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A B S T R A C T

In cold region tunnel construction environments, concrete performance often deteriorates due to consistently low
temperatures. Nanomaterials, as efficient admixtures, can significantly improve the pore structure of concrete.
Given the significant impact of pore structure characteristics on concrete performance in cold regions, this study
investigates the effects of nanomaterial modification on concrete using a micromechanical model. In-situ CT tests
on nano-modified concrete provided digital volume images of the pore structure. The region-growing algorithm
(RGA) and digital volume correlation (DVC) method were used to reveal pore structure evolution. The micro-
scopic damage during the phase transition of pore water was analyzed based on the pre-melting dynamic theory
and the micromechanical model. The fatigue damage mechanism and generalized self-consistent model were
employed to study the macroscopic performance. The results indicate that while nanomaterials do not signifi-
cantly inhibit the formation of small pores/defects in concrete, they can effectively prevent the interconnection
between pores. This suppression leads to fewer larger pores forming. However, the thinner matrix concrete
around these large pores results in more severe damage.

1. Introduction

Concrete located in high plateaus and cold regions often face harsh
climatic conditions, posing significant challenges to the stability and
safety of tunnel structures [1]. Concrete lining in tunnels in cold regions
undergoes damage and deterioration due to the cold weather condition,
leading to a series of problems such as cracking and spalling of tunnel
linings, subsequently causing instability in supporting structures [2].
The cold weather conditions at seepage tunnel portal in cold regions
pose even greater challenges. Concrete at tunnel portal is directly sub-
jected to external environmental conditions, enduring extremely low
temperatures and significant temperature variation [3]. In cold seasons,
the freezing depth of many tunnels starts from the lining surface and
reaches over 1 m. Undoubtedly, the lowest temperature of the shotcrete
layer for initial tunnel support will be below 0 ◦C. Due to the seasonal
variation of groundwater in the stratum, shotcrete, being a porous ma-
terial, often contains water [4]. In this situation, the shotcrete with

water content is influenced by the freezing temperature, causing inter-
nal pore water to freeze and generate significant frost forces on pore
walls. These forces far exceed the tensile strength of concrete and are the
intrinsic driving force behind concrete damage.

Extensive research has been conducted on the mechanisms of dam-
age and failure during the freeze process of concrete. However, there is
still not a complete understanding of the freezing damage mechanism
and its influencing factors. Building upon an understanding of the freeze
damage process and mechanisms in rocks, Waldre et al. [5] developed a
model for crack propagation in frozen rocks based on fracture mechanics
and the second frost expansion theory. Hori et al. [6], on the other hand,
assumed that the deterioration of rocks due to freeze is a result of pore
cracking caused by the freezing and migration of water. Taber [7]
pointed out the formation of ice lenses at the ice front, obtaining water
from capillary streaks beneath the ice front. Everett [8] further devel-
oped the thermodynamic theory behind ice segregation in soil research.
The liquid layer is maintained by van der Waals forces with forces on the
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order of tens of megapascals between its crystals and the pore wall [9].
As a result, water can flow towards the crystals, ensuring the possibility
of growth. To prevent crystals from growing larger than the pores, the
pore wall must match the pressure transmitted through the liquid layer.
These are commonly referred to as crystallization pressures [10]. Pres-
ently, it is accepted that crystallization pressure is responsible for the
majority of stresses in the material’s pores [11]. The resistance to freeze
in materials is primarily determined by three key factors: material
properties, moisture conditions, and thermal conditions. Among these,
properties such as pore structure characteristics and elastic modulus
directly dictate the concrete’s resistance to freezing [12].

