand
Crushed limestone

% Passing

Fig. 1. Aggregate size grading curves.
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CH,0H CH,OH

Fig. 2. Photograph of temperature rise inhibitor and the molecular structure of starch.

Table 2

Basic properties of temperature rise inhibitor [2].
Admixture SSA(rnz/ 2) Solubility at 20 °C Alkaline stability Peak molecular weight (Mw) PDI
TRI 0.49 Low Good 4957 1.368

“PDI (Polymer dispersity index) = Mw/Mn, Mn stands for mean molecular weight.

Table 3
Mixture proportions.
Concrete mix Mixture parameters Amount of materials (kg/m>)
w/b TRI(%) Cement TRI Fine aggregate Coarse aggregate Water Superplasticizer
TRIOO 0.32 0 460 0 680 1120 147.2 3.68
TRIO5 0.32 0.5 460 2.3 680 1120 147.2 3.68
TRI10 0.32 1 460 4.6 680 1120 147.2 3.68
TRI15 0.32 1.5 460 6.9 680 1120 147.2 3.68

2.3.2. Testing equipment

The TSTM mainly consisted of two dog bone-shaped molds, a temperature controlling system, displacement measurement system,
load recording system, and a stepper motor, as depicted in Fig. 3. Two molds were identical in dimension, and were utilized for free
shrinkage deformation as well as restrained shrinkage deformation measurement. The dimension of the center part of molds was
150 mm x 150 mm x 1500 mm, and both ends of the molds were in the dimension of 150 mm x 280 mm x 160 mm. A displacement
sensor was mounted on the straight part of specimens to record deformation. The gripped end of the restrained shrinkage specimen was
connected to the stepper motor. In this research, when the incremental deformation of the restrained specimen approached 2 pm, the
restrained shrinkage specimen was pulled or pushed to the original position through the stepper motor to ensure that the specimen was
under full restrained condition [35,36]. Restrained stress in the restrained shrinkage specimen was recorded with a load cell. The
temperature of concrete was recorded with a temperature sensor, and the temperature process of the concrete specimen was controlled
by a heating-cooling system with circulating liquid in the outer part of the mold. The temperature sensor was inserted into the concrete
through the hole reserved in the cover of mold to record the temperature in the middle of the concrete. More details of TSTM can be
found elsewhere [37].

2.3.3. Testing procedure

The fresh concrete was poured into the molds directly, and a plastic film sheet was placed in the mold before pouring to reduce
friction between the mold and the concrete specimen, as recommended in [38]. The concrete specimens were sealed immediately to
reduce moisture evaporation. The temperature sensor was inserted in the central part of the concrete specimen directly after pouring.
Concrete specimens were cured and tested under the same curing condition for a single experiment. The two concrete specimens were
covered around by the temperature-regulation molds, which included circulating fluid flowing in the pipes, to ensure the uniform



D. Shen et al. Journal of Building Engineering 64 (2023) 105588

Computér ‘
7 =L
/AR

/L \ Free end

Shrinkage : :
Amplifier s Free shrinkage specimen /
N — Z
/ -

i Fixed end

i Displacement sensor Gripped end ixed en
Controller \\\

STRTTRRTRNTRRRRRTRR

SN
\ T
Load cell il 4 \ ™
; PR

. <, . Restrained shrinkage specimen
Universal joint Pulling back

Stepper motor

(a) Schematic diagram of TSTM [39]

Central cross-sectional size

Concrete Middle straight line M
/ 12
\ I1 \
'g =}
5 g e S
=N (=10 O‘ = lnI IAI
=] ©| © el Rl — —
HERW . E| 150 280
= R —
I I \‘2— 1-1 22
, 160 1500
¢ 1
(b) Schematic diagram of specimen mold (mm)
Temperature sensor | Restrained shrinkage specimen

Concrete

Fixed end
Gripped end

(c) Schematic diagram of restrained shrinkage specimen

Fig. 3. Schematic diagrams of TSTM.

temperature distribution over the cross section and to ensure the two concrete specimens had the same temperature history, as rec-
ommended in [39,40]. The temperature change inside the restrained shrinkage specimen was measured by the temperature sensor,
and then the temperature of circulating fluid flowing in the mold pipes was adjusted to the same temperature as the internal tem-
perature of the restrained shrinkage specimen. The temperature of the two concrete specimens was then adjusted so that the tem-
perature of both specimens was always the same as the temperature of the core of the restrained shrinkage specimen. Due to the small
cross sectional dimensions, the specimens were found to have a quite uniform temperature distribution at all times. The results of

Table 4
Slump and setting time of fresh concretes.
Concrete Setting time (h) Slump (mm)
Initial Final
TRIOO 4.75 12.50 130
TRIOS 5.50 14.50 128
TRI10 6.00 24.50 127
TRI15 14.50 26.50 126
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temperature, restrained stress, and deformation of the specimen were automatically recorded by a computer. Measurements started
after pouring, and the data were recorded every 5 min.

3. Results and discussion

3.1. Slump, setting time, and mechanical properties of HSC with TRI

Table 4 lists the characteristics of fresh mixes. It could be observed that the initial and final setting times of specimens were delayed
with increasing TRI contents. The initial setting time or final setting time of fresh mixes increased by 15.8%, 26.3%, and 205.3%, or
16.0%, 96.0%, and 112.0% with increasing TRI contents ranging from 0 to 0.5%, 1.0%, and 1.5%, respectively.
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Fig. 4. Mechanical properties of hardened HSC for four specimens.



