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Abstract: Neat well cement experience significant strength retrogression at high temperatures above
110 °C, especially at approximately 150 °C. To reveal the mechanism of performance degradation and
guide the preparation of high-performance cement, we investigate the hydration process, mechanical
behavior, and fracture process for well cement at the temperature of 150 °C based on molecular
dynamics simulations and experiments. From triaxial pressure tests and Brazilian splitting tests, the
strength, elastic modulus, and Poisson’s ratio of well cement decrease drastically with temperature
increases from 80 °C to 150 °C. According to XRD, TG/DTG/DSC, and SEM, the hydration degree is
insufficient, and larger pores exist in the microstructures. As the main binding phase of well cement,
the mechanism of calcium silicate hydrates (C-S-H) influenced by curing temperatures is investigated
through molecular dynamics simulations. C-S-H with calcium/silicon ratios (C/S) of 1.1 and 1.8
are simulated in the aqueous and solid states to investigate precipitation and mechanical behaviors.
By reducing the C/S ratio to 1.1, the strength rebounds to a certain extent, and the adequacy of
the hydration degree improved. It is found from the polymerization process that the increasing
temperature promotes the polymerization rate, which is higher with C/S = 1.8 than that of 1.1.
However, an increase in the C/S ratio will lead to a decrease in bridging oxygen content, thus a lower
polymerization degree. The fracture simulations of C-S-H gels at different temperatures indicate that
the failure of the C-S-H structure is mainly attributed to the disassembling of the calcium oxygen
layers. With a higher temperature, there are fewer Ca-O bonds breaking, thus less strain energy
consumed, resulting in worse performance. The elasticity of C-S-H, including Young’s and shear
moduli, also exhibits certain degradations at a higher temperature. The elastic behavior of C-S-H
with a low C/S ratio is generally higher than the high C/S.

Keywords: molecular dynamics; high temperature; hydration process; mechanical properties;
fracture behavior; wellbore cement; well integrity

1. Introduction

In recent years, there has been increased interest in oil and gas production from
unconventional resources [1,2]. However, recovering these energy reserves often requires
overcoming hostile downhole conditions, such as high temperatures and high pressures
(HTHP). The HTHP environment amplifies the risks of wellbore cementing and longer-term
well integrity. At temperatures of 140-250 °C for unconventional resources, especially at
approximately 150 °C, wellbore cement has significant strength retrogression [3-6].

Through macroscopic and microscopic observations, the main reason for the drop in
the strength of cement is that the hydration products (mainly hydrated calcium silicate,
C-5-H) and the microstructure formed with pores have considerably changed in hydration
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reactions [3,7-11]. High temperatures alter the chemical composition of cement as the ther-
mal response of C-5-H strongly depends on a#-C,SH, and Hillebrandite was mostly known
to form at 130 °C [3] and Hillebrandite and B-tricalcium silicate hydrate at 150 °C [7,12,13]
in neat well cement. Furthermore, more a-C,SH was found at 130 °C [7], Tobermorite at
175 °C, and Xonotlite at 200 °C in well cement with 35% silica [3]. Moreover, these types
of cement show mechanical degradation after a curing time of 1 year, irrespective of the
content of silica, because crystal growth in the cement matrix causes more capillary pores
and coarsening structure [11].

