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Environmental condition affects the property of construction materials. This study gives an initial understanding of Portland cement
hydration under low temperatures from the views of laboratory experiments (including electrical resistivity, degree of hydration
(DoH), and maturity) as well as thermodynamic calculation. The hydrates of Portland cement at the given period were detected
with X-ray diffraction (XRD), and their microstructure was observed by scanning electron microscope (SEM). Experiment result
(i.e., DoH and electrical resistivity) indicated that the hydration of Portland cement was delayed by low temperature without
hydration stopping at —5°C. Based on a basic kinetics model, the thermodynamic calculation predicted that the final hydrate
differs in dependence on environmental temperatures. The mechanical behavior trend of Portland cement paste affected by low

temperatures potentially is linked to the appearing of aluminate compounds and reduction of portlandite.

1. Introduction

Temperature affects the performances of Portland cement
which is the most widely used materials in infrastructure
constructions [1]. Meanwhile, the matrix of cement binder
acts a greatly important role in Portland cement-based
composites (i.e., pastes, mortars, concrete, stabilized stones,
and treated soils). The performance of hardened Portland
cement (e.g., mechanical behavior, and durability) is linked
tightly with early age chemical hydration and hardening,
while the relationships between hydration processes, hydrates
produced, microstructures, and mechanical behaviors have
been proved in previous studies [2-5]. In service life of
infrastructures, cement-based materials have to be faced with
severe environmental conditions, such as super-low temper-
atures [6-8]. In these conditions mechanical behaviors (e.g.,
compressive strength, flexural strength, elastic modulus, and
Poisson ratio) of hardened Portland cement concrete will be
enhanced by the super-low temperature, for example, —70~
-10°C [7].

Differently, if cement-based materials (pastes, mortars,
concrete, etc.) are experienced with low temperature, espe-
cially negative temperature (<0°C) during initial hydration
stage, cement hydration will be greatly affected [9-11]. In this
case, the hydrated products, phase conversion, for example,
from ettringite (AFt) to monosulfate (AFm), and pores
solution will be affected by low temperatures [5, 12]. In
some limited conditions, the matrix would be even damaged.
Thus, strategies in early ages should be applied to avoid
the damages in matrix under cold weathers [13, 14]. To this
end, a lot of studies were conducted to learn the Portland
cement hydration under low temperatures [10, 11,15-18], even
though there is still lack of understanding in depth to the
low temperature effects on cement hydration and hardening
characteristics.

Better understanding of Portland cement hydration can
absolutely promote the performance of cement composites
under low temperatures, especially for the application at cold
climates. Thus, this study aims to investigate the hydration
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process of Portland cement, including hydrates, microstruc-
tures, and mechanical behavior evolution. To further under-
stand the low temperature effects on hydration process,
thermodynamic approach is also employed to calculate the
hydrates of Portland cement paste. Basically, this research
provides a basic knowledge about the hydration process of
Portland cement under low temperatures as a part of a
systematic study.

2. Experimental Program

2.1. Raw Materials. A typical commercial ordinary Portland
cement (OPC, produced by Jidong Cement Plant, Xian,
China) was used in this study with oxide components detailed
in Table 1 (PO42.5). What should be noted is that the oxide
components measured by XRF here did not reflect the real
component in Portland cement due to 5~10% filler replace-
ment in clinkers. The mineral phases in OPC (via XRD)
and the particle size distribution are shown in Figure 1. The
technical properties of PO42.5 used in this study (provided by
the producer) are as follows: specific surface area (Blaine) =
360 m*/kg, density = 3.02 g/cm’, initial setting time = 2.8 hrs,
and final setting time = 4.7 hrs.

