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Abstract: The time-dependent viscoelastic response of cement-based materials to applied deformation is far from fully 
understood at the atomic level. Calcium silicate hydrate (C-S-H), the main hydration product of Portland cement, is responsible 
for the viscoelastic mechanism of cement-based materials. In this study, a molecular model of C-S-H was developed to explain 
the stress relaxation characteristics of C-S-H at different initial deformation states, Ca/Si ratios, temperatures, and water contents, 
which cannot be accessed experimentally. The stress relaxation of C-S-H occurs regardless of whether it is subjected to initial 
shear, tensile, or compressive deformation, and shows a heterogeneous characteristic. Water plays a crucial role in the stress 
relaxation process. A large Ca/Si ratio and high temperature reduce the cohesion between the calcium-silicate layer and the 
interlayer region, and the viscosity of the interlayer region, thereby accelerating the stress relaxation of C-S-H. The effect of the 
hydrogen bond network and the morphology of C-S-H on the evolution of the stress relaxation characteristics of C-S-H at 
different water contents was elucidated by nonaffine mean squared displacement. Our results shed light on the stress relaxation 
characteristics of C-S-H from a microscopic perspective, bridging the gap between the microscopic phenomena and the 
underlying atomic-level mechanisms.
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1 Introduction 

Concrete is one of the most widely used materi‐
als in the world, and a better knowledge of its long-
term behavior is essential for sustainability as well as 
for the damage prevention and optimal design of civil 
engineering structures (Gao et al., 2013; Giorla and 
Dunant, 2018; Fang and Zhang, 2020; Du and Pang, 
2021). Its viscoelasticity plays a critical role in struc‐
tures with a long service life such as hydropower 
plants, thus determining the long-term behavior of 
concrete. The viscoelasticity is referred to as creep 
and stress relaxation, which induces the redistribution 
of stress inside concrete (Brooks and Neville, 1976). 
The stress relaxation phenomenon can be described as 

the gradual reduction of stress under constant initial 
deformation. The stress relaxation plays a significant 
role in the reduction of tensile stress and stress rate of 
concrete, thus reducing the autogenous shrinkage and 
the cracking potential of concrete at an early age 
(Zhang and Qin, 2006; Fu et al., 2015; Atutis et al., 
2018; Li ZM et al., 2020; Rong et al., 2021). In recent 
decades, the stress relaxation behavior of concrete has 
been extensively investigated. Li et al. (2018) used 
the finite element method to predict the long-term 
properties of cement paste and found that the stress-
induced dissolution of solid constituents was associ‐
ated with the stress/strain levels and the selected re‐
gion. Frech-Baronet et al. (2017), through numerous 
micro-indentation tests on cement paste, found that in 
the 30%–85% relative humidity range, higher relative 
humidity led to a higher relaxation rate of cement 
paste. Giorla and Dunant (2018) showed by means of 
finite element simulation that certain micro cracks in 
cement paste could accelerate the stress relaxation of 
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concrete. Despite extensive studies of the stress relax‐
ation behavior of concrete, its underlying mechanism 
is not fully understood. It has been widely accepted 
that intrinsic time-dependent deformation within cal‐
cium silicate hydrate (C-S-H) gel, which is generally 
nearly amorphous, accounts for the main mechanism 
of stress relaxation of cement paste (Feldman, 1972; 
Tamtsia and Beaudoin, 2000; Vandewalle et al., 2002; 
Chen and Qian, 2017; Hou et al., 2018a; Ding and 
Chen, 2019). As the main binding phase and hydra‐
tion product in cement paste, C-S-H is perhaps the 
most widely used amorphous material, exhibiting the 
ubiquitous characteristics of long-range disorder and 
short-range order. The Ca/Si ratio (molar ratio) of 
C-S-H in hydrated Portland cement is usually in the 
range of 1.5–2.0 with a mean value of about 1.7 (Rich‐
ardson, 1999). However, to improve the durability of 
cement-based materials, various supplementary ce‐
mentitious materials are used, resulting in a change in 
the Ca/Si ratio of C-S-H (Lothenbach et al., 2011). 
There have been many theories associated with C-S-H 
gel accounting for the stress relaxation of concrete, 
such as the viscous shear theory, the seepage theory, 
and the microprestress relaxation theory (Bažant et al., 
1997; Maruyama et al., 2015; Liu et al., 2020). How‐
ever, since some of these theories are based on as‐
sumptions and lack an appropriate understanding of 
the nano-structural characteristics of cement paste, 
most of them relate to the macro level, and it is still a 
challenge to describe where and how stress relaxation 
occurs. There are many other physical and chemical 
behaviors that occur during the process of stress relax‐
ation, such as the nano-diffusion of water molecules 
in C-S-H gel, rearrangement of cement paste gel, and 
dissolution of load-bearing phases (Bazant and Chern, 
1985; Jennings, 2004; Zhang et al., 2011; Li et al., 
2015; Frech-Baronet et al., 2017). Therefore, it is dif‐
ficult to investigate the stress relaxation behavior sep‐
arately. In addition, some factors such as temperature, 
relative humidity, and water content, cannot be ade‐
quately explained by direct insights at the molecular 
level related to the stress relaxation behavior of C-S-H 
gel.

Molecular dynamics (MD) simulation is a very 
powerful method of computational chemistry for ana‐
lyzing the physical motions of atoms or molecules 
within a system. It can be also used to investigate the 
structure, dynamics, and interfacial behavior of C-S-H 