Some research at the microscale and mesoscale [14,15] was performed to capture the
hierarchical characteristics of cementitious materials under high temperatures, such as
the decomposition and degradation of hydration products [9]. The scales of these models
are much larger than that of the C-S-H gel. Therefore, the intrinsic damage mechanism
cannot be fully captured at a more fundamental scale. Thus, the dynamics at the atomic
scale [16] are used to study the effect of temperature on the structure and mechanical
properties of C-S-H grains [10,17,18]. The structure of C-5-H changes at a high temperature,
for instance, the silicate chains in C-S-Hm depolymerize due to the hydrolytic reaction
with water molecules [17]. Furthermore, the stretching of the Si-O bonds leads to the
distortion of the silicate tetrahedron structure, which manifests an increase in Si-O bond
lengths and varying O-5i-O angles. Moreover, high temperatures lead to the evaporation of
water molecules in C-5-H, thus affecting the mechanical performance of C-S-H [10]. C-S-H
systems associated with a lower C/S ratio have been reported to undergo amorphization
under higher temperatures [4,9,10,17-19]. Du et al. [19] present the history of early-age
precipitation of C-S-H gels with varying C/S ratios. The degree of polymerization of the
C-S-H gel decreases with the C/S. However, the temperature range of 140-250 °C is for
unconventional resources, particularly approximately 150 °C, at which the properties of
well cement experience strength degradation [3-6]. To date, few studies have focused on
the intrinsic characteristics of well cement at 150 °C (the critical temperature for wellbore
cement in unconventional resources), especially using the atomic scale dynamics. A bet-
ter understanding of the mechanism of strength retrogression at high temperatures also
facilitates the development of high-performance cement.

In this work, we investigate the hydration process and mechanical performance of
well cement at the temperature of 150 °C through a combination of molecular dynamics
(MD) simulations and experiments. The mechanical performance of well cement at 150 °C
is measured using triaxial pressure tests and Brazilian splitting tests. Diffraction X-rays
(XRD), Thermogravimetry/Derivative thermogravimetry/Differential scanning calorime-
try (TG/DTG/DSC), and scanning electron microscope (SEM) tests identify the crystal
phase, hydration products, and microstructure of hydrated well cement. MD simulations
are carried out to study the hydration process including the precipitation kinetics of dif-
ferent C-S-H gels. Additionally, the effects of temperature on the mechanical properties
(including both elastic and fracture behaviors) of C-S-H are investigated through axial
tensile simulations.

2. Experimental Data

The triaxial pressure tests and Brazilian splitting tests of well cement were conducted
to study the mechanical performance of well cement under 150 °C and 15 MPa. Cement
specimens were prepared, according to API RP 10B-2 [20], using Class G cement with 44%
water By Weight of Cement (BWOC). As a chemical strategy, typical 35% BWOC silica flour
was added to avert the strength deterioration of well cement at high temperatures [3,11].
The curing temperature of 80 °C (conventional temperature for wellbore) was used for
the control specimen and 150 °C was used for the specimen of interest. Table 1 shows
the components, C/S, and curing conditions of the specimens in each test. Cylindrical
specimens 25.4 mm in diameter and 38.1 mm in length were prepared for triaxial tests
(Figure 1a), and cylindrical specimens 50 mm in diameter and 25 mm in length were used
for splitting tests (Figure 1b). For each cement batch, the strength values of two specimens



Energies 2022, 15, 6045

3of 14

(Figure 1a) were averaged for compressive tests, and three specimens (Figure 1b) were
averaged for splitting tests.

Table 1. Experimental specimens.

Specimen Cement/g  Water/BWOC Silica Flour/BWOC C/s Curing Conditions Testing
Used in triaxial tests
C1 800 44% 0 1.8 80°C,1atm,7d (80 °C, 15 MPa),
XRD, TG/DSC,SEM
Used in triaxial tests
C2 800 44% 0 1.8 150 °C,15MPa, 7 d (150 °C, 15 MPa),
XRD, TG/DSC,SEM
Used in triaxial tests
C3 800 44% 35% 1.1 150 °C,15MPa, 7 d (150 °C, 15 MPa),
XRD, TG/DSC,SEM
o o Used in splitting tests
T1 800 44% 0 1.8 80°C,1atm,7d (22°C, 1 atm)
o o Used in splitting tests
T2 800 44% 0 1.8 150 °C,15MPa, 7 d (22°C, 1 atm)
T3 800 44% 35% 11 150°C,15MPa,7d  Used in splitting tests

(22°C, 1 atm)

Figure 1. Testing and specimens. (a) Triaxial compression tests and specimens. (b) Brazilian splitting
tensile strength tests and specimens.