D. Shen et al. Journal of Building Engineering 64 (2023) 105588

Fig. 4 depicts the characteristics of hardened HSC, and the results represent the average value of three samples. The results of TRI15
at 1 and 3 d were not tested due to the final setting time of that was very late, and the results were almost zero. The compressive
strength decreased with increasing TRI contents, and the gap between HSC with different TRI contents decreased with age and was
small at 28 d, as depicted in Fig. 4(a). The 28-d compressive strength of TRIO0, TRIO5, TRI10, and TRI15 concretes was 65.40, 64.62,
62.91, and 60.70 MPa, respectively. The 1-d or 28-d compressive strength decreased by 1.19%, 3.81%, and 7.19% with increasing TRI
contents ranging from 0 to 0.5%, 1.0%, and 1.5%, respectively. The evolutions of splitting tensile strength of HSC with different TRI
contents are depicted in Fig. 4(b). The effect of TRI content on variation tendencies of splitting tensile strength was consistent with that
of compressive strength due to the analogous influence mechanism. The 28-d splitting tensile strength of TRI00, TRIO5, TRI10, and
TRI15 concretes was 3.95, 3.88, 3.83, and 3.75 MPa, respectively. The 28-d splitting tensile strength decreased by 1.77%, 3.04%, and
5.06% with increasing TRI contents ranging from 0 to 0.5%, 1.0%, and 1.5%, respectively. The compressive and splitting tensile
strength of HSC with TRI was lower than that of TRIOO0 concrete, however, both of them reached 90% of that of TRIOO concrete at 28 d.
This result may be explained by the fact that the growth and nucleation of C-S-H at early age are hindered by adding TRI. However, the
hydration degree of cement is not affected by that at a later age [11].

As depicted in Fig. 4(c), the elastic modulus decreased with increasing TRI contents, and the gap between HSC with different TRI
contents was small at 28 d. The 28-d elastic modulus of TRIO0, TRIO5, TRI10, and TRI15 concretes was 53.45, 52.23, 50.65, and 47.06
GPa, respectively. The 28-d elastic modulus decreased by 2.28%, 5.24%, and 11.96% with increasing TRI contents ranging from 0 to
0.5%, 1.0%, and 1.5%, respectively. The reason for the change of elastic modulus was similar to that for the strength. The hydration of
HSC with TRI was hindered seriously, and more TRI contents led to a slower elastic modulus development.

3.2. Results of TSTM test

The temperature process, total deformation strain, and restrained stress were measured by the TSTM system. The total deformation
strain was measured from the free shrinkage specimen, and the restrained stress was measured from the restrained shrinkage specimen.
The two specimens of the same concrete were cured under the same temperature process.

The temperature process of four specimens measured by TSTM is depicted in Fig. 5. The pouring temperature or peak temperature
of TRIOO, TRIOS5, TRI10, and TRI15 concretes was 24.34, 19.16, 21.62, and 18.98 °C or 65.57, 59.42, 55.20, and 45.19 °C, respectively.
The TRIOO, TRIO5, TRI10, and TRI15 concretes reached peak temperature at 30.5, 35.5, 47.5, and 119.5 h, respectively. The peak
temperature of concrete decreased obviously with increasing TRI contents, and the temperature rising rate was reduced by adding TRI.
The temperature rise of concrete was defined as the difference between the peak temperature and pouring temperature. The value of
temperature rise was 41.23, 40.26, 33.58, and 26.21 °C for TRIO0, TRIO5, TRI10, and TRI15 concretes, which decreased by 2.35%,
18.55%, and 36.43% with increasing TRI contents ranging from 0 to 0.5%, 1.0%, and 1.5%, respectively. In addition, when the TRI
content was 1.5%, the temperature rising stage of concrete was delayed by around 60 h, a similar phenomenon was also found in the
setting time test, as depicted in Table 4. There are several possible explanations for this result. Firstly, the addition of TRI inhibits the
nucleation of C-S-H and the hydration of C3S [2], which reduces the initial hydration release rate of cement. The induction period
would be prolonged lightly when the contents of TRI are small. When the content of TRI was 1.5%, the induction period was prolonged
seriously in this research. Secondly, the peak temperature occurs when most of the surface of all generations is covered by C-S-H
needles [2]. The addition of TRI suppresses the nucleation of C-S-H continuously, which makes the surface coverage low during the
acceleration period. Thus, the peak temperature decreased with increasing TRI contents. Zhang et al. [1] reported similar results that
the addition of TRI caused a large change in the rate and the extent of cement hydration. The maximum heat flow decreased with
increasing TRI contents ranging from 0.2% of a mass fraction to 0.6%. Besides, TRI decreased the rate of heat release during the
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Fig. 5. Temperature process of four specimens.
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acceleration period of the cement hydration process.