gel (Scrivener and Kirkpatrick, 2008; Hou et al., 
2018b). It is believed that MD can bridge simulation-
based first-principle method and continuum method, 
helping gain a fundamental understanding of experi‐
mental phenomena at the atomic level, and providing 
valuable information that cannot be obtained from 
conventional experiments (Talebi et al., 2014; Shisheg‐
aran et al., 2020; Zhang et al., 2021). In recent de‐
cades, MD has been used to study the stress relax‐
ation characteristics of numerous materials, such as 
vitrimers, polymers, and metals. Ciarella et al. (2018) 
proposed an MD coarse-grained model of vitrimers 
and proposed that some topological defects accelerated 
the stress relaxation. Chen et al. (2022) investigated 
the stress relaxation behavior of a SiO2/Si bilayer 
composite by nanoindentation with a finite indenta‐
tion depth of 5.6 nm. Yang et al. (2016) studied the ef‐
fect of size and temperature on the stress relaxation 
characteristics of copper using MD and experiments, 
and developed a formula to describe time, stress, and 
temperature-dependent deformation. For C-S-H gel, 
since Pellenq et al. (2009) proposed a realistic molec‐
ular structure of C-S-H with a Ca/Si ratio of 1.65, 
studies of C-S-H using MD have been further devel‐
oped. Abdolhosseini Qomi et al. (2014) proposed a 
combinatorial approach to build the atomic structure 
of C-S-H with a Ca/Si ratio ranging from 1.1 to 2.1 to 
optimize the mechanical properties of cement paste at 
nanoscale. Due to its amorphous structure, it is quite 
hard to determine the morphology of C-S-H gel. How‐
ever, at the atomic level, it is widely accepted that 
C-S-H presents seemingly a layered-like structure. 
In addition, to describe the interactions among atoms 
within the C-S-H model, the potential of force fields 
such as ClayFF, CSHFF, and ReaxFF has been devel‐
oped (Cygan et al., 2004; Shahsavari et al., 2011; 
Manzano et al., 2012; Pitman and van Duin, 2012). 
CSHFF potential is a modified version of ClayFF, 
demonstrating a better prediction ability than ClayFF 
(Shahsavari et al., 2011). CSHFF potential has been 
widely accepted in the simulation of cement-based 
materials. For example, Kai et al. (2021) found that 
high temperature and interlayer water content could 
accelerate the creep of C-S-H, based on this force 
field. Youssef et al. (2011) studied the structural and 
dynamic properties of water ultra-confined in the 
nanopores of highly disordered C-S-H. Arayro et al. 
(2018) found that cesium ions had little effect on the 
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elastic property of C-S-H according to the effect of 
cesium sorption on cement paste.

While there have been many studies of the visco‐
elasticity of C-S-H, most have focused on its creep 
behavior and few on its stress relaxation behavior. 
Therefore, there is still a huge gap in understanding 
the stress relaxation response of C-S-H at the molecu‐
lar level and providing a reasonable explanation for 
the experimental phenomenon. In addition, some in‐
fluencing factors of the stress relaxation of C-S-H, such 
as the applied initial deformation states (shear, tensile, 
and compressive modes), initial deformation magni‐
tude, temperature, Ca/Si ratios, and water contents, 
have not been fully investigated at the atomic level.

To bridge the gap between atomic simulation and 
the microstructural phenomena presented in experi‐
ments, molecular simulation was used in this study to 
investigate the stress relaxation characteristics of the 
C-S-H molecular structure at different initial deforma‐
tion states, Ca/Si ratios (1.3, 1.7, and 1.9), tempera‐
tures (298, 373, and 423 K), and interlayer water con‐
tents (0%, 30%, 50%, 70%, and 100%). In the stress 
relaxation process, the atomic dynamics were evalu‐
ated by the mean squared displacements (MSDs), the 
chemical characteristics of bond strength by the time 
correction function C(t), and the structural charac‐
teristics by the nonaffine mean squared displace‐
ments (D2

min).

2 Simulation method 

2.1 Model construction

The C-S-H model was constructed based on the 
tobermorite model with an interlamellar spacing of 
11 Å, and followed the procedures proposed by Pel‐
lenq et al. (2009) and Abdolhosseini Qomi et al. 
(2014). Firstly, the tobermorite 11 Å without water 
treated with supercell and orthogonalization was taken 
as the initial configuration, and the structure size 
was 22.32 Å×22.17 Å×22.77 Å (Lx×Ly×Lz). Next, the 
silicate chains were broken by randomly removing 
some charge-neutral SiO2 groups to match the experi‐
mental results obtained from nuclear magnetic res‐
onance tests (Li J et al., 2019; Li B et al., 2020), 
thereby obtaining structures with different Ca/Si ratios 
(1.3, 1.7, and 1.9). Then, the water molecules were 
absorbed back into the dry structures above obtained 

from the previous step by grand canonical Monte 
Carlo (GCMC) method using CSHFF, and C-S-H mo‐
lecular structures with different water contents (0%, 
30%, 50%, 70%, and 100%) were obtained (Shahsa‐
vari et al., 2011). During the GCMC simulation, the 
chemical potential of the water was 0 eV, correspond‐
ing to the bulk water at room temperature. When the 
dry structures reached a saturated state, the water to 
silicon ratios were 1.02, 1.84, and 2.18 when the Ca/Si 
ratios were 1.3, 1.7, and 1.9, respectively, which were 
in accordance with those obtained from experiments 
(Allen et al., 2007). Then, a semi-classical MD simu‐
lation using ReaxFF potential with a time step of 
0.25 fs was performed on the structures with adsorbed 
water molecules for 4 ns at room temperature, allow‐
ing water molecules to react with silica groups and in‐
terlayer calcium to form Si–OH and Ca–OH (Pitman 
and van Duin, 2012). The final equilibrated atomic 
configuration of C-S-H with a Ca/Si ratio of 1.7 is 
shown in Fig. 1.

2.2 Force field

CSHFF potential was used to simulate the inter‐
atomic interaction in the C-S-H system, except for the 
part handled by ReaxFF potential in the model build‐
ing phase. By fitting ab initio-based lattice parameters 
and elastic constants of several minerals in cement-
based materials, CSHFF potential has been widely and 
effectively used to predict the energy, structural infor‐
mation, and mechanical properties of cement-based 
materials, especially C-S-H. The force field parame‐
ters used in this simulation can be directly obtained 

Fig. 1  Snapshot of the molecular model of C-S-H structure 
considered herein. Ca: intralayer calcium; Cw: interlayer 
calcium; Si: silicon; O: oxygen; H: hydrogen. References to 
color refer to the online version of this figure
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from the related references (Pitman and van Duin, 
2012; Abdolhosseini Qomi et al., 2014). To confirm 
the reliability of the force field, results obtained by 
the MD simulation are usually compared with experi‐
mental and first-principle calculation results. In recent 
years, an alternative routine based on machine-learning 
interatomic potentials was proposed by Mortazavi et al. 
(2021a, 2021b), which had first-principle calculation 
accuracy but MD efficiency to predict the mechanical 
response of different materials. Their studies made 
a great contribution to bridging first-principle-based 
modes to continuum models, and provided a broad 
perspective for generating reliable potentials.