XRD, TG/DSC, and SEM tests assessed the hydration process and microscale structure.
Phase compositions of hydration products were analyzed with an Empyrean high-voltage
(40 kV), high-current (40 mA) X-ray diffractometer (Cu k«). Linear continuous scanning
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mode was used, and the scanning angle was from 5° to 70° at a scanning rate of 5°/min.
The divergence slit («DS) and anti-scattering slit (xSS) were 1/16°, the receiving slit (RS)
was 1/8°, and the influence resolution was 7.5°. TG/DSC tests were performed with the
TGA Q5000 IR thermogravimeter. The sensitivity was 0.1 ug, the weighing accuracy was
£0.1%, temperature accuracy was 1 °C, and the heating rate was 10 °C/min. N, was used
as a protective gas to prevent the samples from carbonization during the heating process.
The micro-morphology of the samples was investigated with the FEI Quanta 200 FEG
scanning electron microscope. Freshly fractured sample surfaces were prepared and coated
with platinum.

3. Molecular Dynamics Simulation Methods
3.1. Molecular Model of C-S-H for the Early Hydration Process

To reveal the effect of temperature on the hydration kinetics of C-S-H polymerization,
we simulated the polymerization process of C-S-H with C/S ratios of 1.1 and 1.8 under
different conditions. First, we investigated the effect of high temperatures on the gelation
process and structural evolution of C-S-H. Molecular dynamics simulations were conducted
using the LAMMPS software [21].

The early-age C-S-H precipitation process was simulated using the method of sol-gel
simulation from Refs. [19,22]. The CaO-5i0,-H;0 systems were constructed by randomly
placing Ca(OH),, Si(OH),; and H,O molecules in a box through PACKMOL software [23].
The tolerance distance between molecules was selected to be 2A to ensure the absence of
any unrealistic overlap between the atoms. Periodic boundary conditions were applied
in all directions. We selected two C-S-H models with C/S = 1.1 and 1.8, respectively.
C/S = 1.8 corresponds to no silica flour and C/S = 1.1 represents 35% BWOC silica flour in
well cement. The inset molecule numbers of Ca(OH),, Si(OH)4, and H,O are 238, 216, and
648 for C/S =1.1, and for C/S = 1.8 they are 389, 216, and 648, respectively. The atomic
snapshot of C/S = 1.1 before the reaction is shown in Figure 2a.

Figure 2. Atomic structures of C-S-H with C/S = 1.1 before (a) and after (b) reactions at 1500 K. Note:
Yellow for silica atoms; red for oxygen atoms; blue for calcium atoms.

These particles are equilibrated at T = 300 K (27 °C) using MD simulations in the
canonical (NVT) ensemble, then relaxed at T = 300 K and P = 15 MPa in the NPT ensemble.
Since the energy barrier associated with the breakage of Si-O-H and the formation of Si-
O-Si is high, following Refs. [19,24], the polymerization simulations are carried out at an
elevated temperature in the NVT ensemble to accelerate the reaction, thus reducing the
time cost, i.e., 1000 K, 1500 K, and 2000 K are used for evaluating the effects of temperature
on the hydration process [19,22]. The interactive interactions were described by a reactive
potential adopted from Ref. [25]. The potential has been successfully adopted in describing
the chemical reactions of silicate materials [26-28], including the formation and breakage
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of bonds and charge transfers among atoms. The atom structure after the reaction in the
box is shown in Figure 2b.

3.2. Molecular Model of C-S-H for Mechanical Properties and Fracture Behavior
3.2.1. Model of C-S-H

Here, we constructed the C-S-H model based on the defected tobermorite structure
following the method developed by Pellenq et al. [16,29]. Specifically, the C-S-H with
different C/S ratios were created by randomly removing charge-neutral SiO; groups from
a Tobermorite-11A crystal. The C-S-H samples with C/S = 1.1 and 1.8 were taken according
to the proportions in experiments and engineering. The interatomic potential used was the
same ReaxFF as the sol-gel simulation. The models were further replicated by 2 x 2 x 3
to be subjected to axial tension tests. The NPT ensemble is used to access the desired
temperature (353 K and 423 K, i.e., 80 °C and 150 °C) and pressure (15 MPa) for relaxing.
The simulated model of C-S-H with C/S = 1.1 and a magnified image are shown in Figure 3.
The tensile deformation was applied along the z-direction of the model (perpendicular to
the Ca-O layer, i.e., the weakest direction) to investigate the mechanical properties and
fracture behavior of C-S-H.
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Figure 3. The model of C-S-H for mechanical properties and fracture behavior estimation.

