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This paper investigates the influence of temperature on autogenous deformation and early-age stress (EAS)
evolution in ordinary Portland cement paste using a recently developed Mini Temperature Stress Testing Ma-
chine (Mini-TSTM) and Mini Autogenous Deformation Testing Machine (Mini-ADTM). In the Mini-TSTM/ ADTM,
CEM I 42.5 N paste with a water-cement ratio of 0.30 was tested under a curing temperature of 10, 15, 20, 25, 30,
and 40 °C. X-Ray diffraction (XRD) tests were conducted to measure the amount of ettringite and calcium hy-
droxide, which reveals the micro-scale mechanisms of autogenous expansion. The applicability of the Maturity
Concept (MC) for the prediction of autogenous deformation and relaxation modulus under different temperatures
was also examined by the experimental data and the viscoelastic model. This paper leads to the following
findings: 1) The autogenous deformation of ordinary Portland cement paste is a four-stage process comprising the
initial shrinkage, autogenous expansion, plateau, and autogenous shrinkage; 2) Higher temperature leads to
higher early-age cracking (EAC) risk because it accelerates the transitions through the first three stages and
causes the autogenous shrinkage stage to start earlier. Moreover, higher temperatures also result in increased
rates of autogenous shrinkage and EAS in the autogenous shrinkage stage; 3) Autogenous expansion and plateau
are attributed to the crystallization pressure induced by CH. Temperature-dependent CH formation rates
determine the duration of the plateau stage; 4) Low-temperature curing can delay but not completely prevent the
EAC induced by autogenous deformation; 5) The MC cannot predict the autogenous deformation at different
temperatures but can be used to calculate the relaxation modulus, which in turn aids in EAS prediction based on
autogenous deformation data.

loss) [6] have been reported to effectively decrease the risk of EAC
related to thermal and drying deformation. On the other hand, the main
process of AD, mostly known as the “self-desiccation shrinkage”, arises

1. Introduction

Early-age cracking (EAC) is a common issue in construction of con-

crete structures. When the volumetric deformation is restrained, early-
age stress (EAS) builds up in the concrete, potentially resulting in EAC
if the EAS exceeds the tensile strength. There are mainly three kinds of
deformation that can induce the EAS buildup: thermal, drying, and
autogenous deformation (AD) [1,2]. The thermal and drying deforma-
tion are related to the transfer of heat and moisture between the struc-
tures and the environment, and therefore they not only depend on the
material itself but also the environment and structural design [3,4]. The
use of supplementary cementitious materials (SCMs) (to reduce the total
hydration heat) [2,5] and proper curing measures (to prevent moisture
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from the consumption of pore water by the hydration reaction and
directly relates to the hydration of the cementitious material [7]. Note
that such self-desiccation shrinkage is an important factor inducing EAC,
but it is only one component of AD, which will be explained in detail in
the main part of this paper. High-performance concrete (HPC) and
ultra-high-performance concrete (UHPC) have a significantly higher risk
of AD-induced EAC due to low water/ binder ratios [8-10]. Therefore,
the EAC risk induced by AD in low water/ binder ratio deserves in-depth
investigation.

The mechanism of AD €44 is shown in Fig. 1. During the formation of
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the solid microstructure, the chemical shrinkage (defined as the absolute
volume reduction of the material [11]) leads to formation of capillary
pores, which afterwards enables the self-desiccation process under the
effects of continuous hydration reaction, contributing to a major part of
AD. In general, AD mainly comprises two parts: the autogenous expan-
sion &g, and autogenous shrinkage 4. By definition, AD should be tested
on a sealed specimen under constant temperature. A strictly-constant
temperature over the whole specimen is difficult to achieve, which re-
quires not only constant room temperature but also active heating/
cooling procedure to compensate for the hydration heat release.
Therefore, it is quite common that temperature variations exist in most
tests and thus thermal deformation &g will also be included in the
measurement as the apparent autogenous deformation, influencing the
testing accuracy of the true AD g4q [12]. Comparing to the expansion,
the autogenous shrinkage esq4 is the direct reason for the EAC risk.
Continuous hydration consumes pore water (i.e., self-desiccation),
resulting in the RH drop and capillary pressure buildup, which further
leads to contraction of the microstructure and therefore shrinkage [13].
Another part of AD, the autogenous expansion &p, happens mainly
because the expansive products such as calcium hydroxide (CH) or
ettringite apply crystallization pressure on the pore walls and causes the
expansion [14-18]. However, such autogenous expansion is often
neglected or underestimated [19], potentially because of a late starting
time of AD tests which may overlook the expansion phase [16], lack of
temperature control causing influence of thermal deformation [12], or
different cement compositions.