Fig. 6 depicts the total deformation of the free shrinkage specimen. It is worth noting that the HSC with different TRI contents had
two peak expansion deformations. Four specimens all expanded initially, however, the addition of TRI caused different degrees of
shrinkage, which caused the first peak expansion for HSC with different TRI contents. The shrinkage of HSC increased with increasing
TRI contents at this stage. Then, the total deformation of four specimens expanded again as the temperature rose rapidly due to the
hydration of cement. The second peak expansion strain after the temperature rising period was 186, 118, 112, and —7 pe for TRIOO,
TRIO5, TRI10, and TRI15 concretes, which decreased by 36.56%, 39.78%, and 103.76% with increasing TRI contents ranging from O to
0.5%, 1.0%, and 1.5%, respectively. When the content of TRI was 1.5%, although the hydration of cement after the first peak expansion
occurred caused expansion of the specimen, the total deformation of concrete was in the state of contraction due to the large shrinkage
deformation at a very early stage. The HSC specimens began to shrink as HSC entered the cooling period.

The results of restrained stress of restrained shrinkage specimen are depicted in Fig. 7. When the contents of TRI ranged from O to
0.5%, and 1.0%, the HSC specimens were subjected to compressive stress with a maximum value of 1.72 (at 23.5 h), 0.80 (at 31.5 h),
and 0.61 MPa (at 44.5 h), respectively. The restrained stress of TRI15 concrete was almost zero during the temperature rising period.
The restrained compressive stress decreased with increasing TRI contents, which attributed to lower temperature rise and thermal
expansion of HSC under restrained condition. During the cooling period, the restrained tensile stress of four specimens developed
rapidly and almost at the same rate. The cracking stress was 1.90, 1.95, 2.11, and 2.21 MPa for TRIOO0, TRIO5, TRI10, and TRI15
concretes, which increased by 2.63%, 11.05%, and 16.32% with increasing TRI contents ranging from O to 0.5%, 1.0%, and 1.5%,
respectively. TRIOO, TRIO5, and TRI10 reached peak temperature at 30.5, 35.5, and 47.5 h, respectively. It could be found that the
occurrence time of maximum compressive stress was a little earlier than that of peak temperature. A similar phenomenon can be found
in the studies [40,41]. A possible explanation for this might be that during the temperature rising period, the magnitude of restrained
stress of concrete is mainly determined by a combination of compressive stress caused by temperature rise, tensile stress caused by AS
deformation, and stress relaxation. Firstly, when the temperature of concrete approaches the peak temperature, the development of
compressive stress caused by temperature rise gradually slows down. This phenomenon is mainly due to two reasons, one is the
slowdown of the temperature rise rate and the other is the gradual reduction of coefficient of thermal expansion (CTE) to a relatively
stable value at this time. Secondly, when the temperature of concrete approaches the peak temperature, the AS of concrete develops
more quickly. Thirdly, stress relaxation occurs when the concrete is under restrained condition at early age. Therefore, the maximum
compressive stress of concrete occurred a little earlier than that of peak temperature. After entering the constant temperature curing
period, the compress stress of concrete decreased gradually partly due to the presence of stress relaxation.

Fig. 8 depicts the deformation strain of restrained shrinkage specimens for four specimens. When the incremental deformation of
the restrained specimen approached 2 pm (1.3 pe), the restrained shrinkage specimen was pulled or pushed to its original position, and
restrained stress was recorded. The restrained stress depicted in Fig. 7 was a cumulative value. At the early stage of HSC after pouring,
the specimens expanded initially, and were pushed back to the original position, thus causing the restrained compressive stress to
increase. The times that TRI15 concrete was pulled back to the original position were significantly fewer than other HSC specimens
with less TRI contents, and the elastic modulus of TRI15 concrete was low at this stage, thus the restrained stress was almost zero before
the cooling point.

3.3. Early-age AS of HSC with TRI

Considering that the stiffness of fresh concrete was weak and no stress was generated in the TSTM test, the value of AS was set to be
zero before the point of time-zero, as recommended in [42-44]. The definitions of time-zero are different in studies [43-52], such as
setting time, onset of internal relative humidity drop, onset of capillary pressure, transition point from the autogenous strain curve, and
the moment when the restrained stress occurred. Considering that only stress-induced deformation was analyzed in this research, the
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moment when the restrained stress occurred was taken as the time-zero of deformation, as recommended in [6,44], and the restrained
stress could be recorded by the load cell.

AS is defined as the shrinkage without volume change caused by the loss or ingress of substances, temperature, external force, and
restrained conditions [9]. The variation of the total deformation, the AS, and the thermal deformation is given in Eq. (1) [53].

Agy = Agys +a X AT (@D)

in which Agys = total deformation of free shrinkage specimen, in pe; Aegs = AS deformation, in pe; a = CTE, in pe/°C; and AT =
temperature change, in °C.

Generally, the value of CTE is set as constant in the calculation of thermally induced deformation, which will introduce an inac-
curacy to the determination of AS [54]. However, the value of CTE changes with time and moisture content for hardening concrete
[55]. Hence, to better predict the CTE and evaluate the AS in this research, the value of CTE was determined by Eq. (2), which was a
modified prediction model for CTE changing with time. The same prediction model for CTE can also be found in studies [56-58].

ar(t)=ap x [1+41x (1-24)™"] 2

in which ar(t) = time-dependent CTE, in pe/°C; t = age of concrete after pouring, in d; a, = average value of CTE during the cooling
period, in pe/°C; and m = an empirical parameter related to cement type and mineral admixture (value = 2.0).