3.2.2. Elasticity

The stiffness of C-S-H phases under 353 K and 423 K were subjected to elastic property
analysis. This can be achieved by stepwise deformation of the relaxed simulation box in
the NVT ensemble. The box is deformed along a normal or shear direction, while other
directions remain under constant stress, and the resultant stress is recorded to access the
stiffness [10]. The macroscopic elastic properties of C-S-H grains can be approximated by
orientational averaging using the Voigt—Reuss-Hill method [30] considering anisotropic
elasticity [29] at the atomic scale. The upper bounds of the bulk and shear moduli for
the C-5-H are KV (Equation (1)) and GV (Equation (4)), and the lower bounds are KR
(Equation (2)) and GR (Equation (5)). The average values of bulk and shear moduli are
computed by Equation (3) (KVR) and Equation (6) (GVR).

9Ky = (C11 + Cx2 + C33) +2(C12 + Caz + Ca1) (1)

1/KR = (s11 + 522 +533) +2(s12 + 523 + 531) 2)

Kyr = (Kv +Kg)/2 ®3)

15Gy = (C11 + C2 + Cs3) — (C12 + Co3 + C31) +3(Caq + Cs5 + Cesp) 4)
15/GRr = 4(s11 + 522 +533) — 4(512 + 523 + 531) + 3(544 + 555 + 566) )
Gvr = (Gy + Gr)/2 (6)
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where Cj; is the elastic stiffness tensor and s;; = Cl-j’l is the compliance tensor. Young’s
modulus is calculated as follows.

E = 9KyrGyr/(3Kyr + Gyr) )

4. Results and Discussions
4.1. Experimental Results

The results of triaxial compressive and Brazilian splitting tests are shown in Table 2.
The compressive strength, tensile strength, Young’s modulus, and Poisson’s ratio decrease
with the temperature increase up to 150 °C. Compared to 80 °C, the compressive strength
at 150 °C declines drastically by 65%, the tensile strength by 72%, Young’s modulus by
87%, and Poisson’s ratio by 22% at C/S = 1.8. By increasing silica content, the strength
and modulus rise to some extent, while Poisson’s ratio is further reduced. At 1.1 C/S, the
compressive strength at 150 °C decreases by 24%, the tensile strength by 16%, Young’s
modulus by 72%, and Poisson’s ratio by 39% compared to 80 °C.

Table 2. Results of mechanical experiments under different conditions.

Specimen oo O TestingConditions  (UURERELL (CWGPa  ModulsiGPa  Ratlo/GPa
C1 80°C,1atm,7d 1.8 Triaxial, 80 °C, 15 MPa 58.24 6.01 0.23
C2 150 °C, 15 MPa, 7 d 1.8 Triaxial, 150 °C, 15 MPa 20.46 0.79 0.18
C3 150 °C, 15MPa, 7 d 1.1 Triaxial, 150 °C, 15 MPa 4453 1.71 0.14
T1 80°C,1atm,7d 1.8 Splitting, 22 °C, 1 atm 1.28
T2 150 °C,15MPa, 7 d 1.8 Splitting, 22 °C, 1 atm 0.36
T3 150 °C, 15 MPa, 7 d 1.1 Splitting, 22 °C, 1 atm 1.07

The results of the XRD tests are shown in Figure 4. At 80 °C and 1.8 of C/S, we find
C35 (26 =29.3°,32.1°), Ca(OH), (26 = 18.0°, 34.1°, 47.1°, 50.8°, 54.3°, 62.6°, 64.2°), ettringite
(26 =9.0°,15.8°,22.9°,37.1°), and C,AF (20 = 12.1°33.6°, 43.8°).