Nanomaterials, as effective additives for concrete modification, have
gained extensively attention due to their surface effects and size effects
[13,14]. Currently, nano-oxides such as nano-SiO2 and nano-TiO2 have
gradually become a major focus in concrete research. Nano particles can
serve as nucleating agents for C-S-H gel, promoting the growth of C-S-H
gel chains and reducing the capillary porosity in cement paste [15,16].
Specifically, nano-silica (NS), owing to its pozzolanic reactivity [17], is
extensively employed as an excellent cement admixture [18,19], facil-
itating the hydration process [20] and enhancing the composite meso-
porous structure [21]. Nano-titania (NT), due to its good chemical
stability, and high photocatalytic activity, can interact with oxygen and
water in cement, thereby increasing nucleation rates, elongating the
average chain length of C-S-H gel, and reducing the aspect ratio of AFt
[22–25]. The application of nanomaterials in cold region tunnel holds
significant and promising prospects. The introduction of nanoparticles
results in a denser microstructure for the cement paste and significantly
improves the pore structure of concrete [26]. Xia et al. [27] conducted a
study on nanomodification of shotcrete in winter construction envi-
ronments, revealing that nanomaterials can significantly enhance early-
stage performance. The utilization of nanomaterials for the modification
of concrete in cold region tunnel engineering proves to be a viable
approach for improving performance under cold weather environment.
Although the addition of nanomaterials can significantly enhance the
strength and other properties of concrete, there are several drawbacks to
their application in concrete[28–30]. The high surface energy of nano-
materials can lead to agglomeration, which not only prevents them from
functioning effectively but also becomes initiation points for internal
cracks in the concrete. In other words, the addition of nanomaterials
reduces the workability of the concrete, and the dispersion of nano-
particles inevitably increases the water demand. To prevent a high
water-cement ratio from reducing the strength of the concrete, water-
reducing agents and other additives must be used, which can alter the
performance of the concrete. Additionally, while nanomaterials can fill
the micro-voids in concrete, increasing its density, this overly dense
structure may not be suitable for certain applications, such as insulation
systems or high-temperature, high-pressure environments. In these
cases, the high thermal conductivity of the dense concrete hinders
effective insulation, and the overly dense structure reduces its impact
resistance. Finally, the high cost and unstable mass production of
nanomaterials limit their application in concrete.

However, the impact of nanomaterial modification on the pore
structure of concrete and its influence on freezing damage resistance
remain unclear. This lack in the mechanism investigation significantly
limits the application of nanomaterials for modification in cold region
tunnel concrete. Therefore, the in-situ CT test of nano-modified concrete
under the cold region tunnel environment was conducted to reveal pore
structure evolution in this study. The influence of nanomaterials on the
pore size distribution, pore interval distribution, and elastic modulus of
concrete was explored. Based on the Layered Represented Area Element
(RAE) model, concrete was considered as a composition of pores and a
concrete encapsulation layer at the microscopic level. The changes in
pore structure resulting from the freezing process of pore water in the
RAE model were investigated by the per-melting dynamics theory.
Simultaneously, the fatigue damage model is employed to investigate
the deterioration process of the concrete encapsulation layer. The

macroscopic concrete performance degradation was investigated based
on the generalized self-consistent model. Finally, based on the micro-
mechanical damage model, the study further discusses the effects of
these pore structure parameters on the performance of nano-modified
concrete under the cold region tunnel environment.

2. Materials and nano-modified concrete mix proportion

To investigate the effects of nano-materials on concrete under the
cold region tunnel environment, two types of nano-materials, i.e., nano-
silica (NS) and nano-titan (NT) were employed in this study. Based on
our previous study, the optimum doses of nano-silica and nano-titian
were determined as 2 % [27] and 1 % by binder mass, respectively.
The SEM images of nano-silica (featuring a size of 20 ~ 50 nm) and
nano-titian (featuring a size of 20 ± 5 nm) were rendered in Fig. 1.

The Ordinary Portland Cement (P.O 42.5) was adopted as binder of
concrete. Machine-made sand and crushed stone were employed as fine
aggregate and coarse aggregate, respectively. The mix proportions for
all groups are provided in Table 1.

Three 100 × 100 × 400 mm prismatic specimens and one 40 × 40 ×

80 mm specimen for each group were prepared for macroscopic per-
formance testing and in-situ CT testing, respectively. After molding, the
specimens were cured in a simulated cold region environment for 28
days before testing. At 0 days, 25 days, and 100 days of service in the
simulated cold region environment, the mass and resonant frequency of
the prismatic specimens were measured, and in-situ CT scanning
(featuring the precision of 55.6 µm) was performed on the 40 × 40 × 80
mm specimen.