AD tests have mostly been conducted on sealed specimens under
constant temperature to exclude the influence of drying/ thermal
deformation and different hydration kinetics [20-22]. However, the
results of such tests can only provide limited guidance on real-world
applications with varying temperatures. According to Klausen et al.
[23], AD tested under a realistic temperature history differed signifi-
cantly from that under constant temperature. In the field of cementitious
materials, the maturity concept (MC) [24] has been widely used to
convert the mechanical properties of specimens cured under a constant
temperature to that of specimens exposed to a realistic temperature
history. The assumption for the MC is that temperature only influences
the hydration rate, and that this influence is independent of the hydra-
tion degree. However, except for the hydration rate, the temperature
also leads to changes in RH and surface tension, which questions the
applicability of the MC in AD prediction [25-27].

The exact influence of temperature on AD is complex because tem-
perature not only influences the RH drop and surface tension but also
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results in different pore structures [28], which are all related to the
self-desiccation effects [13]. Lura et al. [29] performed AD tests from 10
to 40 °C and found that higher temperatures lead to earlier onset of
shrinkage but not necessarily to higher deformations. Similarly, Carette
et al. [15] suggested an earlier onset of shrinkage when the temperature
is higher. Furthermore, they also concluded that, due to the higher RH,
coarser porosity, increased solubility and decreased needle size of
ettringite, the higher temperature tends to decrease the total amplitude
of both autogenous expansion and self-desiccation shrinkage. However,
Orosz et al. [12] observed an opposite trend, i.e., that higher tempera-
ture leads to higher autogenous expansion, but they also mentioned that
the lack of data on coefficient of thermal deformation may compromised
their measurement. Contradictory findings regarding the influence of
temperature on autogenous shrinkage were also found: with increasing
temperature, the studies [15,30,31] observed decreased autogenous
shrinkage while others [27,32,33] saw an increased one. Maruyama
et al. [34] conducted AD tests on UHPC and found that the influence of
temperature was different before and after a so-called inflection point.
The "inflection point" was defined as a specific stage in the development
of AD, characterized by a significant change in shrinkage behavior,
typically occurring between 10 and 16 h of equivalent age. Before the
inflection point, the AD decreased with increasing temperature and then
increases afterward.

In summary, the exact influence of temperature on AD is debatable
and the applicability of MC in predicting AD at different temperatures is
questionable. Moreover, most studies only focused on AD but neglected
the measurement of EAS, which is a combined result of AD and visco-
elastic properties and is a more straightforward indicator of EAC risk
[35]. There are many tests allowing the measurement of EAS, including
the ring test, plate test, longitudinal test, and substrate restraint test [ 36,
37]. Among these tests, the Temperature Stress Testing Machine (TSTM)
stands out with advantages in explicit and flexible mechanical loading
schemes, active temperature control, and tunable restraint degree [38].
However, the TSTM demands complex testing facilities and substantial
workforces [39], which hinders the EAS test over many parameters.

In this paper, autogenous deformation and EAS of ordinary Portland
cement paste will be tested under different curing temperatures, based
on the Mini-TSTM and Mini-ADTM developed in [40]. Detailed analysis
of the influence of curing temperatures on autogenous deformation will
be conducted based on the results of AD, EAS, and hydration products
(tested by X-Ray diffraction (XRD)). Furthermore, based on a visco-
elastic model, the applicability of MC for prediction of AD, EAS, and
relaxation modulus in EAC analysis will be examined. This paper aims to

Hydration |

--------- 1

Temperature variation }—

[ 1
] ]
Water absorption/ H i Formation of solid 1
; L 3 H Heat release
adsorption P! microstructure H
[ i
N a 1
1
CH growth ' H Chemical shrinkage i
P i
[ 1

1
S -
Ettringite formation H - Thermal Deformation
! Self-desiccation Eggq £
__________________ - Dy th
Autogenous expansion Autogenous Apparent autogenous ’
Eep deformation €44 deformation

Fig. 1. Mechanisms of autogenous deformation of cementitious materials
(adapted from [15]).
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provide an in-depth understanding of the influence of temperature on
autogenous deformation and guidance for preventing early-age cracking
induced by autogenous deformation.