*MgO v C,AF(Ca,(FeAl)O;)

*Ca(OH), © C,SH(Ca,(HSiO,)(OH))
®B-C,S(Ca,Si0,)  oQuartz(SiO,)

mC,S(Ca,Si0;) o Ettringite(Cag(AI(OH),),(SO,);(H,0),,)

80°C,C/S=1.8
* X

(I 150°C,C/S=1.8
m o0 kX g *n

3 |

150°C,C/S=1.1

* *

r-—r——r—r—rr—rr 17 1T rT1rr 1 1T 7T 1T 7

5 10 15 20 25 30 35 40 45 50 55 60 65 70
26/degree

Figure 4. XRD patterns of cement under different C/S and curing conditions.
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At 150 °C and 1.8 of C/S, more C3S (20 =22.9°,29.3°,32.1°, 32.6°, 51.8°, 62.4°) is found,
and either C,5(26 = 32.1°, 32.6°, 41.3°). C3S and C,S are dehydrated products. Furthermore,
the peak of Ca(OH); (20 = 34.1°, 47.1°) is lower than that at 80 °C, which means it has a
smaller amount of Ca(OH),. One possible reason for these findings is that CH participates
in the reaction and produces some other crystallographic hydration products [3,7,12,13],
although we did not detect them, or some reactions generate other hydration products
instead of CH at 150 °C and 1.8 of C/S. These may result in a low diffraction peak of CH.
Additionally, the high temperature makes the hydration rate faster, which may lead to
the rapid formation of a dense cladding layer of CSH, resulting in insufficient hydration
of cement in the layer, thus showing C3S and C,S diffraction peaks. Through increasing
the content of silica (C/S = 1.1, 150 °C), the peaks of C3S decline (26 = 29.3°, 32.1°, 32.6°),
and the peak and amount of Ca(OH), (20 = 18.0°, 34.1°, 47.1°, 50.8°, 54.3°, 62.6°, 64.2°)
rise compared to that at C/S = 1.8, 150 °C. In addition, many C,SH and C,AF are found.
Ca(OH),, C5SH, and C,AF are all hydration products. Adding more silica consumes more
C3S and produces more hydration products, implying that more silica promotes sufficient
hydration reaction. However, at C/S = 1.1 and 150 °C, some C,SH are lime-rich alpha-
dicalcium silicate hydrate a-C,SH (26 = 27.28°, 25.10°) [3] which is commonly accepted as
a weaker type of crystal phase [31]. Moreover, some SiO; is found (26 = 20.98°, 27.18°) in
the C3 curve because some S5iO; may not participate in the hydration after a large amount
of 5i0; was added to the C3 specimen.

As shown in Figure 5a,c, the DTG curves of C1 and C3 have peaks at approximately
110 °C due to the dehydration of C-S5-H gel and Ettringite. The absolute peak value of the
DTG curve for C1 (Figure 5a) is greater than that of C3 (Figure 5c) at approximately 110 °C.
Accordingly, a small endothermic peak appears in the DSC curve for C1 (Figure 5d). The
DTG and DSC curves of C2 have no peak near 110 °C (Figure 5b). This implies that C1
generates more C-S-H in hydration, C3 generates some but relatively few, while C2 has the
least. The peak value of the DTG curve at approximately 400 °C is mainly the dehydration
of Ca (OH),. The DTG curves of C1 (Figure 5a) and C3 (Figure 5c) peak at approximately
400 °C, and the endothermic peaks appear in the DSC curve (Figure 5d). The DTG peak of
C3 is larger than C1, and there is still no obvious peak value for C2. This means that C3
generates more Ca(OH),, followed by C1, and almost no for C2. The peak value of the DTG
curves of C1, C2, and C3 at approximately 650 °C is mainly CaCOs3 dehydration, indicating
that CaCOj exists in all three samples. Based on the TG curve, C3 has the most weight loss
(Figure 5c¢), C1 takes second place (Figure 5a), and C2 has the least weight loss (Figure 5b).
This may be due to the fact that C2 has less removable water. In summary, C1 produces
the most hydration products, indicating that its hydration is the most sufficient, C3 takes
second place with some hydration, and C2 has the least hydration products and the least
degree. These results are consistent with the XRD results.