2.3 Simulation procedures

Firstly, to remove the internal stress for further 
structural and dynamic investigation, a supercell (2×
2×2) of C-S-H molecular structure constructed above 
was equilibrated using CSHFF potential for 4 ns in 
an isothermal-isobaric (NPT) ensemble at 298 K and 
101.325 kPa to removal internal stress for subsequent 
structural and dynamic analysis (Abdolhosseini Qomi 
et al., 2014). The size of the equilibrated structures 
was around 4.4 nm×4.4 nm×4.6 nm. Secondly, uni‐
axial tension tests were conducted on the different di‐
rections in the NPT ensemble with constant strain rate 
of 0.08 ps−1 to obtain the stress–strain relation of C-
S-H. Then, shear loadings with a series of constant 
strain rates ranging from 0.8 to 0.0008 ps−1 in canoni‐
cal (NVT) ensembles using the SLLOD method 
(Todd and Daivis, 2017) were conducted in the xz di‐
rection of C-S-H to clarify the effect of loading rate 
on the strength and stress relaxation of C-S-H.

To study the stress relaxation behavior of C-S-H 
subjected to different initial deformation states (shear, 
tensile, or compressive modes) with different defor‐
mation levels, different shear deformations (γxz and γyz) 
and uniaxial deformations (εx, εy, and εz) in opposite di‐
rections were applied individually to the equilibrated 
C-S-H structure. Four different initial shear deforma‐
tions (shear angle γ=2°, 4°, 8°, and 12°) were selected 
to study the effect of different deformation magni‐
tudes on the stress relaxation behavior. A uniaxial 
strain (ε=0.04) was used to study the effect of direc‐
tion on the stress relaxation behavior of C-S-H.

To study the effect of the Ca/Si ratio on stress re‐
laxation behavior, C-S-H with different Ca/Si ratios 
(1.3, 1.7, and 1.9) was firstly equilibrated for 4 ns in 

the NPT ensemble at 298 K and 101.325 kPa. Then, a 
shear deformation (γxz=4°), lower than the ultimate 
strain of the C-S-H molecular structure, was applied 
to the equilibrated C-S-H structure with different Ca/
Si ratios. It was reported that the rupture strength of 
the C-S-H molecular structure was about 3 GPa by 
shear simulation (Pellenq et al., 2009). To study the 
effect of temperature on stress relaxation behavior, the 
C-S-H structure with a Ca/Si ratio of 1.7 was firstly 
heated from 298 to 373 or 423 K within 1 ns, and 
then allowed to relax in the NPT ensemble for 4 ns at 
the temperature to which it was heated. Secondly, the 
equilibrated C-S-H molecular structures were sub‐
jected to γxz=4° to investigate the stress relaxation be‐
havior of C-S-H under different temperatures. When 
studying the effect of different water contents on the 
stress relaxation behavior of C-S-H molecular struc‐
ture, the C-S-H model (Ca/Si ratio is 1.7) with differ‐
ent water contents (0%, 30%, 50%, 70%, and 100%) 
was equilibrated for 4 ns at 298 K and 101.325 kPa, 
prior to the application of γxz=4°.

In conventional stress relaxation experiments, 
the specimen is loaded to a specified strain at a con‐
stant strain loading rate under specified temperature 
or humidity conditions, and then the strain is sus‐
tained for a period of time. During the stress relax‐
ation process, directions other than the strain direction 
are not constrained. To mimic the conventional stress 
relaxation experiments, the C-S-H structure was de‐
formed to the desired shear deformation at a constant 
strain rate of 0.08 ps−1 in NVT using the SLLOD 
method for all the initial shear deformations men‐
tioned above. For the uniaxial deformation, a constant 
strain rate of 0.08 ps−1 was used to make the C-S-H 
structure deform to the desired deformation in the 
NPT ensemble. Then, the C-S-H structure was main‐
tained at the specific strain for 4 ns with a Nosé- 
Hoover thermostat and a time step of 1 fs. CSHFF po‐
tential was used throughout the equilibrated and stress 
relaxation processes. Periodic boundary conditions 
were applied in all directions. Additionally, the NPT 
ensemble was implemented to keep the pressure in 
those undeformed directions constant (101.325 kPa) 
during the stress relaxation process so that the effect 
of Poisson could be considered. All MD simulations 
in this study were performed using the Large-scale 
Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) package.

100



J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(2):97-115    |

3 Results and discussion 

3.1 Stress relaxation of C-S-H

3.1.1　Effect of loading strain rate

To confirm the validity of the C-S-H model, we 
compared the mechanical parameters obtained in this 
study with those calculated from experiments and first-
principles. In this study, several uniaxial tensile tests 
were performed on the C-S-H structure with a Ca/Si 
ratio of 1.7. Fig. 2 presents the stress–strain curves of 
C-S-H with a Ca/Si ratio of 1.7 under uniaxial tension 
tests, and Table 1 shows the related mechanical pa‐
rameters obtained. In the x- and y-directions, Young’s 
moduli in this simulation are in good agreement with 
those obtained from the nano-indentation tests (50–
60 GPa), the ab initio calculation (55–68 GPa), and 
the MD simulation results (about 60 GPa) (Constan‐
tinides and Ulm, 2004, 2007; Pellenq et al., 2009; 
Hou et al., 2015b). The stress–strain curves in differ‐
ent directions can be divided into three stages: the 
elastic, yield, and damage stages (Fig. 2). In the elas‐
tic stage, the relation between stress and strain can be 
explained by Hooke’s law. Note that the stress is low‐
er in the z-direction than in the x- and y-directions, in‐
dicating that the mechanical performance of C-S-H in 
the z-direction is the weakest. In addition, the stress in 
the z-direction has a sudden drop at a strain of around 
0.2 Å/Å, indicating the C-S-H structure suffers a brit‐
tle failure. The mechanical performance of C-S-H in 
this study was similar to that observed in other simu‐
lations (Hou et al., 2015b).