2. Methods
2.1. Materials

The EAS and AD of CEM I 42.5 paste with a w/c ratio of 0.30 were
tested by Mini-TSTM and Mini-ADTM respectively. The chemical com-
positions of the cement are shown in Table 1. The AD and corresponding
EAS evolution of cement paste under six different temperatures (i.e.,
10 °C, 15°C, 20 °C, 25 °C, 30 °C, 40 °C) were tested. The tests for the
temperatures 10 °C and 15 °C started 6 h after the casting, while for
20 °C, 25°C, 30 °C and 40 °C, the tests started 4 h after casting. The
temperature control is guaranteed by a cryostat, which pumps heating/
cooling water to circulate in the Mini-TSTM/ ADTM. To show the
effectiveness of temperature control, the heating/ cooling process of the
test at 40 °C is shown in Fig. 2. After casting, the temperature of the
specimen is around 25 °C, and the water pumped out from the cryostat is
around 31 °C. In order to heat the specimen to 40 °C, the cryostat heated
the water to over 53 °C and then decreases to around 40 °C to keep the
temperature in the specimen stable. The heating process of the specimen
from 25 °C to 40 °C takes about 10 min, which is considered negligible
to the measurement of autogenous deformation and stress measured at a
more hardened state. The tests lasted until the specimens cracked, which
happened for all the specimens in this study before 168 h. For each test,
two specimens can be casted for the Mini-ADTM and Mini-TSTM test,
which will be introduced in detail in the Section 2.2.

2.2. Mini-TSTM/ ADTM tests

The general principle of a typical TSTM system is shown in Fig. 2.
The TSTM system is composed of two parts, a restraint test with a dog-
bone specimen and a free test with a specimen of a similar geometrical
size as the dog-bone one. Liner Variable Differential Transducers
(LVDTs) are used in both specimens to measure the deformation in the
center part. In the dog-bone specimen, the measurement of LVDT con-
trols the load F based on a feedback loop FL1 to achieve the full restraint
condition. Cryostat is used for circulating water around the specimen to
maintain a constant temperature based on the temperature measure-
ment T, in the specimen and a feedback loop FL2.

Following such principles, a Mini-TSTM system has been recently
developed [40], which focuses on improvement in testing efficiency, as
shown in Fig. 3. The design of the Mini-ADTM system is similar to the
TSTM system and therefore is not shown here. The mold is shown in the
middle of Fig. 3(a), consisting of three covering plates (C1, C2, C3), two
side plates (S1, S2), two crosshead plates (CH1, CH2), and a back plate
(B1). The strain of the specimen is measured by two inductive LVDTs at
the two sides of the mold, as shown in the left of Fig. 3(a). The mea-
surement range of the adopted LVDT is + 1 mm, and the precision is
0.01 pm. The LVDTs are connected with invar bars and attached to two
steel bars embedded in the specimen using magnetic blocks. The red
plugs are used to hold the bars before the specimen is hardened enough

Table 1
Oxide compositions of the adopted cementi-
tious materials (% wt.).

Composition CEM I
CaO 64.00
SiO, 20.00
Al,03 5.00
MgO -

SO3 2.93
Fey03 3.00
NayO 0.58
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Fig. 2. Temperature measurement before starting the TSTM test at 40 °C.
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Fig. 3. Schematic diagram of a TSTM system [40].

to start the tests. Given the strain measurement as the input, a
proportional-integral-derivative (PID) controller is used to continuously
adjust the load of a universal loading machine (Fig. 3(b)) to keep the
strain in the specimen (between the embedded steel bars over a
measuring length of 100 mm) at 0, so as to achieve the full-restraint
condition. The temperature control of this test is achieved by circu-
lating water through each plate (right part of Fig. 3(a) and Fig. 3(d)).
The water temperature is controlled by a cryostat using a PID controller,
based on the input of temperature measured by a thermocouple
embedded in the center of the specimen. After casting the fresh material
in the mold, the AD, EAS, and viscoelastic properties can be tested under
free condition, full-restraint condition, and load-controlled condition
with an hourly-repeated loading scheme [40-42], respectively.

2.3. X-Ray diffraction (XRD) test

The XRD test aims to investigate the influence of temperature on the
amount of expansive hydration products CH and ettringite at three
different ages. The specimens cured under 20 °C and 40 °C will be used.
First, the specimens are broken into small pieces and immersed in iso-
propanol to stop hydration. Then, the specimens are ground into powder
for 20 min. Finally, the powder is filtered out and placed in an oven of
40 °C for 5 min. The XRD test was carried out on a Philips PW 1830/40
powder diffractometer using the Cu K-alpha radiation. The adopted
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acceleration voltage was 40 kV and the X-ray beam current was 40 mA.
The XRD data were collected with a step size of 0.03° for a 20 range from
5° to 60°. The exact ages of the specimens for the XRD tests depend on
the specific AD pattern and will be discussed in Section 3.3.