The SEM micrographs of well cement stone under different curing conditions and
C/S are shown in Figure 6. Under conventional curing conditions (80 °C, 15 MPa), even
if the C/S is very high (1.8), the cement stone is very dense (Figure 6a). However, as the
temperature rises to 150 °C, as shown in Figure 6b, there are many pores in the matrix,
and the phase appears needle shape. This may be due to the fact that many phases of C3S
and C,S are not involved in hydration based on the XRD results. At the same temperature
of 150 °C, when the C/S is reduced to 1.1, the cement stone becomes denser (Figure 6c)
than that at C/S = 1.8 (Figure 6b), but the pores are slightly larger than those at 80 °C
(Figure 6a). Again, it indicates that increasing the proportion of silicon can promote a
sufficient hydration process to a certain extent.
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Figure 5. TG/DTG/DSC patterns of cement under different C/S and curing conditions. (a) TG/DTG
tests for C1 (80 °C, C/S = 1.8); (b) TG/DTG tests for C2 (150 °C, C/S = 1.8); (c) TG/DTG tests for
C3(150 °C, C/S =1.1); (d) DSC tests.

(c)

Figure 6. SEM micrographs of cement under different C/S and curing conditions. (a) 80 °C, 15 MPa;
C/5=1.8; (b) 150 °C, 15 MPa; C/S=1.8; (c) 150 °C, 15 MPa; C/S =1.1.

4.2. Influence of Temperature and C/S on Polymerization Degree, Polymerization Rate, and

Microstructure of C-S-H

The polymerization process from the fracture of the Si-O-H bond to the formation
of the Si-O-5i bond needs to overcome high energy barriers. Therefore, the reaction rate
is very slow and cannot be accomplished within the MD simulation process. According
to Refs. [19,22], the reaction can be effectively accelerated by increasing the simulation
temperature. As such, the simulations are under elevated temperatures, and the influence
of temperature on the gelation process is analyzed.
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The content of bridging oxygen (BO) reflects the overall degree of polymerization of
C-S-H. The higher the amount of BO, the higher the degree of polymerization, and the
more favorable it is for the formation of macro strength. As shown in Figure 7, the degree
of polymerization of all C-S-H systems can reach a stable state from 0.3 ns, indicating that
the reaction time is long enough. The higher the temperature is, the greater the initial
polymerization rate (the initial slope of curves) is. The final amount of BO is relatively small
with the temperature, indicating that the polymerization degree of gel decreases. However,
by increasing the proportion of silicon to C/S = 1.1, the hydration rate (slope) is relatively
lower, and more BO is formed (Figure 7a) compared to those with C/S = 1.8 (Figure 7b).

0.7
—1000 K
0.6/ —1500K
S S
4; ; 05T
St St
5 5
= B 0.4
= E
%) & 0.3
3 —— 1500 K 3
M 02 ——2000 K B 02
2500 K]
0.1 a 0.1
0.0 1 1 1 1 0.0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time /ns Time /ns
(@) (b)
Figure 7. BO/Si molar ratio of C-S-H by different C/S ratios and temperatures. (a) C/S = 1.1;

(b) C/S=18.

According to the shape of the BO/Si curve in Figure 7, the first-order exponential
decay function [19] is used to fit the curve to obtain the initial polymerization rate, as
shown in Table 3. The polymerization rate increases with the temperature, while it slows
down with the decrease in C/S.

Table 3. Initial polymerization rate of C-5-H by different temperatures and C/S ratios.