The effect of loading strain rate on the shear be‐
havior of C-S-H in the xz direction with a Ca/Si ratio 
of 1.7 and subsequent stress relaxation results are 

presented in Fig. 3. The loading rate has an obvious 
impact on the evolution of the stress–strain curves and 
a positive relationship with the slope of stress–strain 
curves and strain at failure. When the strain rate is 
0.08 ps−1, the strain at failure is around γxz=8° . Addi‐
tionally, the stress–strain curves under different strain 

Fig. 2  Stress–strain curves of C-S-H with a Ca/Si ratio of 
1.7 in different tensile loading directions

Fig. 3  Mechanical response of C-S-H with a Ca/Si ratio of 
1.7 under different shear loading strain rates in the xz 
direction: (a) stress–strain curves; (b) evolution of the stress 
difference Δσ in the stress relaxation process under γxz=4° 
(σ0 is the initial stress)

Table 1  Mechanical parameters of C-S-H with a Ca/Si 

ratio of 1.7 obtained from uniaxial tension tests

Direction

x
y
z

Young’s 
modulus (GPa)

62
54
41

Yield strength 
(GPa)
4.10
3.05
1.97

Yield strain 
(Å/Å)
0.090
0.112
0.105
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rates have a similar shape and can also be divided 
into three stages: the elastic, yield, and plastic stages. 
As expected, a large stress can be obtained by a large 
loading strain rate. Similar results have been reported 
from tension tests on cementitious materials (Rossi, 
1997). The results indicate that a small loading rate 
can provide sufficient time to allow the rearrangement 
of atoms or molecules, so as to enhance the growth of 
cracks in the C-S-H gel and lead to early failure. In 
addition, water confined in the interlayer region plays 
an important role in the return force and delays the 
failure of C-S-H. This effect becomes profound with 
the increase of loading strain rate (Hou et al., 2014b).

Under the same strain condition (γxz=4°), the ef‐
fect of loading strain rate on the subsequent stress re‐
laxation process is shown in Fig. 3b. Due to the exis‐
tence of thermal fluctuations in the process of MD 
simulation, the stress relaxation results obtained from 
MD simulation are not constant. To demonstrate the 
effect of thermal fluctuations on the stress relaxation 
results, 10 stress relaxation tests were carried out. C-
S-H with a Ca/Si ratio of 1.7 was first shear deformed 
to γxz=4° at a shear loading rate of 0.08 ps−1, then a 
stress relaxation test with a length of 4 ns was per‐
formed. The stress relaxation result under this condi‐
tion was used throughout this study. For each stress 
relaxation simulation, the stress value at specific 
time, such as at 0.5 ns, was obtained by averaging 
the stress data within 10 ps before and after this time 
so as to ensure the accuracy and rationality of stress 
data. Then, the stress data of 10 tests at a specific 
time were processed. Compared with the overall 
mean and standard deviation values at each specific 
time, the data used for figure rendering are reliable 
(Table 2).

It is clear from Fig. 3b that a large strain rate 
causes a large drop in stress in the early stage of the 
stress relaxation process, followed by a similar stress 
evolution stage. The stress difference ∆σ (calculated 
by Eq. (1)) is about 0.65 GPa at 1 ns when the applied 
strain rate is 0.8 ps−1. When the strain rate is not larger 
than 0.008 ps−1, this difference is not obvious. The ef‐
fect of loading strain rate on the stress relaxation of C-
S-H can be explained by the movement of water mol‐
ecules confined in the interlayer region from the high-
stress area to the low-stress area. The cracks expand 
further within a short time, resulting in rapid stress re‐
lease in the early stage of the stress relaxation process. 

Considering the effect of water on the mechanical per‐
formance of the C-S-H gel, a loading strain rate of 
0.08 ps−1 is adopted in the following sections. The size 
effect plays a critical role in the evaluation of frac‐
tures and stress condition, especially at nanoscale. 
Talebi et al. (2014) gave a unique insight into using 
reasonable model sizes in simulation. In the presence 
of cracks at nanoscale, they proposed the following re‐
lation as the fundamental assumption, based on ho‐
mogenization theories. For the existence of disparate 
length scales, lCr=lRVE=lSpec, where lCr, lRVE, and lSpec are 
the sizes of the crack, respective volume element, and 
specimen, respectively. Because most of the tests per‐
formed in this study are within the elastic range, the 
size of the crack is much smaller than that of the 
model. Moreover, the use of period boundary condi‐
tions can mitigate the effect of size and improve the 
convergence of simulation results so as to ensure the 
accuracy of MD results.

3.1.2　Effect of initial deformation state

Different magnitudes of shear, tensile, or com‐
pressive deformation were applied to the equilibrated 
C-S-H system to reveal the stress relaxation behavior 
of C-S-H and its underlying mechanism. The stress 
evolution of C-S-H over time under different initial 
deformation states at a temperature of T=298 K with a 
Ca/Si ratio 1.7 is shown in Figs. 4 and 5. Whether C-
S-H is subjected to a shear, tensile, or compressive de‐
formation, the stress evolution of the entire C-S-H 
system takes on a typical L-shape during the stress re‐
laxation process. As shown in Figs. 4a and 4b, in a 
certain range of shear deformation (γxz and γyz), the ini‐
tial stress σ0 increases with the increase of γ, indicating 

Table 2  Mean and standard deviation values of the stress 

relaxation simulation results of C-S-H (Ca/Si ratio is 1.7, 

γxz=4°, and strain rate is 0.08 ps−1)

Time (ns)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Stress (GPa)

Used in figures
0.791

0.385

0.327

0.343

0.319

0.333

0.324

0.329

0.298

Mean
0.800

0.381

0.332

0.323

0.310

0.309

0.311

0.308

0.291

Standard 
deviation (%)

4.48

2.70

1.96

1.40

3.42

2.05

2.75

3.30

3.18
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that the applied shear deformations are in the elastic 
or elastoplastic range. As the relaxation time passes, 
the stress gradually decreases, and a high initial shear 
angle corresponds to a large stress difference ∆σ:

Dσ = σ t - σ0 (1)

where σt is the stress of C-S-H at time t. In addition, 
the stress declines slowly at a late stage. Such stress 
relaxation behavior under shear deformation is quite 
similar to that observed by experiment (Alizadeh et al., 
2010). However, once the initial shear deformation 
exceeds the elastoplastic range, some micro cracks 
are probably generated within C-S-H systems, result‐
ing in a relatively small ∆σ during the stress relaxation 

process. In addition, comparing Figs. 4a and 4b shows 
that the ∆σ of C-S-H under shear deformation γyz is 
slightly larger than that under shear deformation γxz, 
within the same relaxation time. For example, ∆σ 
under γyz=8° at 4 ns is about 0.78 GPa compared with 
0.62 GPa under γxz=8° . This can be attributed to the 
structural heterogeneity caused by the orientation of the 
silicate chains in the calcium-silicate layer (Manzano 
et al., 2013). Figs. 5a and 5b show the stress evolution 
of the C-S-H system under tensile or compressive de‐
formation ε =0.04 with different directions, respec‐
tively. Due to the structural heterogeneity of C-S-H, 
the stress behaviors in different directions also show 
some differences. As shown in Figs. 5a and 5b, the 
maximum σ0 and residual stress are in the x-direction, 