2.4. Maturity concept (MC)

The MC assumes that the influence of temperature on the hydration
rate is independent of the hydration degree, and can be described by the
following equation [24]:

9 glayy(r) W
where «a is the hydration degree; functions g(@) and f(T) quantify the
effects of hydration degree and temperature on the hydration rate,
respectively. The function f(T) is the so-called time-temperature func-
tion (TTF). The degree of hydration can then be quantified by inte-
grating Eq.(1) as follows:

[ = [ @

Eq.(2) further leads to the definition of maturity function M(t) as the
integration of TTF over time, normalized by a constant obtained at a
reference temperature:

o= [ G ®

Based on different TTF, Eq.(3) gives different expressions of maturity
index. Using the Arrhenius equation, the expression of the so-called
equivalent age can be derived [24]:

m = [ ewCi 1
— [ exp(Ea _
, PR T, 213410

))de ©)

where E, is the activation energy of ordinary Portland cement; R is the
universal gas constant (i.e., 8.314 J/ (K* mol)); Ty is the reference
temperature, which is 20 °C in this paper. The value for apparent acti-
vation energy E, is dependent on the cement type and temperature. The
activation energy increases when the temperature is lower than 20 °C
but remains constant when temperature is equal to or higher than 20 °C
[43]. Based on tests, the following bilinear relationship for apparent
activation energy has been proposed [24]:

b Eu,if T >20°C )
“ = 1 Eaw + 147020 — T),if T <20°C

where E is the apparent activation energy of a certain cement type at
20 °C. In this study, the value of 40500 J/mol for the activation energy
Eq of ordinary Portland cement tested as tested in [44] is used.

2.5. Viscoelastic model

The EAS evolution can be calculated by a viscoelastic model, as in [4,
45-47]. The Mini-TSTM test focuses on the straight part of the dog-bone
specimen, where the stress should be evenly distributed. Therefore, the
Mini-TSTM test can be seen as a 1-D uniaxial loading scenario. The EAS
evolution in the Mini-TSTM is a relaxation process, described by the
principle of Boltzmann superposition as below:

dnzlkmwdmm ©

where o is the EAS; ¢ is the imposed strain; R is the relaxation modulus;
to is the time when the deformation is imposed; t is the current time. By
using the mid-point rule, the Eq. (4) can be simplified as:
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o(t) = ZR(to,tJr%At) x Ae(ty) x Aty )

The relaxation modulus can be derived from the creep compliance,
which is easier to test. The creep compliance can be described by the
double power law [48,49] as below:

1 1\’ .
J(to, 1) :m+a* <7> * (1 —19) 8)

fo

where a, b and c are fitting parameters that can be derived from tests,
which for CEM I 42.5 paste with a water/ cement ratio of 0.30 at 20 °C
are 1.0 x 10°, 1.079, and 0.5, respectively, according to the load-
controlled Mini-TSTM test in [40]. Then, the relaxation modulus can
be derived as follows [50-52]:

R(t,ty) = e/ @IEOE(r) ©

Afterward, the creep and elastic modulus under different tempera-
tures can be calculated by the MC as Eq((4)-(5)). Finally, using the AD
measured under different temperatures, and the relaxation modulus
under different temperatures calculated using Eq ((8)-(9)) and the MC,
the EAS under different temperatures can be calculated using Eq. (7). To
evaluate the accuracy of the prediction, the root mean square error is
calculated, as below:

> (ou(t) — or()?

total

RMSE = (10)

where op(t) and or(t) are modelling and testing results of EAS at time
step t.

3. Results and discussion
3.1. Autogenous deformation

The results of EAS and AD of cement paste under six different tem-
peratures are shown in Fig. 4. The stress results (Fig. 4(a)) show clearly
that the EAS evolution all begins with compression, goes into tension,
and then cracks when the EAS exceeds the tensile strength. When the
temperature increases, the EAC happens much faster: under 10 °C, the
EAC happens at around 140 h, while the EAC timing under 40 °C is
around 11 h. However, an exception is the result at 25 °C, in which the
strength development seems to be fast and therefore the timing of EAC is
later than that of 20 °C. Another reason for such delayed cracking may
be the scatter of the test. On the other hand, it is also worth noting that
for lower temperatures, a plateau can often be found at the transition
from compression to tension, which seems to delay the EAC.

The results of AD (Fig. 4(b)) indicate that the AD mostly begins with
initial shrinkage, then expansion, and finally shrinkage. An exception is
the result at 40 °C, where only the expansion and shrinkage are observed
because the starting time of the test at 40 °C is 4 h, when the initial
shrinkage has probably already finished, and the expansion has begun.
As suggested by Yoo et al [53], the time-zero for measurement of AD
should be the onset of the EAS development, which makes sense because
the EAS is a more direct index to evaluate the EAC risk. In this study, it
was found that the EAS before the onset of expansion measured at all
temperatures are trivial (i.e., below 0.02 MPa), due to the low elastic
modulus and high creep [18,54]. Moreover, the measurement of the
exact magnitude of initial deformation is scattered [55-57]. Therefore,
to exclude the influence of initial shrinkage, the time-zero of AD is set at
the onset of expansion, which is around 15, 12, 10, 8, 7 and 5 h after
casting for the temperatures of 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, and
40 °C respectively, as shown in Fig. 4(c). The results clearly show the
influence of temperature on AD: higher temperatures result in faster
expansion within shorter duration. Besides, higher temperatures also
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Fig. 4. The mini-TSTM: (a) overall design; (b) the efficient TSTM installed in the loading machine; (c) geometry of the dog-bone specimen (unit: mm); (d) parallel
connection of water circulation system. [40].