The most early-age AS occurred during the temperature rising period and constant temperature curing period. Therefore, in the
cooling period, most of the deformation was caused by the temperature change, and the CTE of concrete decreased to a constant value
within 1 day, as reported in [59]. Therefore, the average CTE of concrete in the cooling period could be considered as the CTE of
concrete at the age of 28 days of concrete and calculated by dividing the deformation change by the temperature change. In this
research, the average value of CTE during the cooling period was calculated by Eq. (3).

Ae e, — €

_8f_ 3
AT T, —T, 3

&3

in which ¢, = strain of free shrinkage specimen at cracking age, in p; &., = strain of free shrinkage specimen at the starting point of the
cooling period, in pe; T, = temperature of free shrinkage specimen at cracking age, in °C; and T, = temperature of free shrinkage
specimen at the starting point of cooling period, in °C. The results of the average value of CTE during the cooling period were 5.09,
5.21, 5.38, and 5.03 pe/°C for TRIOO, TRIO5, TRI10, and TRI15 concretes, respectively. The CTE was also tested using TSTM in the
study [60], and the results revealed that the CTE of concrete was around 20-30 pe/°C at the early stage of hardening, with the
development of age, the value of CTE decreased gradually to a stable value ranging from 4.6 to 10.0 pe/°C. The range of CTE values for
different concretes reflects the variation in CTE of concrete’s component materials. The aggregate type has the greatest effect on the
CTE of concrete [61]. In this research, the w/b ratio, the amount of aggregates, and the amount of cement were constant for four
mixtures. The TRI content was 0, 0.5%, 1.0%, and 1.5% by weight of cement, respectively. Therefore, there was a small difference
between the values of CTE for TRIOO, TRIO5, TRI10, and TRI15 concretes. However, the total deformation in the cooling period
consisted of both temperature deformation and autogenous deformation, and the presence of autogenous deformation would affect the
accuracy of the CTE calculation results.
The AS was determined by Eq. (4) in this research, as recommended in [62].

Eas (t) = Eif(t) - aT(t) X [T(t) - T/ime—zera] (4)
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Fig. 9. AS of HSC with different TRI contents.
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in which ¢4(t) = time-dependent AS deformation, in pe; and Tyme—zro = temperature of concrete at the starting point of AS, in °C.

Fig. 9 depicts the AS of HSC with different TRI contents. The AS zeroed to the moment when restrained stress occurred in four
specimens. The development of AS of HSC with TRI included three stages, i.e., stages of rapid shrinkage, slow expansion, and slow
shrinkage. However, the AS of reference concrete (TRIOO0) only had the stages of rapid shrinkage and slow shrinkage. Generally, the
addition of TRI to HSC caused a decrease in AS when compared to that of reference concrete. Specifically, the absolute value of AS of
TRIOO concrete at its cracking age (115.5 h) was 98 pe, while HSC with 0.5%, 1.0%, and 1.5% TRI were 75, 52, and 32 pe at the
cracking age of TRIOO concrete, which decreased by 23.47%, 46.94%, and 67.35% with increasing TRI contents ranging from 0 to
0.5%, 1.0%, and 1.5%, respectively. The AS results are consistent with previous studies [13,63]. A possible explanation for this might
be that the addition of TRI increases the dissolution rate of calcium, thus inhibiting the growth of ettringite crystals. The delayed
growth of ettringite crystals leads to the decrease of AS strains [63].

By setting the temperature of the free shrinkage specimen to a constant of 20 °C for the TSTM test, the AS results can be obtained
directly, which can be conducted in future studies to better investigate the AS of concrete and further verify the accuracy of Eq. (4). In
this research, the main aim was to study the trend of the effect of TRI on the AS of concrete, so the current CTE calculation results are
able to make a comparative analysis of the trend. In future studies, we need to specifically test the CTE of concrete in order to calculate
the value of AS more accurately.

In this research, a modified prediction model for AS considering the effect of TRI contents on AS and time-zero of HSC was pro-
posed, as given in Eq. (5) [64].

gcas(’) = gcaso(e)ﬁa(t)

Bu(t) =1 = exp{ —a- [t~ 1 (0)]' |

£eas0(0) = Ecao (0) -£(6) %)
fO) =16 + k6 +c

easo (9) = teas0 (O) ° (/)(9)

@(0) = 16* + kb + ¢,

in which g.(t) = time-dependent AS, in pe; e.450 () = AS of HSC with different TRI contents at the cracking time of reference concrete
(at 115.5 h), in pe; S, (t) = development coefficient of AS; a, b = fitting parameters; 6 = TRI content; t.qs0(6) = time-zero of AS, in h;
€cas0(0) = AS of reference concrete at the cracking time; f(6) = influence coefficient of AS; t.4s0(0) = time-zero of AS of reference
concrete, in h; ¢(0) = influence coefficient of time-zero; and 1, k, ¢ = fitting parameters. The results of fitting parameters were obtained
by nonlinear regression.

The average values of a and b were —0.3978, and 0.1277, respectively. The results of fitting parameters and coefficient of
determination (R%) of influence coefficients are depicted in Table 5.