Fig. 4  Change in stress of C-S-H subjected to different 
shear deformations at T=298 K: (a) evolution of Δσ under 
γxz; (b) evolution of Δσ under γyz

Fig. 5  Change in stress of C-S-H subjected to different 
uniaxial deformations at T=298 K: (a) evolution of stress 
under tensile deformation in different directions; (b) evolution 
of stress under compressive deformation in different 
directions
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followed by those in the y-direction and z-direction. 
Comparing Figs. 5a and 5b shows that the ∆ σ of 
the C-S-H system under compressive deformation is 
slightly larger than that under tensile deformation. For 
instance, ∆σ is 0.91 GPa when C-S-H is subjected to 
compressive deformation and 0.83 GPa when sub‐
jected to tensile deformation. However, regardless of 
whether the initial deformation is tensile or compres‐
sive, the residual stress in the x- or y-direction is simi‐
lar, except in the z-direction. Compared to the other 
two directions, the z-direction is more prone to brittle‐
ness due to the unstable hydrogen bonding, which 
weakens the interlayer cohesion (Hou et al., 2015a, 
2015b). Under the same initial deformation condi‐
tions, micro cracks are more likely to occur within the 
C-S-H during the stress relaxation process, especially 
in the interlayer region, resulting in increased stress 
relaxation and low residual stress (Beushausen et al., 
2012; Giorla and Dunant, 2018).

To better understand why the stress relaxation of 
C-S-H occurs, atomic displacement magnitude pro‐
files are shown in Fig. 6. Figs. 6a and 6b show C-S-H 
subjected to two shear deformations with γ=4°, while 
Figs. 6c and 6d show C-S-H subjected to tensile and 
compressive deformation, respectively, with strain ε=
0.04. Comparing Figs. 1 and 6 shows that whether the 
C-S-H is subjected to shear, tensile, or compressive 
deformation, the highlighted region in the C-S-H struc‐
ture is concentrated mainly in the interlayer region 
composed of water molecules, hydroxyl groups, as 
well as interlayer calcium atoms. The dark blue region 
is referred to as the intralayer region where calcium-
silicate layers exist. The stress relaxation of C-S-H is 
attributed mainly to atomic movement within the in‐
terlayer region.

To regain the equilibrium state, the movement 
of interlayer atoms causes some chemical events to 
occur in the interlayer region of C-S-H, especially the 

Fig. 6  Magnitude of the atomic displacement of the C-S-H structure under different initial deformation states: (a) γxz=4°; 
(b) γyz=4°; (c) εtensile=0.04; (d) εcompressive=0.04. References to color refer to the online version of this figure
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breakage and reformation of bonds, which is similar 
to what occurs during the process of creep. There are 
two main bonds associated with the process of stress 
relaxation: the Ca–O ionic bond and the hydrogen 
bond (H-bond). According to previous studies (Wang 
et al., 2004; Hou et al., 2014a), a Ca–O ionic bond is 
formed when the distance between the calcium and 
oxygen atoms is not larger than 3 Å. Two conditions 
are required for the formation of an H-bond: the first 
is that the distance between the donor hydrogen atom 
and the acceptor oxygen atom is not larger than 
2.45 Å, and the second is that the angle between the 
donor oxygen-donor hydrogen vector and the donor 
oxygen-acceptor oxygen vector is not larger 30° . To 
evaluate the influence of initial deformation levels on 
the stress relaxation process of the C-S-H structure, 
the history-dependent C(t) associated with the fluctua‐
tion of the bonds in the interlayer region is calculated 
(Youssef et al., 2011; Gowers and Carbone, 2015):

C ( t) =
δh ( )t δh ( )0

δh ( )0 δh ( )0
 (2)

where δh ( t) = h ( t)- h , h(t) is a binary operator be‐
tween two bonded atoms that takes a value of one if a 
pair is bonded and zero if not, and h  is the average 
of the binary operator over all pairs and times. Given 
that the pairs are intact at time 0, it can reflect the 
probability whether a pair exists at time t as well as 
the lifetime of the pairs. Therefore, it can also to some 
extent reflect the rate of bond breakage. The C(t) val‐
ues of the interlayer Ca–O bonds and H-bonds under 
different γxz and γyz at T=298 K are shown in Fig. 7. 
Both C(t) decay at a rapid rate in the initial stage of 
stress relaxation, then the rate of decay gradually de‐
creases with time, which is consistent with the evolu‐
tion of stress presented in Figs. 4a and 4b. Also, the 
rate of breakage of the interlayer Ca–O bonds and H-
bonds is rapid at the beginning and decreases with 

Fig. 7  C(t) of the interlayer Ca–O bonds and H-bonds under different shear states: (a) C(t) of interlayer Ca–O bonds under 
γxz; (b) C(t) of H-bonds under γxz; (c) C(t) of interlayer Ca–O bonds under γyz; (d) C(t) of H-bonds under γyz
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time. The changes in the local structure over time dur‐
ing the stress relaxation process are shown in Fig. 8. 
As expected, to achieve a relatively low energy state, 
the positions of interlayer calcium atoms, hydroxyl 
groups, and water molecules in the interlayer region 
are constantly changing, accompanied by the break‐
age and reformation of the Ca–O ionic bonds and H-
bonds. In addition, as the initial deformation increases, 
the C(t) values of the interlayer Ca–O ionic bonds and 
H-bonds decrease. For example, when γxz=2° , these 
two values are 0.91 and 0.40, respectively; when γxz=
12°, they become 0.80 and 0.25. The relationship be‐
tween the C(t) of the interlayer Ca–O bonds and H-
bonds and the initial shear deformation indicates that 
the large initial deformation is in accord with the high 

rate of breakage of the interlayer Ca–O bonds and H-
bonds in the initial stage. Comparing the C(t) values 
of the interlayer Ca–O bonds and H-bonds shows that 
the C(t) value of the interlayer Ca–O bonds is larger 
than that of the H-bonds under the same shear defor‐
mation. It can be inferred that in the stress relaxation 
process of the C-S-H structure, the breakage and ref‐
ormation of H-bonds related to the rearrangement of 
hydroxyl groups and water molecules account for the 
dominating cause, while the breakage and reformation 
of the interlayer Ca–O bonds are a secondary cause.