Polymerization Rate/ns—1

Temperature/K
Ca/Si=1.1 Ca/Si=1.8
423 3.8343 x 1077 7.404 x 1077
1000 0.183720548 0.21385269
1500 4.749819069 5.96347172
2000 12.72040747 20.3511005

The distribution of different silicon atoms (Q,, n = 0—4) can reflect the topological
structure of the C-5-H gel. Q; corresponds to the type of silicon atom connected to n BO.
The content of Q,, can characterize the change in the topological structure of C-5-H during
the polymerization reaction. A larger n in Q, indicates a more polymerized structure, which
is favorable for the development of macro strength. Before the reaction, all conformations
contain only the Q unit, as shown in Figure 8. The relative contents of Q; and Q, gradually
increase, and a certain number of Q3 and Q4 units form with the continuous consumption of
Qo units in reactions. For the same C/S, the reaction generates less Q, (n = 1-4) and retains
more Qp when the temperature increases (Figure 8a—f). It shows that high temperatures
weaken the degree of sufficient hydration and stability of the gel structure. For the same
temperature, with the increase in silicon proportion, the generated Q, (n = 1-4) increases,
especially Q», Qsz, and Q4 (Figure 8a—f), indicating that reducing C/S is helpful in forming
a more stable microstructure.
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Figure 8. Content of Q, by different C/S ratios and temperatures. (a) C/S = 1.1, 1500 K;
(b)C/S=1.8,1500K; (c¢) C/S = 1.1, 2000 K; (d) C/S = 1.8, 2000 K; (e) C/S = 1.1, 2500 K;
(f)C/S=1.8,2500 K.

Based on the above experimental and simulation results, the initial polymerization
rate is too fast for the initial hydration with the increase in temperature. Furthermore,
the amount of generated BO is smaller, and the C-S-H structure is less polymerized. This
implies that the degree of polymerization is low and insufficient at this temperature. If
the initial hydration rate is too fast, the hydration is not more diffused, and then products
are not uniformly dispersed in the microstructure of cement particles. At the same time,
the cement particles are wrapped by a dense gel layer and are not fully hydrated. These
factors affect the sufficient hydration of cement, resulting in a low degree of polymerization
and poor stability of the C-S-H structure, thereby affecting the further development of
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strength. Therefore, reducing the initial hydration rate is suggested to promote an adequate
hydration reaction of well cement at high temperatures. Reducing C/S can increase the
initial hydration rate based on the experimental and simulation results, and improve the
sufficiency of the reaction, and then the strength of cement.

4.3. Influence of Temperature and C/S on Mechanical Properties and Fracture Behavior of C-S-H
4.3.1. Mechanical Behavior and Fracture Process

Figure 9a shows the structural development of the model during tension. The model-
ing method is described in Section 3.2. The z-direction is the weakest direction of strength,
and the strength obtained in the x- and y-directions is higher than that in the z-direction.
Therefore, the tensile process and related properties in the z-direction are investigated here.
The loading rate is 0.004 strain per picosecond. The failure occurs in the calcium oxide
layer, and the model breaks with the increase in strain (Figure 9a).

0 £=0.1 £=0.2 €=03

0.0

C/S=1.8
2.0 — 353K
=
& 1s
2
3
Z 10
0.5
[IRIYY e Y it A 0.0
0.4 0.6 0.8 1.0
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(b)

Figure 9. Stress—strain curve of C-S-H during tension with different temperatures and C/S.
(a) Development of the model in tension process with C/S = 1.1 at different temperatures; (b) stress—
strain curve with C/S = 1.1; (c) stress—strain curve with C/S=1.8.