The results of the prediction model for AS of HSC with TRI are depicted in Fig. 10. For instance, the results of AS at the cracking age
of different specimens were —98, —73, —55, and —36 pe for TRIOO0, TRIO5, TRI10, and TRI15 concretes, respectively. The corre-
sponding predicted results were —104, —79, —56, and —36 pe, and the errors of the predicted and experimental results were 6.12%,
8.22%, 1.82%, and 0 for TRIOO0, TRIO5, TRI10, and TRI15 concretes, respectively. Thus, the differences between the test results and the
prediction model for AS were small, and the proposed model could express the effect of TRI contents on the development trends of AS
clearly.

3.4. Early-age TC behavior of HSC with TRI

According to the superposition principle, the total strain is the sum of four terms: the autogenous strain, the elastic strain, and the
basic creep strain, as given in Eq. (6) [53].

e (1) = €45(1) + &(t) + €c(1) + (1) = e (t) + €.(1) + &.(¢) 6)

in which &,(t) = total deformation of restrained shrinkage specimen, which under a full restrained condition was to be zero, in pe;
&sn(t) = free shrinkage strain consists AS, €4(t), and thermal shrinkage, &(t), i.e., the total deformation of restrained shrinkage
specimen, in e; & (t) = creep strain of restrained shrinkage specimen; and &, (t) = elastic strain, which was the accumulation of tensile
deformation during the process of shrinkage compensation of restrained shrinkage specimen, in pe. The relationship between elastic
strain, creep, and free shrinkage is depicted in Fig. 11. The creep of concrete consists of basic creep and drying creep. Only basic creep
was considered in this research because all the concrete specimens were sealed immediately after pouring.

Basic TC was determined at the time when restrained tensile stress occurred. Specific TC is usually defined as the ratio of basic TC to
unit stress (pe/MPa) in a constant loading test [19]. Considering that the restrained stress developed over time in this research, thus the
specific TC was defined as the ratio of cumulative basic TC to the corresponding restrained stress at an arbitrary time, as recommended
in [40]. The specific TC of concrete could be determined utilizing Eq. (7) [6].

Table 5

Results of fitting parameters and coefficient of determination.
Fitting parameter A k c R?
f(0) 0.0306 —0.4969 1.0015 0.999
(0) 2.6154 —0.6308 1.1462 0.973
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Fig. 10. Prediction model for AS of HSC with different TRI contents.

Ae (1)
o.(1)

CSP (t) = )

in which Cg,(t) = specific TC at the age of t h, in pe/MPa; Ae.(t) = cumulative basic TC at the age of t h, in pe; and o,(t) = restrained
stress at the age of t h, in MPa.

The stress develops when the shrinkage of concrete is under restrained condition, which would cause the concrete to creep in turn.
Thus, the interaction of creep with shrinkage at early age is an important element in the deformation analysis of restrained concrete,
which can be expressed as the ratio between the TC to free shrinkage, i.e., creep-shrinkage ratio [17]. The creep-shrinkage ratio is an
element of great importance in evaluating the degree of stress relaxation because it reveals the reduction in the development of tensile
strain in concrete under restrained condition [17,35,40]. The creep-shrinkage ratio was the ratio of basic TC to free shrinkage, as given
in Eq. (8).

_Ae (1)
- Esn (l’)

K(1) (8)

in which K(t) = creep-shrinkage ratio at the age of t h; and &4, (t) = free shrinkage strain at the age of t h, which was determined from
the time when the restrained tensile stress occurred, in pe.

Fig. 12 depicts that the compressive creep of TRIO0, TRIO5, and TRI10 concretes increased rapidly during the temperature rising
period. TRIOO, TRIO5, and TRI10 concretes were subjected to compressive stress during the temperature rising period, which caused
the development of compressive creep during this period. The TC of TRI15 concrete developed quickly after pouring. This result may
be explained by the fact that the TRI15 concrete contracted and was pulled back to the origin position many times, as depicted in Fig. 8,
and the elastic modulus of concrete was very low due to the hydration of cement being delayed. Thus, Although the restrained stress of
TRI15 concrete was almost zero, the TRI concrete was under tensile condition for a long time, and the TC developed quickly.

The maximum absolute value of compressive creep of TRIO0, TRIO5, and TRI10 concretes was 150 (at 59.5h), 103 (at 63.5h), and
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Fig. 11. Relationship between elastic strain, creep, and free shrinkage [65].
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Fig. 12. Creep of HSC with different TRI contents.

94 pe (at 70.5h), which decreased by 31.33%, and 37.33% with increasing TRI contents ranging from 0 to 0.5%, and 1.0%, respec-
tively. TRIOO0, TRIO5, and TRI10 concretes were subjected to compressive stress during the temperature rising period, which caused the
development of compressive creep during this period. During the constant temperature curing period, the restrained compressive
stress relaxed gradually, as depicted in Fig. 7. When the contents of TRI ranged from 0 to 0.5%, and 1.0%, the HSC specimens were
subjected to compressive stress with a maximum value of 1.72 (at 23.5 h), 0.80 (at 31.5 h), and 0.61 MPa (at 44.5 h), respectively. The
compressive stress at the starting points of cooling period were 0.86 (at 65.5h), 0.11 (at 70.5h), and 0.38 MPa (at 81.5h) for TRIOO,
TRIO5, and TRI10 concretes, respectively. The rate of stress relaxation from the time of maximum compressive stress to the starting
point of cooling period of TRIO0, TRIO5, and TRI10 concretes was 0.0204, 0.0177, 0.0062 MPa/h, which decreased by 13.24%, and
69.61% with increasing TRI contents ranging from 0 to 0.5%, and 1.0%, respectively. Then, the tensile stress developed quickly after
the concrete entered the cooling period, which caused the TC to develop quickly during this period.