To better understand the process of stress relax‐
ation of the C-S-H structure, the potential energy of C-
S-H systems subjected to γxz and γyz of different initial 
magnitudes is shown in Fig. 9. The stress relaxation 

Fig. 8  Changes in local microstructure during the stress relaxation process at different time nodes with the breakage 
and reformation of interlayer Ca–O bonds and H-bonds: (a) molecular structure of C-S-H under γxz=4°, T=298 K, and t=
0 ps (the local structure shown in ball-and-stick is the chosen region); (b) local molecular structure at t=100 ps (the 
dashed black line indicates the H-bonds); (c) local molecular structure at t=200 ps; (d) local molecular structure at t=4 ns. 
The Ca–O bonds and H-bonds defined herein refer to the criterion proposed by Hou et al. (2014a) and Wang et al. 
(2004), respectively. The atoms shown here are consistent with those shown in Fig. 1 except that cyan means oxygen in 
water molecules. References to color refer to the online version of this figure
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process is accompanied by a decline in potential en‐
ergy regardless of the magnitude and direction of the 
initial shear deformation. Additionally, the magnitude 
of initial shear deformation and the difference in po‐
tential energy (ΔE), calculated by Eq. (3), have a posi‐
tive relation.

DE =Et -E0 (3)

where Et and E0 are the potential energies of the C-S-H 
system at time t and 0, respectively. For instance, ΔE 
is −504 kcal/mol when γxz=2° and −1875 kcal/mol 
when γxz=12° (1 kcal=4184 J). According to previous 
research (Morshedifard et al., 2018), C-S-H can be re‐
garded as a kind of metastable material: the lower the 
energy state to which C-S-H relaxes, the higher the 
energy barriers to further relaxation. That could ex‐
plain why the stress, the C(t) of the interlayer Ca–O 

bonds and H-bonds, and the potential energy of the 
C-S-H system decrease at a high rate in the initial 
stage of the stress relaxation process and then grad‐
ually over time. In addition, since the initial shear de‐
formation is applied to C-S-H almost immediately as 
an external energy source, the larger the initial shear 
deformation applied to C-S-H, the more external en‐
ergy C-S-H obtains and the more unstable the C-S-H 
system becomes. The underlying mechanism can be 
explained by the large initial deformation leading to 
considerable losses of potential energy and stress in 
the elastic/elastoplastic strain range. These findings are 
broadly consistent with those from the activation exergy 
theory (Venkovic et al., 2014).

3.2 Effect of Ca/Si ratio and temperature

The chemistry, nanostructure, and morphology 
of C-S-H are affected by the Ca/Si ratio and tempera‐
ture, further affecting its mechanical properties (Gal‐
lucci et al., 2013; Cuesta et al., 2021; Zheng et al., 
2021; Wang et al., 2022). To reveal the effect of Ca/Si 
ratio and temperature on the stress relaxation and their 
underlying mechanisms, the stress relaxation of C-S-H 
with different Ca/Si ratios and subjected to different 
temperatures was investigated. As shown in Fig. 10a, 
with increasing Ca/Si ratio, both σ0 and the residual 
stress of the C-S-H structure decrease during the stress 
relaxation process. When the Ca/Si ratio is 1.3, σ0 is 
0.88 GPa and the residual stress at 4 ns is 0.45 GPa, 
while when Ca/Si ratio is 1.9, they are 0.70 and 0.17 
GPa, respectively. Increasing the Ca/Si ratio of C-S-H 
leads to a weakening of the interaction between the in‐
terlayer calcium and calcium-silicate layers, resulting 
in a decline in interlayer cohesion (Masoumi et al., 
2019). Fig. 10b shows that at high temperature the 
stress decreases fast and has a low value. For the same 
shear deformation at 4 ns, the stress decreases from 
0.30 GPa at 298 K to 0.07 GPa at 423 K. This is simi‐
lar to the experimental results obtained by Wang et al. 
(2015) which showed that an increase in temperature 
led to an increase in the stress relaxation and a de‐
crease in residual stress in cement clinkers. In terms 
of activation energy theory, the temperature serves as 
an external energy source to provide additional en‐
ergy to the C-S-H system. High temperature provides 
sufficient energy for the C-S-H system to easily over‐
come the energy barrier, so that a low energy state can 
be achieved. In addition, in some specific hydrothermal 

Fig. 9  Evolution of ΔE during the stress relaxation process 
subjected to two shear deformation states at T=298 K: (a) 
γxz; (b) γyz
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conditions, the amorphous C-S-H can easily transform 
into well-defined crystalline phases, such as α-dicalcium 
silicate hydrate, giving C-S-H poor mechanical perfor‐
mance (Tian et al., 2021). These effects explain why 
high temperature results in a low stress level.

To further understand the mechanisms of the ef‐
fects of Ca/Si ratio and temperature on the stress re‐
laxation behavior of C-S-H, the viscosity of the inter‐
layer region was considered. At the microscopic level, 
viscosity can be regarded as the internal friction among 
molecules as they move under external forces, which 
are determined mainly by the intermolecular interac‐
tions and temperature (Han et al., 2010; Feng et al., 
2018). MSD enables changes in the viscosity of the 
interlayer region of C-S-H during the stress relaxation 
process to be considered (Tang and Wong, 2015). The 
magnitude of atomic movement in the interlayer re‐
gion was evaluated by MSD (Youssef et al., 2011):

dms( t) = Dr2( )t =
1
N∑

i = 1

N

|| ri( )t - ri( )0
2
 (4)