2.2. Methods and Instruments

2.2.1. Laboratory Experiments. The cement pastes were mixed
according to ASTM C305-14 [20] and then were removed into
molds (40 x 40 x 160 mm) or plastic containers; afterward,
they were cured in chambers under -5°C, 0°C, 5°C, 8°C, and
20°C (RH = 90%). It should be noted that before mixing
raw materials (i.e., Portland cement and water), molds and
bowls should be precooled in chambers consistent with
their following curing temperature. For example, if the paste
sample is going to be cured at 0°C, the water, cement, bowls,
and molds should be precooled under 0°C for two hours
until their surface reaches 0°C. In experimental study, the
water-cement (w/c) ratio of prisms samples for strength
measurement was set as 0.45, while the w/c of the paste stored
in sealed plastic containers was given as 0.5 for complete
reaction.

The pastes in container were treated following the solvent
exchange method (with isopropanol) [21] and then were
measured with XRD (Bruker, D8 Advanced, Cu-K«) and
SEM (Hitachi, S4800).

In order to describe the hydration process of Portland
cement pastes, degree of hydration (DoH), maturity, and
electrical resistivity were measured in this research. The DoH
of Portland cement pastes was determined as (1) based on
Powers model [22].

Mygs — M
DoH = 105 = Moso.
0.25 X my 5

@)

where DoH is the degree of hydration (% by weight), 11,5
is the initial mass of sample pretreated in muffle furnace (6
hours) at 105°C, and s is the final mass of sample heated
at 950°C.

Electrical resistivity of cement paste could be utilized to
analyze the cement hydration process well [19]. Thus, the
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resistivity curve during initial Portland cement hydration
was detected via CCR-II (produced by BC Tech, Shenzhen
City, China). The equipment and sample were shown in
Figure 2. To prevent moisture evaporation and temperature
fluctuation, a plastic cover was set on the test-board, while
the temperature was controlled by air-conditioner (general
temperature) or chamber (lower temperatures).

The maturity was calculated according to the following
equation [10, 11, 23]:

M=) (T.-T,) At ®)
0

where M is the maturity of Portland cement paste, T, is
the sample temperature ("C) measured by CCR-II (detailed
above) or curing temperature (-5°C, 0°C,5°C, 8°C,and 20°C),
T, is the base temperature (—10°C, generally), and Af is the
time interval during curing stage (h).

2.2.2. Thermodynamic Calculation. Gibbs free-energy min-
imization criteria were used to calculate equilibrium phase
assemblages and ionic speciation of chemical systems, such
as the Portland cement paste. The modeling and software
were detailed in our previous study [18], in which GEMS-
PSI (software) and CEMDATA?7.1 (database) were employed
to calculate the hydrates of OPC. What should be noted is that
in this study a basic kinetic function [24] of Portland cement
hydration was modified by a solution equilibrium con-
stant [18, 25]. In the thermodynamic simulation, input data
included the following: C,S = 11.1g/100 g, C;S = 62.9 g/100 g,
C;A =6.0g/100g, C,AF =11.5g/100 g, gypsum = 4.6 g/100 g,
K,O0 =1.1g/100 g, and Na,O = 0.3g/100g. Also, 10000 days
were adapted as the final hydration term in the simulation.
The theoretical calculation from thermodynamics could pro-
vide deeper explanation to mechanical behaviors.

3. Results and Discussion

3.1 Electrical Resistance at Early Ages. Figure 3 shows the
resistivity curve of Portland cement during hydration. After
being mixed with water the ions (e.g., Ca**, K, Na*, OH",
and SO,*7) dissolved into the water forming an electrolytical
solution [26], and then the hydrates would expend the ions in
solution or occupy the space of solution; thus the resistivity of
paste could be utilized to observe the hydration stages during
hydration. It was reported that the cement hydration could
be divided into five stages: (1) dissolution stage; (2) dynamic
balance stage; (3) setting stage; (4) hardening stage; and (5)
hardening deceleration stage [19]. Based on the previous
study [19], the curve of resistivity and differential resistivity
could point out the initial setting and final setting time well.
In Figure 3, the normalized data of resistivity shows an obvi-
ous bottom which matches the start of initial setting. Also, the
starting position of the hardening deceleration stage could be
confirmed at the top of differential electrical resistivity curve.
The curves in Figure 3 show that the temperature data and
resistivity data were in a good agreement with each other.
Therefore, the temperature data in CCR-II measurement can
also be considered to describe the cement hydration. This
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TaBLE 1: Oxide composition of Portland cement used in this study”.