The results of basic TC of TRIOO0, TRIO5, TRI10, and TRI15 concretes are depicted in Fig. 13. The TC development processes of four
specimens were similar, and the basic TC strain at cracking age was 92, 89, 86, and 83 e, respectively. The basic TC developed from
the time when the restrained stress in tension occurred. The basic TC, the average rate of basic TC, and the maximum absolute value of
compressive creep all decreased with increasing TRI contents.

Fig. 14 depicts the development curves of basic TC of TRIO0, TRIO5, TRI10, and TRI15 concretes from the same starting point. The
average rate of basic TC was 2.56, 2.28, 2.00, and 1.89 pe/h for TRIOO0, TRIO5, TRI10, and TRI15 concretes, which decreased by
10.94%, 21.88, and 26.17% with increasing TRI contents ranging from 0 to 0.5%, 1.0%, and 1.5%, respectively. Although the
development period of basic TC was prolonged with increasing TRI contents, the basic TC at cracking age was still decreased by adding
TRI due to the low development rate.

The specific TC calculated by Eq. (7) was used to eliminate the effect of various restrained stresses, and investigate the effect of TRI
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Fig. 13. Basic TC of HSC with different TRI contents.
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content on early-age TC behavior, as depicted in Fig. 15. The specific TC of TRIO0, TRIO5, TRI10, and TRI15 concretes at cracking age
was 48, 45, 41, and 37 pe/MPa, which decreased by 6.25%, 14.58%, and 22.92% with increasing TRI contents ranging from 0 to 0.5%,
1.0%, and 1.5%, respectively. The results revealed that the addition of TRI decreased the TC of HSC in the long term.

The creep-shrinkage ratio of TRIOO0, TRIO5, TRI10, and TRI15 concretes are depicted in Fig. 16. It could be found that the curves of
creep-shrinkage ratio varied greatly at the early stage, and then decreased to be stable. Creep-shrinkage ratio decreased with increasing
TRI contents ranging from 0 to 0.5%, and 1.0%, respectively. There was little difference between the stable values of TRI10 and TRI15
concretes. The result demonstrates that the degree of stress relaxation decreased by adding TRI, but there was little reduction in stress
relaxation when the contents of TRI exceeded 1.0%.

The results of basic TC, specific TC, and creep-shrinkage ratio all decreased significantly by adding TRI, which revealed that the
addition of TRI resisted the TC behavior of HSC. Generally, the stiffness of HSC at early age decreases by adding TRI, thus higher TC
could be expected under direct tensile loading [3]. However, the development of TC in HSC with TRI was different from the traditional
understanding that the TC increased with the addition of TRI due to the low stiffness when the HSC specimens were under restrained
condition in this research. This result may be explained by the fact that the AS decreases by adding TRI, and the times that the
restrained specimens are pulled back to original position decreases, thus inducing the decrease in the number of microcracks in the
specimens [37]. The TC of concrete will decrease with the number of microcracks decrease under tensile condition [17]. Therefore, the
TC of HSC under restrained condition decreased by adding TRI.

3.5. Evaluation of early-age cracking resistance of HSC with TRI

3.5.1. Cracking age, cracking temperature, and cracking stress

Quantitative criteria related to TSTM are taken to evaluate the cracking resistance of concrete under different test conditions [66].
In this research, single criteria and integrated criteria, i.e., cracking age, cracking temperature, cracking stress, and stress reserve were
both taken to evaluate the early-age cracking resistance of HSC with TRI, as recommended in [27,37,66]. Table 6 depicts the results of
single criteria of HSC with TRI. When the TRI content increased from 0 to 0.5%, 1.0%, and 1.5%, the cracking age or cracking stress of
HSC increased by 6.06%, 20.78%, and 72.73% or 2.63%, 11.05%, and 16.32%, respectively. Cracking temperature of HSC decreased
by 44.96%, 108.05%, and 109.24% with increasing TRI contents ranging from 0 to 0.5%, 1.0%, and 1.5%, respectively. The criterion
of cracking temperature is proposed by RILEM that the higher cracking temperature indicates a higher potential for cracking at early
age [67,68]. The results reveal that the early-age cracking resistance of HSC increased with increasing TRI contents.

3.5.2. Stress reserve
The stress reserve of concrete is taken to evaluate cracking resistance [27], which takes the stress at room temperature and cracking
stress into consideration, as given in Eq. (9) [27,69]. Stress at room temperature is the response of concrete to temperature, defor-
mation, and the degree of restraint. Cracking stress is the ultimate stress at which concrete resists cracking. Stress reserve reflects the
ability of concrete to resist stress development after reaching room temperature, and if the ability to resist stress development is better,
the cracking resistance is better [70].
o=L% =) 1000 ©

Ocr

in which ¢ = stress reserve;o., = cracking stress, in MPa; and o,, = stress at room temperature, in MPa.