induce faster transition from expansion to shrinkage. A much longer plateau completely disappears when the temperature reaches 40 °C.

plateau can be found for a lower temperature at the transition from The results in Fig. 4 show that, in accordance with the MC, the
expansion to shrinkage. At 30 °C, the plateau seems to be gone, but a increased temperature accelerates the development of AD and EAS. This
noticeable slowing down in the development of shrinkage and stress at is especially clear if one looks at the EAS results (Fig. 4(a)): the EAS at
the transition of expansion and shrinkage can still be observed. Such lower temperatures seems to be a stretched version along the time axis of
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that at higher temperatures. On the other hand, the AD (Fig. 4(b, c)) does
not show such effect clearly because the scatter in measurement of initial
shrinkage and expansion may not convey meaningful indication about
the influence of temperature on the magnitude of AD.

However, the existence of a plateau at the expansion-shrinkage
transition significantly changes the shape of the curves, which in-
dicates that a strict time-scaling effect like that of the MC may not be
valid. This can be directly examined by applying the Eq((4)-(5)) to
calculate the equivalent ages under the six different temperatures and
replot the results in Fig. 4 with respect to the calculated equivalent ages
as shown in Fig. 5. If a strict time-scaling effect such as MC stands, the
AD and EAS with respect to the equivalent age under different temper-
atures should show the same pattern. To some extent, Fig. 5 shows that
the MC can predict the peak of compressive stress (Fig. 5(a)) and
expansion (Fig. 5(b)) in a seemingly consistent way. However, Fig. 5 also
shows that different plateaus are obtained under different temperatures.
In 30 °C and 40 °C, the plateaus almost disappear. Moreover, after the
plateau, the shrinkage rate is also different: the shrinkage rates evalu-
ated by the equivalent age in 30 °C and 40 °C are slower than those
below 30 °C, indicating that the MC can overestimate the AD develop-
ment if a prediction for AD at a higher temperature is made based on the
AD at a low or medium temperature. Such overestimation is because MC
only considers the accelerated hydration reaction under high tempera-
tures, which can accelerate water consumption and therefore promote
the self-desiccation shrinkage [13]. Meanwhile, MC neglects other fac-
tors, such as the fact that higher temperatures tend to cause higher
porosity [28], which can decrease the capillary pressure induced by
self-desiccation, and therefore limit the acceleration of AD development.
Therefore, the MC does not fully quantify the changes of AD under
different temperatures.

3.2. Four-stage process

In general, the AD and EAS demonstrate four stages, as shown in
Fig. 6. The consistency between the EAS and AD in Fig. 6, that the
compressive/ tensile stress corresponds to the autogenous expansion/
shrinkage, also validates the reasonability of the Mini-TSTM/ ADTM
tests. More importantly, the process of the four stages is given as below:

1) Stage 1 (S1): the initial deformation before the onset of autogenous
expansion and compressive stress, which is mostly induced by

chemical shrinkage and settling of the fresh material after casting
[56]. In S1, the material is still very soft and has very low elastic
modulus and high creep, so the stress is very low and can almost be
neglected. Therefore, although the magnitude of the deformation in
this stage is very scattered among different batches of tests for the
same type of cement paste, as also observed by other studies [55], its
influence can be neglected. Note that, although various studies have
given indirect definitions for time-zero such as the rate of relative
humidity and setting time [58-60], the onset of EAS evolution is the
most straightforward definition of time-zero because the EAS is the
direct index for EAC risk assessment. Therefore, the end of the S1 is
exactly the time-zero after which the AD should be considered in
stress calculation.