where dms(t) is the MSD at time t, N is the number of 
atoms to be averaged, and ri( t) and ri(0) are the co‐
ordinates of the ith atom at time t and 0, respectively. 
The angular brackets represent an average of the par‐
ticles. The MSD of each atom in C-S-H during the 
stress relaxation process at different Ca/Si ratios and 
temperatures is shown in Fig. 11. From Fig. 11a, 
atoms in the interlayer region have fast dynamics, 
while those in the calcium-silicate layers show slow 
movement, confirming that the stress relaxation of C-
S-H can again be attributed mainly to atomic move‐
ment in the interlayer region. In the interlayer re‐
gion, water molecules have the fastest dynamics, and 
interlayer calcium has the slowest, as verified by the 
C(t) values of the interlayer Ca–O bonds and H-
bonds (Fig. 12). As shown in Figs. 11b–11d, both a 
large Ca/Si ratio and a high temperature have an ac‐
celerating effect on the dynamics of atoms in the in‐
terlayer region that promotes stress relaxation. How‐
ever, their underlying mechanisms have some differ‐
ences. In the interlayer region, water molecules are 
confined by the network formed by the stable H-
bonds associated with the Ca–OH and Si–OH, as 
well as the ionic bonds formed by the interaction be‐
tween the solvated interlayer Ca atoms and defective 
silicate chains (Hou et al., 2015c). A high tempera‐
ture provides sufficient external energy to allow the 
atoms to have a high velocity and easily overcome 
the energy barriers. Meanwhile, drastic bond break‐
age and reformation occur, represented by the C(t) of 
the interlayer Ca–O bonds and H-bonds (Fig. 12). A 
large Ca/Si ratio leads to many defects in the silicate 
chains that are filled with water molecules, weaken‐
ing the constraint of the network and giving C-S-H 
an amorphous structure (Hou et al., 2014a; Masoumi 
et al., 2019). However, with regard to the given ranges 
of Ca/Si ratio and temperature in this study, it seems 
that the effect of the Ca/Si ratio is not as profound as 
that of temperature. When the Ca/Si ratio of C-S-H 
reaches a certain value, the constraining effect of 
the network on the movement of water molecules is 
almost unchanged. Thus, the MSD of water mole‐
cules and the C(t) of H-bonds in C-S-H with a Ca/Si 
ratio of 1.7 or 1.9 are almost the same in the late 
stage.

Fig. 10  Change in stress of C-S-H subjected to different 
Ca/Si ratios and temperatures under γxz=4°: (a) evolution of 
stress with different Ca/Si ratios at T=298 K; (b) evolution 
of stress at different temperatures with a Ca/Si ratio of 1.7
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3.3 Effect of water content

To reveal the effect of water content on the stress 
relaxation behavior of C-S-H, the evolution of Δσ 
(calculated by Eq. (1)) of C-S-H with 0%, 30%, 50%, 
70%, and 100% water content were studied under γxz=
4° at T=298 K (Fig. 13). When there are no water 
molecules in the C-S-H, the stress inside C-S-H drops 
twice during the stress relaxation process: once in the 
first stage, by 0.52 GPa, and once again at 1.7 ns, by 
0.27 GPa. The stress evolution of the C-S-H is changed 
after 30% water is added to the dry structure, reflected 
mainly in the first stage. The stress reduction is larger 
than that in the dry condition, while the final residual 
stress is basically the same as that in the dry condi‐
tion. When the water content of the C-S-H structure 
increases to 50%, the stress relaxation of C-S-H be‐
comes easier, and the secondary stress reduction that 
occurs in the cases of 30% water content and a dry 

state does not take place. However, when the water 
content exceeds 50%, Δσ decreases with additional 
water absorbed. These results of stress evolution dur‐
ing the stress relaxation process are similar to those 
obtained by Liang et al. (2022) for the stress relax‐
ation of C-S-H colloid at different humidities. In addi‐
tion, the stress evolution of the C-S-H is seriously 
affected by the interlayer water content, which is in 
agreement with the findings of Alizadeh et al. (2010). 
They proposed a model for stress relaxation and 
creep by studying the viscoelastic nature of glass, 
C-S-H, and cement paste. This model indicated that 
the removal of a certain amount of water would in‐
crease the stress relaxation of C-S-H, and that some 
inconsistent changes in the stress relaxation after 
interlayer water removal may be due to the cross-
linking of silicate tetrahedra and the interaction of cal‐
cium ions with silicate chains at different humidity 
levels.

Fig. 11  MSD of constituent parts in the C-S-H system under γxz=4°: (a) MSD of each atom/molecule/group in C-S-H at T=
298 K (Ob: bridge oxygen atom); (b) MSD of interlayer calcium; (c) MSD of hydroxyl group; (d) MSD of water molecule
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A structural analysis was performed to reveal the 
structural transformation of C-S-H with the removal 
of water. The atomic number density profiles along 
the z-direction for the intralayer atoms and interlayer 

atoms in four equilibrated atoms with different water 
contents as a function of the distance along the z-
direction are shown in Fig. 14. They show that the 
water content plays a quite important role in the distri‐
bution of interlayer atoms. As water molecules are re‐
moved from the interlayer region, the interlayer spac‐
ing decreases. However, the intralayer spacing is hardly 
affected by the water content and remains unchanged. 
Obviously, the cohesion between the calcium-silicate 
layer and the interlayer region is significantly affected 
by the interlayer water. The results also suggest that 
the removal of interlayer water molecules may en‐
hance the probability of interaction between the sili‐
cate tetrahedron and the interlayer calcium (Alizadeh 
et al., 2010). As the water content declines, the num‐
ber of interlayer Ca–O bonds increases while the num‐
ber of H-bonds apparently decreases. In such case, the 
packing of water molecules transforms from a multi-
layer to a monolayer configuration, leading to the evo‐
lution of the H-bond type, in turn affecting the bridg‐
ing between nearby calcium-silicate layers (Hou et al., 
2014a). Therefore, interactions between the interlayer 
atoms and the calcium-silicate layer atoms are respon‐
sible for the stress relaxation of C-S-H at different hu‐
midity levels.