The stress at room temperature of TRIO0, TRIO5, TRI10, and TRI15 concretes was 1.76, 1.34, 0.98, and 0.80 MPa, respectively,
which can be obtained in Figs. 5 and 7. The results of stress reserve of HSC with different TRI contents at early age are depicted in
Fig. 17. The stress reserve was calculated by Eq. (9), and the results were 0.074, 0.313, 0.536, and 0.638 for TRIO0, TRIO5, TRI10, and
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Fig. 14. Development curves of basic TC.
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Fig. 16. Creep-shrinkage ratio of HSC with different TRI contents.

Table 6

Cracking age and cracking stress of HSC with TRI.
Item Unit TRIOO TRIO5 TRI10 TRI15
Cracking age h 115.5 122.5 139.5 199.5
Cracking temperature °C 16.77 9.23 -1.35 —1.55
Cracking stress MPa 1.90 1.95 211 2.21

TRI15 concretes, which increased by 322.97%, 624.32%, and 762.16% with increasing TRI contents ranging from O to 0.5%, 1.0%, and
1.5%, respectively.

The results revealed that a higher stress reserve indicates higher cracking resistance [27]. Although the addition of TRI improved
the stress reserve, the degree of improvement of TRI for the stress reserve decreased with the increase of the total TRI contents. When
the total TRI contents were 0, 0.5%, and 1.0%, the increments of stress reserve were 0.239, 0.223, and 0.102 by adding 0.5% TRI
content, as depicted in Fig. 17. In summary, the addition of TRI improved the early-age cracking resistance of HSC, and the degree of
improvement of TRI for the cracking resistance decreased with increasing total TRI contents.

3.6. The modified stress-strain failure criterion

Failure criteria include stress-based, strain-based, and stress-strain combined criteria. However, the cracking strain of HSC reaches
its strain capacity when cracks appear, and the cracking stress was lower than its strength capacity. The stress-based and strain-based
criteria have different rules for judging the thermal cracking resistance of concrete [71]. Thus, to estimate the safety of single
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restrained concrete considering strain and stress simultaneously, a stress-strain failure criterion was proposed in this research. Zhu
et al. [72] proposed a universal stress-strain failure criterion, which assumed that the failure energies of different loading paths were
the same at cracking time. The criterion proposed by Zhu et al. was based on data measured in the direct tensile test and restrained
cracking test. In this research, the theoretical failure results calculated from prediction models for mechanical properties of HSC were
used to replace the results of the direct tensile test, and the results of the restrained cracking test were obtained by TSTM. The strain
energy of the restrained cracking and theoretical direct tension cracking can be calculated by Eq. (10) under the assumption of equal
failure energy [72]. Eq. (11) depicts the modified stress-strain failure criterion in this research, and Fig. 18 depicts the stress-strain
relationship between the results of the restrained cracking test and theoretical failure results.

Wo+ W, = /g" o,(e) de = /m o.(€) de = Wy + W, (10)
0 0
flec,0.)=k-E,-(¢.—¢,) — (0, — 0.) a1

in which f (e;,0.) = the modified stress-strain failure criterion; k = relationship between o, and o, under the linear assumption; E, =
theoretical result of elastic modulus at equivalent cracking age, in Gpa; . = accumulative strain of restrained concrete at the cracking
age, in ie; 0, = theoretical result of stress at equivalent cracking age, in MPa; and ¢, = theoretical result of strain at equivalent cracking
age, in pe. Concrete is safe when the value of f (¢.,0,) is less than 0, and concrete is likely to crack when the value of f (¢.,0.) is over 0.

The stress and strain of restrained concrete at the cracking age were determined by the TSTM. The axial tensile strength could be
calculated by Eq. (12) based on the results of splitting tensile strength, as recommended in [73,74]. The theoretical results of stress o,
and strain ¢, at equivalent cracking age were obtained by using Eq. (13).

£=0.77 x f + 021 (12)
op =1 fzc
o (13)
"E,

in which f; = axial tensile strength, in MPa; f;,; = splitting tensile strength, in MPa; 7 = relationship between cracking stress and tensile
strength; f; . = axial tensile strength at the equivalent cracking age of concrete cured under 20 °C, in MPa; E; . = elastic modulus of
concrete under direct tensile loading at the equivalent cracking age cured under 20 °C, in GPa; and 1 was the ratio of elastic modulus of
concrete under restrained condition and elastic modulus under direct tensile loading at the equivalent cracking age cured under 20 °C
in this research.

The equivalent age of concrete cured under 20 °C can be calculated by Eq. (14) [75,76].

" o [EaT) 1 1
’”_/o °Xp{ R (Tw,+273‘r(z)+273>}‘” (14)

in which t = age of concrete after pouring, in d; E,(T) = activation energy, in kJ/molkJ/mol (T(t) > 20 °C, E,(T) = 33.5kJ/ mol;
T(t) < 20 °C, E(T) = 33.5+ 1.47(20 — T(t)) kJ/mol); R = an ideal gas constant (8.315J -mol ' - K~1); T,s = reference temperature
(20°Q); and T(t) = time-dependent temperature, in °C. The addition of TRI would affect the value of activation energy. In this research,
the calculation is simplified by assuming the activation energy to be a constant when the temperature was over 20 °C. It is important to
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Fig. 18. Stress-strain relationships of theoretical failure results and results of restrained cracking test.

conduct experiments to measure the activation energy of concrete containing different TRI contents in further studies in order to
improve the accuracy of calculating equivalent age.

In this research, the predicted results of axial tensile strength or elastic modulus at equivalent cracking age were based on the
prediction models of axial tensile strength and elastic modulus proposed in [73,74,77], as given in Egs. (15) and (16).