Oxi

de Na,0 MgO ALO, SiO, P,0; SO; K,0 CaO TiO, MnO Fe,O; CuO ZnO Rb,0 SrO BaO PbO Cr,0O,

PO425 030 130 520 18.00 0.05 3.00 110 6580 0.40 0.07 480 0.02 010 0.00 0.09 0.08 0.02 0.00

*Data collected by X-ray fluorescence (XRF).
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FIGURE 2: Electrical resistivity measurement: device and sample setting.
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conclusion is the basis to adapt the temperature data of
sample in maturity calculation below.

Figure 4 presents the normalized resistivity data of
Portland cement pastes under 8°C (Figure 4(a)) and 20°C
(Figure 4(b)). Two important characteristics could be noticed
in the curves: (i) low temperature (8°C) delays the bottom
(initial setting time position) of normalized resistivity curve;
(ii) the initial plot of normalized resistivity curve at low
temperature (8°C) was lower than that at general condition
(20°C). They are due to the chemical reaction rate reduced by
low temperatures.

3.2. Sample Temperature and Maturity Development. The
temperature changing was also recorded by sensors (see-
ing Figure 2(b)) as detailed in Figure 4. In lower curing
temperature (8°C), sample temperature increased due to the
chemical reaction in paste and then decreased caused by
cooler environment outside. In room temperature the sam-
ple temperature kept increasing, where sample temperature
showed less relationship with electrical resistivity of paste.

Figure 5 shows the maturity calculated based on the cur-
ing/sample temperature via (2). Figure 5(a) is the ideal matu-
rity curve calculated by curing temperature, while Figure 5(b)
showed the maturity calculated by sample temperature (see
(2)). As believed, the mechanical behaviors of cement-based
composites have great relationships with maturity [10]. Taken
in this sense, Figure 5 could act as an evidence of the strength
delaying in previous studies [17, 18].

3.3. Degree of Hydration. Degree of hydration (DoH)
responds to the reaction process of cement paste; hence

the DoH of cement paste cured in lower temperatures was
measured based on Powers’ model and shown in Figure 6.
Beyond the curing time, the DoH of cement with the
same curing temperature increased, while higher hydration
rate was obtained with higher temperatures. Take —5°C, for
instance, its DoH beyond 90 d was 63.2%, much lower than
that of a general condition (91.9% at 20°C). This result agreed
with the conclusion of FHWA’s report [23]. Meanwhile, the
experiment indicates the Portland cement can still hydrate
at —=5°C; for example, the DoHs of OPC at —5°C were 16.7%,
25.5%, 47.4%, 55.3%, 61.9%, and 63.2% beyond 1, 3, 7, 28,
60, and 90 days, respectively. This result explains the slow
strength achievement of cement pastes exposed in negative
temperatures.

3.4. XRD Analysis. Figure 7 shows the XRD analysis of
Portland cement hydrates under different temperatures (1d).
It can be seen that the portlandite (Ca(OH),) peak differs
by curing temperature. To —5°C, there was no obvious
portlandite peak, and the mineral phase can be observed
clearly (1d). There were no AFt peaks at 1 day for the pastes
cured under -5, 0, 5, and 8°C.

3.5.SEM. The microstructure of hydrated paste was arranged
in Figure 8. According to the DoH above, less Portland
cement hydrated under —5°C; thus the separated particles in
Figure 8(a) could be explained in which the solid did not bind
with others. To other temperatures, the pastes hardening was
related to the curing temperature. If focused on the hydrates,
there were some separated particles in Figure 8(b) (0°C),
while there were few unhydrated particles in Figure 8(c)
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(5°C). If the curing temperature was higher than 8°C, less
unhydrated particles could be observed in SEM images (see
Figures 8(d) and 8(e)). Considering the DoH (47.4%) of
Portland cement cured at —5°C in 7d, the cement should
produce some hydrates to bind the particles in paste; however,
the DoH of this sample (-5°C, 7 d) was just similar to the
one cured at 20°C in 1d (46.7%, see Figure 4). At this DoH
level, particles in paste did not react to bind with others.
Actually, the Portland cement just finished phase-boundary
reaction and reached diffusion controlled hydration [27] at
this DoH level while the spaces between particles were not
filled by hydrates. With the DoH increasing (i.e., related with
temperature), spaces between hydrates would be filled and

then bind with each other. Here, another reason should not
be ignored that the particles in cement paste were moved and
separated by ice formed at —5°C (negative temperatures).