During the stress relaxation process, plastic de‐
formation increases continuously. To evaluate the stress 
relaxation behavior of C-S-H with different water con‐
tents, the local deformation events must be identified. 
Falk and Langer (1998) introduced the D2

min measure 
for identifying the nonaffine component of the local 

Fig. 13  Evolution of Δσ of C-S-H with different water 
contents (ω) under γxz=4° and T=298 K

Fig. 14  Atomic number density profiles of interlayer and 
intralayer atoms in equilibrated C-S-H along the z-direction 
with water contents of 0%, 30%, 70%, and 100% from top 
to bottom

Fig. 12  C(t) of the interlayer Ca–O bonds (a) and H-bonds 
(b) subjected to different Ca/Si ratios and temperatures 
under γxz=4°
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deformation of an atomic system within a cutoff of 
rcut. The idea is to map all bonds between the ith atom 
and neighboring atoms during the time interval Δt 
using an affine deformation with best-fit local trans‐
formation matrix Ji. D

2
min is the mean squared residual 

of this fit (Shimizu et al., 2007; Priezjev, 2017). Then, 
the nonaffine component of local deformation is mea‐
sured by

D2
min =

1
Ni

∑
j = 1

Ni

{rj( )t - ri( )t -

}                     Ji[ ]rj( )t -Dt - ri( )t -Dt
2



(5)

where ri (t) is the position of the ith atom at time t and 
Ni is the sum of nearest-neighbor atoms within rcut 
from ri (t). The value of D2

min, the local deviation from 
affine deformation during the time interval [t−Δt, t], 
can also be used to identify shear transformation 
zones and shear bands (Jana and Pastewka, 2019). 
Fig. 15 contains six different plots of D2

min for C-S-H, 
all subjected to γxz=4°, here calculated for a cutoff rcut=
3 Å. Fig. 15a shows the plots of D2

min for the C-S-H 
structure without water. Due to the absence of water 
molecules, the C-S-H structure is amorphous and the 
cohesion between the calcium-silicate layers depends 
on the ionic bond formed by the interlayer calcium 

and oxygen in the calcium-silicate layer. The nonaf‐
fine deformation occurs as a longitudinal shear band 
in the middle of the C-S-H structure, accompanied by 
some small isolated events. Later, a transverse shear 
band is formed by a series of small nonaffine defor‐
mations in close proximity (Fig. 15b). The develop‐
ment of nonaffine deformations is responsible for the 
decline in secondary stress during the stress relaxation 
process. When the water content of C-S-H increases 
to 30%, the C-S-H structure is somewhat layered, and 
the water molecules are presented mainly in the form 
of bound water (Si–OH and Ca–OH), making the C-
S-H structure dense. In addition, the remaining free 
water acts as a lubricant, alleviating the decline in sec‐
ondary stress in the stress relaxation process. As shown 
in Fig. 15c, the longitudinal shear band appears to be 
weakened by the transverse shear band mainly located 
in the interlayer region. When the water content of the 
C-S-H structure reaches 50%, the layered structure of 
C-S-H becomes distinct. Considering that the mono‐
layer water molecules formed in the interlayer region 
significantly promote the slip of the calcium-silicate 
layer and the deformation of the C-S-H structure, the 
stress relaxation of C-S-H becomes easy. Transverse 
shear bands, located in the interlayer region, gradually 
dominate the stress relaxation process (Fig. 15d). In 
addition, some nonaffine deformation still occurs 

Fig. 15  Intensity plots of nonaffine squared displacement of C-S-H system with different water contents (rcut=3 Å): (a) ω=
0%, t=300 ps, Δt=300 ps; (b) ω=0%, t=2.5 ns, Δt=2.5 ns; (c) ω=30%, t=300 ps, Δt=300 ps; (d) ω=50%, t=300 ps, Δt=300 ps; 
(e) ω=70%, t=300 ps, Δt=300 ps; (f) ω=100%, t=300 ps, Δt=300 ps
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in the calcium-silicate layers, forming a longitudinal 
shear band with some of the nonaffine deformations 
occurring in the interlayer region. As more water mol‐
ecules are added to the C-S-H structure (Figs. 15e and 
15f), few nonaffine deformations occur in the calcium-
silicate layers, and the role of interlayer atomic move‐
ment in the stress relaxation process becomes increas‐
ingly important.

The effect of water molecules on the process of 
stress relaxation of C-S-H can be explained as follows. 
When the water content of C-S-H is lower than 50%, 
water has a prominent influence on the morphology 
of C-S-H. As the water content increases, the C-S-H 
structure transforms from a relatively disordered str‑
ucture to a clearly layered one, remarkably affecting 
the stress relaxation behavior of C-S-H. However, 
when the water content is higher than 50%, the in‐
creasing water molecules lead to a weakening of 
the bonds between the calcium-silicate layers caus‐
ing them to “slip” easily, thereby reducing the stress 
relaxation occurring in C-S-H as the water content 
increases.

4 Conclusions 

The effects of different initial deformation states, 
Ca/Si ratios, temperatures, and water contents on the 
stress relaxation behavior of C-S-H, as well as the 
underlying stress relaxation mechanisms at the atomic-
level, were studied using MD simulation with a 
CSHFF. The results of our simulations were in good 
agreement with those published from experiments. 
The simulations explained the stress relaxation char‐
acteristics at the atomic level and bridged the gap be‐
tween atomic simulation and experimentation. The 
following findings were obtained:

1. The stress relaxation response of C-S-H oc‐
curs regardless of whether it is under initial shear, ten‐
sile, or compressive deformation, and shows a hetero‐
geneous characteristic. The evolution of stress during 
the stress relaxation process originates mainly from the 
breakage and reformation of the H-bond and Ca–O 
bond network in the interlayer region, accompanied 
by the reduction of potential energy, thus reaching a 
relatively low energy state. A large initial deformation 
results in a short interlayer Ca–O and H-bond lifetime 
and a large drop in potential energy.

2. A large Ca/Si ratio or high temperature leads 
to low viscosity in the interlayer region and low cohe‐
sion between the calcium-silicate layer and the inter‐
layer region, resulting in high atomic dynamics, espe‐
cially for water molecules, hydroxyl groups, and inter‐
layer calcium atoms. The initial stress and residual 
stress of C-S-H in the stress relaxation process de‐
crease as the Ca/Si ratio or temperature increases.

3. Water molecules play a critical role in the stress 
relaxation performance of C-S-H. When the water 
content of C-S-H decreases from saturation state to 
50%, the morphology of interlayer water molecules 
gradually transforms from a multi-layer to a monolayer 
configuration. Nonaffine deformation occurs mainly 
in the interlayer region, but gradually increases in the 
calcium-silicate layers, and the stress relaxation pro‐
cess of C-S-H also gradually speeds up. As more and 
more water molecules are removed from the interlayer 
region, a longitudinal shear band gradually replaces 
the transverse band in the nonaffine deformation, and 
the stress relaxation process of C-S-H gradually slows 
down. In addition, when the water content of C-S-H 
lowers to a certain extent, some small adjacent nonaf‐
fine deformations connect with each other to form a 
transverse shear band when the stress relaxation time 
is long. This accounts for the secondary stress drop in 
the stress relaxation process.
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