2) Stage 2 (S2): the autogenous expansion, which is induced by crystal
growth such as formation of ettringite [17,18,61,62] and calcium
hydroxide (CH) [63]). Note that the Mini-TSTM/ ADTM tests are all
conducted under constant temperatures, so the significant autoge-
nous expansion in S2 is not a result of thermal deformation. In S2, an
apparent expansion happens and induces compressive stress in the
restrained specimens. The magnitude of these compressive stress is
low, but it counteracts the tensile stress happening later. To quantify
this compressive stress, accurate data of the viscoelastic properties is
essential because creep at this stage is very high.
Stage 3 (S3): the transition from autogenous expansion to self-
desiccation shrinkage, which shows as a plateau of AD and EAS at
low and medium temperatures (Fig. 6(a-d)), indicating a slow tran-
sition process. When temperature is higher, such plateau disappears,
and the autogenous shrinkage occurs much sooner. A slow transition
from autogenous expansion to autogenous shrinkage can delay the
occurrence of tensile stress and therefore lower the EAC risk.

4) Stage 4 (S4): the self-desiccation shrinkage, which induces fast
development of tensile stress and directly causes EAC [64]. In this
stage, despite the rate of shrinkage is not necessarily higher than
some deformation in S1 and S2, but due to the higher elastic modulus
and lower creep/ relaxation, the EAS accumulates much faster and
poses higher EAC risk.

3

~

Overall, in S1~S3, the magnitude of EAS is limited because of very
low elastic modulus and high creep in S1 and S2 and slow deformation
rate in S3. In fact, S4 is the stage that really induces the EAC risk.
Therefore, regarding the influence of AD on EAS evolution and EAC risk,
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Fig. 5. The AD and EAS of cement paste under 6 different temperatures: (a) EAS; (b) AD; (c) AD with the time-zero being the onset of autogenous expansion.
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the duration of the S1~S3 matter much more than the magnitude of the
AD happening in corresponding period, because the duration of the
three stages determines when the S4 will begin. Fig. 7 clearly shows the
influence of the temperature on the duration of each stage:

1) As temperature increases, the duration of S1 is shortened, which is
similar to the decrease of setting time in higher temperatures as
observed in [63,65,66].

2) As temperature increases, the S2 begins earlier, and its duration is
shorter.

3) The duration of S3 follows a decreasing trend as the temperature
increases. In 30 °C, the plateau is not apparent, but the shrinkage and
tensile EAS increases gradually from a lower rate (Fig. 6(e)). In
40 °C, the S3 disappears, indicating a direct transition from autog-
enous expansion (S2) to autogenous shrinkage (S4) and therefore
higher EAC risk.

4) The end of the S4 is the timing of EAC. The results show that, as
temperature increases, the EAC happens earlier, except for the
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results in 25 °C. Reasons for such inconsistency may be the faster and
more thorough strength development under 25 °C or the scatter of
the Mini- ADTM/ TSTM tests.

In summary, this section describes the four-stage process. In S1, there
is no stress in the specimen (i.e., time-zero) and therefore the analysis
can start from the S2. Two essential aspects that influence the EAC risk
are: 1) the duration of S2~S3 which determine the onset of S4 and 2) the
rate of autogenous shrinkage and EAS evolution in S4. These two aspects
will be investigated in detail in the following sections.

3.3. Autogenous expansion in S2~S3 due to CH formation

The autogenous expansion in S2 is induced by crystal formation of
either ettringite [61,62] or calcium hydroxide [63], which can both be
detected and quantified by XRD tests. To investigate the influence of
temperature on the AD and EAS in S2~S3, samples cured at 20 and
40 °C are selected for the XRD tests, at three specific ages: 1) the age at
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the onset of expansion (i.e., beginning of the S2); 2) the age at the end of
expansion (i.e., end of the S2); and 3) an age in S4. As a result, the
selected ages are 9 h, 23 h, and 54 h for the samples cured at 20 °C and
4h, 9h and 24 h for the samples cured at 40 °C. The curing tempera-
tures are ensured by a cryostat. Before the XRD test, 10 wt% silicon was
added to the sample powder as an internal standard, and then Rietveld
refinement [67] was conducted to decompose the raw XRD curve. Note
that Rietveld refinement is necessary if quantification of the percentages
of the crystal are needed. Due to the variations in sample preparations
and testing conditions, the total intensity in each measurement varies
from each other. And therefore, the peak intensity between different
tests cannot be directly used to compare the percentage of a certain
mineral. Using Rietveld refinement, which normalizing the measured
intensities with the intensity of the controlled internal standard, such
variations between different testing batches can be avoided and there-
fore can produce reliable quantification results. By predefining the
mineral types of different hydration products and clinkers, the decom-
position is conducted based on the program BGMN [68] and the ICDD
database. As shown in Fig. 8, a good fit was obtained for XRD patterns of
all samples, whose weighted profile R-factors (Ryp) were all lower than
3.4%.