As shown in Figure 9b,c, the strength decreases with the temperature from 353 K
(80 °C) to 423 K (150 °C), but it increases by reducing C/S. In the tensile process, at high
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C/5 (1.8), the length of the Si-O chain does not change with the temperature, as shown in
Figure 10b. However, from Figure 11b, the peak value of the coordination number of Ca
is larger with a higher temperature, indicating that there are fewer breakage of calcium
oxygen bonds and less absorbed strain energy, resulting in worse performance than that at
353 K. In addition, high C/S contains more calcium, which is equivalent to more defects
and lower strength. At low C/S (1.1), with the increase in temperature, the length of the
Si-O chain experiences a change (Figure 10a). Even a tiny change in the Si-O chain has a
more significant impact on the macro strength of cement. Furthermore, the peak value of
the coordination number of Ca is slightly larger (Figure 11a), indicating that there is less
fracture in the Ca-O bond, resulting in less absorbed strain energy and worse performance.
In addition, Yao et al. [10] point out that the calcium oxide layer becomes irregular with the
temperature. For example, when the temperature rises to 1000 K, the calcium oxide layer
collapses. This is also the reason for the decrease in macro strength.

14.0 3.0
C/S=1.1 C/S=1.8
= £ 291
o 13.51 0
b 5
= L
£ E 2.8
S 130 S
= =
g 277
= =
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(@) (b)
Figure 10. Mean chain length of silicate structure of C-S-H with different C/S ratios as a function of
strain. (a) C/S=1.1;(b) C/S=1.8.
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Figure 11. Coordination number of Ca of C-S-H with different C/S ratios as a function of strain.
(a)C/S=11;(b)C/S=18.

0.6

Strain

0.8 1.0 1.0

4.3.2. Elastic Behaviors

The elastic properties of different C-S-H gels are shown in Table 4. Under the same
C/S, Young’s modulus and the shear modulus decrease with an increasing temperature.
Reducing C/S to 1.1 will increase Young’s and shear modulus. This trend is consistent
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with the previous simulation and experimental data [29] because the topological constraint
density in atomic networks decreases with the C/S ratio [32].

Table 4. Bulk, shear, and Young’s moduli under different temperature and C/S ratios.

C/S Temperature/K K/GPa G/GPa E/GPa

1.1 353 65.6 26.8 70.8
423 60.6 25.6 67.3

1.8 353 43.4 222 56.8
423 43.6 20.1 52.2

5. Conclusions

The results of triaxial pressure tests and Brazilian splitting tests show that when
the curing temperature increases from 80 °C to 150 °C at C/S = 1.8, the compressive
and tensile strength of well cement decline drastically by approximately 70%, and the
modulus and Poisson’s ratio by 87% and 22%. By reducing the C/S to 1.1, the strength
rebounded. The compressive and tensile strength decreased by approximately 20%, and
the modulus and Poisson’s ratio by 72% and 39%. From the results of XRD, TG/DTG/DSC,
and SEM, with an increase in temperature to 150 °C, more phases are not involved in
hydration, resulting in insufficient hydration and more large pores in the microstructures.
By increasing the calcium silicon ratio to 1.1, the adequacy of hydration degree will be
improved to a certain extent.

As the main binding phase of cement, the hydration and mechanical behaviors of
C-5-H under different curing temperatures were further investigated through molecular
dynamics simulations. Through the hydration simulations, it was found that the polymer-
ization rate of C-S-H in the initial hydration process is higher at a higher temperature to
carry out sufficient hydration reaction, resulting in a small amount of BO, a low degree of
polymerization, and low stability of the C-S-H topological structure, thereby affecting the
macro strength. Therefore, reducing the initial hydration rate is suggested to ensure more
sufficient hydration reactions. Decreasing C/S can reduce the initial hydration rate and
improve reaction sufficiency and strength.

Molecular dynamics simulate the mechanical behavior and fracture process, and the
failure occurs in the calcium oxygen layer. The strength decreases with the temperature but
increases by reducing the C/S ratio. With the increase in temperature to 423 K (150 °C),
C-5-H has fewer calcium oxygen bond breaks to absorb strain energy, resulting in worse
performance. The length of silicate chains does not change at C/S = 1.8, while it changes at
C/S =1.1. Under the same C/S, Young’s modulus and the shear modulus decline with the
temperature. Decreasing C/S to 1.1 will increase Young’s modulus and the shear modulus.
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