F(0) = 25 oxp| Sy 17\/%

5.0 5.0
45 | ™ Results of TRIOO restrained specimen 454 Results of TRIOS restrained specimen
] |—e— TRI00 theortical results = IRID: theorticaliresults
40 | —a— Prediction line 4.0 |—4— Prediction line
354 3.5
E 3.0 n; 3.0
% 2. = 254
% g
]
o 2.0
& 20 g20
1.54 1.5
1.0 Predicted cracking 104 Predicted cracking
0.5 failure point 0.5 - failure point
0.0 (& Ope) 004 (&5 Opre)
. i R T T T T T T T T T ) i . T T T T T T T T T
0 10 20 30 40 50 60 70 8 90 100 110 0 10 20 30 40 50 60 70 8 90 100 110
Strain(pe) Strain(pe)
(a) TRIOO (b) TRIOS
5.0 5.0
45 —* Results of TRI10 restrained specimen 45 —v—Results of TRI15 restrained specimen
—e— TRI10 theortical results —e— TRII5 theortical results
4.0+ A Prediction line 4.0 A Prediction line
35 354

Stress (MPa)
©
[
1

w
>
L

Stress (MPa)
©
T

>

/

Predicted cracking 10-] Predicted cracking
failure point 054 failure point
(€5 Opro) 0.0 (€5 Opre)
T T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 S50 60 70 8 90 100 110 0 10 20 30 40 50 60 70 8 90 100 110
Strain(pe) Strain(pe)
(c) TRI10 (d) TRI15

Fig. 19. Stress-strain relationships of four specimens.
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E.(t) =E, »5 exp {52<1 - 2;;)} (16)

in which f; 53 = 28-d axial tensile strength, in MPa; E, 53 = 28-d elastic modulus, in GPa; and S;, S, = fitting parameters. The results of
fitting parameter S; were 0.063, 0.067, 0.096, and 0.283 for TRIO0, TRIO5, TRI10, and TRI15 concretes, respectively. The predicted
results of axial tensile strength at equivalent cracking age, f;., were obtained by inputting the results of equivalent cracking age of
TRIOO, TRIOS5, TRI10, and TRI15 concretes. The results of fitting parameter S, were 0.133, 0.147, 0.156, and 0.262 for TRI00, TRIO5,
TRI10, and TRI15 concretes, respectively. The predicted results of elastic modulus at equivalent cracking age, E, ., were obtained by
inputting the results of equivalent cracking age of TRIOO0, TRIO5, TRI10, and TRI15 concretes.

The predicted results of axial tensile strength or elastic modulus at equivalent cracking age were 3.21, 3.10, 3.09, and 2.80 MPa or
52.17, 49.81, 47.69, 40.92 GPa for TRIOO, TRIO5, TRI10, and TRI15 concretes, respectively. The theoretical results of stress o, and
strain &, at equivalent cracking age could be obtained after determining the predicted results of axial tensile strength and elastic
modulus at equivalent cracking age.

The prediction accuracy of the modified stress-strain failure criterion proposed in this research was evaluated by comparing the
predicted results of cracking stress to that obtained by TSTM test. By substituting k and &, into Eq. (11), the predicted failure stress opre
was derived. The predicted cracking failure point (&,0pr) has been highlighted in Fig. 19 with red pentagram. The prediction line in
Fig. 19 is obtained by Eq. (11).

Table 7 depicts the theoretical failure results and results of the restrained cracking test of TRI00, TRIO5, TRI10, and TRI15 con-
cretes, respectively. The predicted cracking stress could be calculated by substituting the results of k, op, €, and & in Eq. (11). The
relative prediction error between o, and o, ranged from —6.32% to 4.98%, which was acceptable in practical engineering. On the
whole, the modified stress-strain failure criterion could be used to predict the cracking stress of HSC with TRI. The modified stress-
strain failure criterion could obtain the results from the restrained cracking tests and prediction models for mechanical properties,
and the direct tensile test is not needed in this research. In practical engineering, the modified stress-strain failure criterion has certain
significance to design a better temperature control strategy for increasing the cracking resistance of concrete.

4. Conclusion

The aim of this research was to investigate the effect of TRI contents on the early-age behavior and cracking resistance of HSC under
uniaxial restrained condition and propose a criterion for evaluating the cracking resistance of a single concrete mixture.

The efficacy of TRI on the reduction of temperature rise, AS, and TC was measured in concrete elements. The addition of TRI
reduced the peak temperature of concrete obviously, and the temperature rising rate decreased by adding TRI. The TC, creep-shrinkage
ratio, and specific TC of HSC were reduced by adding TRI. The mechanical properties of HSC decreased with increasing TRI contents,
and the gap between HSC with different TRI contents was small at 28 d. The addition of TRI reduced the AS at early age, and a
prediction model for AS considering the effect of TRI contents on AS and time-zero of HSC was proposed.

The efficacy of TRI contents in improving the early-age cracking resistance of HSC was quantitatively evaluated. A stress-strain
failure criterion for concrete under the assumption of equal failure energy was proposed. The relative prediction error ranged from
—6.32% to 4.98% in this research. Future studies will be conducted using the criterion to better evaluate the cracking resistance of
concrete in practical engineering.
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