The main peak at around 18° in XRD results in Fig. 8 clearly shows
that CH is the major crystal product across the S2 and S3 in both tem-
peratures of 20 °C and 40 °C. On the other hand, the amount of ettringite
is almost negligible since there are no peaks at 9-9.5° in the XRD results.
Thereby, the general XRD results confirm that CH is the main crystal
phase that induces crystallization pressure on the pore walls and then
causes autogenous expansion. By comparing the CH content (calculated
by the Rietveld refinement) at different ages with the AD, as shown in
Fig. 9, patterns regarding the mechanisms of AD in S2~S4 and the in-
fluence of temperature can be described as follows: 1) In S2, the fast
increase of CH corresponds to the fast autogenous expansion. The CH
production rates in S2 for 20 °C and 40 °C are 0.18% wt./hour and
0.82% wt./hour respectively; 2) After S2, the CH production rates for
20 °C and 40 °C are 0.06% wt./hour and 0.03% wt./hour respectively.
In other words, after S2, the CH production rate in 20 °C decreases to
33.33% of the previous stage, while in 40 °C, the CH production rate
accounts only for 3.65% of the previous stage. The patterns described
above explain the mechanisms of autogenous expansion in S2 and the
plateau in S3. In S2, the fast increase of CH induces the autogenous
expansion in both temperatures. After S2, in lower temperature, the CH
production rate decreases gradually, but the continuous production of
CH is still able to apply the crystallization pressure (that induces
expansion) to counteract the capillary pressure caused by self-
desiccation (that induces shrinkage) [19], and therefore causes the
plateau of AD and EAS in S3. On the other hand, in higher temperature,

-
™

120

Temperature/ °C
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the CH production rate drastically decreases after S2 and the produced
CH does not provide enough crystallization pressure that can balance
the capillary pressure caused by self-desiccation. As a result, in higher
temperature, self-desiccation effects take over much sooner and there is
no plateau at the transition of autogenous expansion and shrinkage.

3.4. Autogenous shrinkage in S4 due to self-desiccation

In S4, rapid autogenous shrinkage and EAS evolution happen, which
indicates significant risks of EAC. The mechanism of the autogenous
shrinkage in S4 is self-desiccation [69]. The rates of autogenous
shrinkage and EAS in S4 at different temperatures are the main factors
concerning the EAC risk and have been calculated and shown in Fig. 10.
The results indicate that increasing temperature generally causes faster
development of autogenous shrinkage and EAS, as also observed by [30,
32,65]. However, for temperatures in 10-30 °C, the rates of EAS and
autogenous shrinkage are similar, which means that even in
low-temperature environment, autogenous shrinkage-induced EAC risk
cannot be neglected. At 40°C, a drastic increase of autogenous
shrinkage and EAS rate is observed, which indicates very high EAC risk.

The influence of temperature on the autogenous shrinkage is a
complex result of several counteracting factors and is often unsystematic
[29]. Specifically, increasing temperature results in the following
changes: 1) faster hydration [24,70] and therefore faster drop of RH [15,
25]; 2) higher ultimate RH due to the free water equilibrium inside the
capillary pores [25,71,72]; 3) a more heterogenous microstructure with
coarser porosity and increased mean pore radii [73-76]. According to
the Kelvin equation, faster drop of RH increases capillary pressure and
therefore causes faster autogenous shrinkage, while coarser porosity
reduces the capillary pressure and therefore results in slower autoge-
nous shrinkage rate [19]. In general, it seems that the faster hydration
and decrease of RH is the main mechanism of the influence of temper-
ature on autogenous shrinkage in the studied ages, since the overall
trend of the test shows a positive correlation between temperature and
autogenous shrinkage rate. However, it should be noted that such in-
fluence is not significant in 10-30 °C, as also observed by many other
studies [29,56,65] that the rate of autogenous shrinkage under different
temperatures (in the range of 10-30 °C) remains similar. Therefore, a
comparable trade-off between the aforementioned three factors may be
achieved in the temperature range of 10-30 °C, and results in a similar
rate of autogenous shrinkage. When the temperature increases to 40 °C,
a significant increase of the AD rate (and therefore the EAS rate) is
observed, indicating that the fast hydration and RH drop is the gov-
erning mechanism among the aforementioned three factors. Such drastic
increase of autogenous shrinkage at 40 °C was also observed by [63,66,

Time/ Hours

Fig. 8. Durations of the four stages of AD and EAS evolution under different temperatures.
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Fig. 9. XRD and Rietveld refinement of the six selected samples at different ages.
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3.5. Predicting the EAS under different temperatures based on MC