4. Thermodynamic Calculation of Portland
Cement Hydration at Low Temperature

4.1. Portland Cement Hydrates over Curing Time. Thermo-
dynamic calculation of Portland cement hydration has been
proved by a number of studies. Figure 9 shows the hydrates
evolution at 20°C based on the thermodynamic simulation.
As shown in the figure, the hydrates increased over curing
time. The Aft was converted into AFm at 1d and then
disappeared at 2 d, while the C;AH, phase appeared after 3 d.
This calculation result was proved by our experimental data
as the low temperature effects have been reported previously.
The final hydrates will be potentially changed within 0~10°C.
Mineral phase variation can be seen in Figure 10.

4.2. Relationships between Strength, Hydrates, and Temper-
ature. The mechanical behavior of cement paste is linked
significantly to its hydrates. For instance, the relationship
between mechanical behavior and CSH content has been
proved in our previous study [17]. Figure 10 shows the rela-
tionships between curing temperature, compressive strength,
and hydrates volume fraction. The hydrate fractions were
collected from thermodynamic calculation (age = 10000 d).
The strength was measured under 0, 5, 8, and 20°C and
beyond 3d, 7d, and 28 d. It can be seen that (1) the content
of CSH was not significantly affected by curing temperature
beyond long ages; (2) the volume fractions of AFt, AFm,
and portlandite were changed with curing temperature; (3)
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FIGURE 8: SEM images of solid cement pastes cured under low temperatures (7 d).

the long-term (28 d) strength showed few relationships with
CSH content but was linked greatly with AFt, AFm, and
portlandite, at the point of 10°C. With the reduction of CH,
the compressive strength was increased. Also, the AFm might
benefit the mechanical strength in Portland cement at low
temperatures.

This finding was very interesting because we always
thought that the mechanical behaviors were linked to the
CSH volume fraction tightly, but in this study on the premise
of different early curing temperatures we found that the
mechanical strength changing had no relationship with the
CSH content (strength differs with a similar/the same CSH
volume fraction) but is linked significantly with the produced
aluminate hydrates and portlandite. What should be noted
is that the above conclusion may not be 100% right, but
we would like to consider that the temperature effects on

early mechanical behavior should have deeper explanations,
thermodynamically. However, these deductions need more
evidence in the future.

5. Summary and Conclusions

The Portland cement (PO42.5) hydration characteristics at
early ages including electrical resistance, temperature evolu-
tion, degree of hydration, and phase evolution were observed
in laboratory under the curing temperature of -5, 0, 5,
8, and 20°C. Thermodynamic calculation based on GEMS-
PSI software was also utilized to explain and verify the
experimental results. Conclusions can be drawn as follows:

(1) Low temperatures (=5, 0, 5, and 8°C) reduced the
hydration rate but did not terminate the hydrate reac-
tion; also, the hydration process remains as generate
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condition. Based on the CCR-II temperature sensors,
the maturity might explain the hydration delaying.

(2) There was a linear relationship between DoH and
curing temperature to 1-7 d; however, a breakpoint
appeared at 7-28d. In experiment, the breaking
point appeared at 5~8°C. This DoH breaking point

is very similar to the phase transformation point in
thermodynamics (10°C).

(3) The calculation indicated that early mechanical
behavior might have deeper explanations from the
view of thermodynamics, where the hydrates differ
under low temperatures. On the premise of this study
(different early curing temperature), the compressive
strength of old pastes (28 d) has less relationship with
the CSH content but is linked tightly with aluminate
compounds and portlandite.
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