The prediction of EAS under different temperatures is conducted
based on the viscoelastic model in the Section 2.5. The required inputs
are AD and relaxation modulus, as tested in [40]. Based on the Section
3.1, the MC is not applicable to AD. Thereby, the tested ADs under
different temperatures are directly used as input for the model. On the
other hand, the relaxation modulus is obtained based on the conversion
method of Eq. (9), which uses the elastic modulus and creep compliance
function as input. As a property that is positively correlated to the
compressive strength, as revealed by macroscale loading-unloading tests
[78], the evolution of elastic modules under different temperatures can
be successfully predicted by the MC [70,79]. The influence of temper-
ature on creep was mainly influenced by two different mechanisms [80]:
1) Temperature increase accelerates the bond breakages and restora-
tions causing creep, and thus increases the creep rate [81,82]; 2) A
temperature increase accelerates the hydration and therefore reduces
the creep. For early-age concrete, the effect of hydration dominates and
therefore the MC can still be used for predicting the basic creep at the
early age [80,83]. The increase of RH can increase the long-term creep
rate [82,84], and can be quantified by the microprestress-solidification
theory [80,85].

Therefore, in this section, the MC is applied to first calculate the
elastic modulus and creep compliance at different temperatures based
on the testing results under 20 °C [40]. Then, the relaxation modulus at
different temperatures can be further calculated by MC and the Eq.(9)
using the elastic modulus and creep compliance as the input. Part of the
relaxation modulus at four different times of loading (i.e., 12, 24, 48,
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72 h) at different temperatures are shown in Fig. 11. The results show
that as the time of loading and temperature increase, the relaxation
modulus increases, which is reasonable because a later timing of loading
indicates longer hydration and higher temperatures accelerate the hy-
dration. Using the calculated relaxation modulus and the tested AD as
the input for Eq. (7), the EAS at different temperatures can be predicted,
as shown in Fig. 12. Root Mean Square Error (RMSE) is calculated (see
Eq.(10)) to show the difference between the predicted and tested EAS.
The results show that, using the relaxation modulus converted by the MC
as the input, the viscoelastic model can still predict the EAS at different
temperatures with only limited errors in some cases. Such error may be
attributed to the variation in the different batches of the cement. The
prediction of the EAS under different temperatures shows that the MC is
applicable to the early-age viscoelastic properties (i.e., elastic modulus
and creep/ relaxation).

4. Conclusions

Based on the Mini-TSTM/ ADTM tests under different temperatures,
this paper revealed the influence of temperature on the four-stage pro-
cess of the AD and EAS in restrained cementitious materials. XRD tests
were performed to investigate in-depth the micro-scale mechanisms of
autogenous expansion. The applicability of MC on the prediction of AD
and relaxation modulus was also examined by experimental data and the
viscoelastic model. The following can therefore be concluded in this

paper:
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Fig. 12. Relaxation modulus at different temperatures (a-d) are for time of loading (to) since 12, 24, 48, and 72 h respectively.

1) The AD of ordinary Portland cement paste can be described as a four-
stage process: the initial deformation (i.e., time-zero), autogenous
expansion, plateau, and autogenous shrinkage. Due to the low elastic
modulus and high creep in the first two stages, the magnitude of EAS
is low. The plateau in the third stage delays the occurrence of tensile

12

stress which will accumulate drastically in the fourth stage when
autogenous shrinkage is induced by self-desiccation.

2) Higher temperatures can increase the risk of EAC. Higher tempera-
tures accelerate the transition through the initial stages, causing the
autogenous shrinkage stage to occur earlier. Beyond 30 °C, the
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plateau stage disappears, directly linking autogenous expansion to
autogenous shrinkage. Moreover, higher temperatures lead to
increased rates of autogenous shrinkage and EAS.

3) The autogenous expansion and plateau of slow deformation are
attributed to the CH content, as quantified by the XRD analysis. At
the beginning of the second stage, the fast CH production induces the
autogenous expansion. As the temperature increases, the CH pro-
duction rate decreases. At temperatures below 30 °C, the produced
CH after the second stage can still apply crystallization pressure to
balance the self-desiccation capillary pressure and result in the
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Fig. 13. Predicted EAS evolution at different temperatures (a-f) are for different temperatures of 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, and 40 °C respectively.

plateau of slow AD. However, when temperature is above 30 °C, the
CH production rate decreases drastically and the self-desiccation
effect dominates, resulting in a direct autogenous shrinkage after
the second stage. Note that for massive concrete structures where
temperature often increases to values above 40 °C, the plateau of
slow AD disappears and a direct autogenous shrinkage happens after
the second stage, increasing the EAC risk.

Low-temperature curing delays but does not entirely prevent AD-
induced EAC. In moderate temperatures (10-30 °C), the rates of

4
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autogenous shrinkage and EAS in the fourth stage are approximately
at the same level, leading to the EAC issues at the end.

5) While the MC does not accurately predict AD across temperatures, it
successfully calculates relaxation modulus. This, in turn, aids in EAS
estimation based on AD data.
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