3. The simulation of cold region tunnel environment

In cold region tunnel construction environments, the performance of
concrete within the tunnel is highly susceptible to the influence of
extreme weather [31]. Therefore, to ensure the strength development of
concrete, it is typically necessary to implement insulation measures for
the concrete inside the tunnel under construction, ensuring that the
temperature for concrete construction and curing is not lower than 5 ◦C
[32]. Common insulation measures inside tunnels are shown in Fig. 2.

This method involves suspending a thermal insulation shed at the
portal of the tunnel and adopting temporary stove every 50 m to
maintain the temperature for concrete curing, thereby ensuring con-
struction quality. Once the construction of the tunnel lining system is
completed, the insulation measures will be removed. At this point, the
concrete, especially at the tunnel portal, will be directly exposed to the
cold region environment. The service environment for the concrete at
this stage becomes more severe and destructive. The environmental
parameters for concrete service design located in the cold region [33]
are shown in Fig. 3.

Based on the survey research, the environmental conditions with the
lowest temperature of − 20 ◦C and the highest temperature of 3 ◦C were
selected as the destructive environment for concrete at the tunnel portal.
Therefore, in this study, the curing temperature of concrete specimens is
set to a constant 5 ◦C. After curing the concrete specimens at 5 ◦C for 28
days, they are transferred to a freeze–thaw cycle environment with the
highest daily temperature set at 3 ◦C and the lowest at − 20 ◦C for
durability testing.

4. The meso-performance deterioration process of concrete
under the cold region tunnel environment

As concrete continues to be used in the cold region tunnel environ-
ment, research is conducted on the deterioration of its macroscopic
performance by measuring the mass and resonant frequency of concrete
specimens at different service times. The loss rates of mass and resonant
frequencies for each condition are determined from representative
values of three specimens, as illustrated in Fig. 4.
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As shown in the Fig. 4, the mass and resonant frequency loss rates of
concrete specimens increase gradually with the service time in the cold
region environment. The control concrete (CC) group exhibits signifi-
cantly higher mass and resonant frequency loss rates than the nano-
modified concrete. According to the GB/T 50,082 standard [34], con-
crete is considered to have failed when the mass loss rate reaches 5 %.
Therefore, by fitting the mass loss curves in the Fig. 4, the failure ages of
all groups can be predicted, as shown in the Table 2.

From the Table 2, it is evident that the CC group has the shortest
lifespan in the cold region environment, while the concrete lifespan is
significantly improved by using nano-modified. The in-situ CT scans on
concrete specimens for each group at 0, 25, and 100 days in the cold
region tunnel environment were conducted. After three-dimensional
reconstruction, the precision of the digital volume image for each
group was determined as 55.6 μm. In order to determine the develop-
ment of each pore within the concrete under the cold region tunnel
environment, it was necessary to label and extract the pores in the
digital volume images obtained by applying an image segmentation
method. Therefore, the global threshold segmentation method based on
a fixed threshold was not suitable in this case [35]. Instead, an automatic
seed point selection region-growing algorithm (RGA) to label and
extract all the pores in the concrete, obtaining the voxel coordinates at

the boundaries of all pores, was employed. This allowed to track the
changes in the pore structure within the concrete under the cold region
tunnel environment.

4.1. Image segregation process of concrete 3D digital volume based on the
region growing algorithm (RGA)

The region growing algorithm is a commonly employed approach,
especially when no prior knowledge can be utilized, and it can achieve
optimal performance for segmenting complex images. The basic idea of
the RGA used in this study is to segment pixel points in a three-
dimensional grayscale image into pore labels and solid labels, starting
from a single pixel point (seed point) in the three-dimensional grayscale
matrix and iteratively expanding similar pixel points, merging them
together [36]. It gradually grows the region by merging adjacent voxels

Fig. 1. The SEM images of nano-materials.

Table 1
Mix proportions of concrete. (unit: kg/m3).

MIX.
ID

Binder Machine-made
sand

Crushed
stone

Water Accelerator

CC 400(OPC) 867 769 201 21
NT 396(OPC) +

4(NT)
867 769 201 21

NS 392(OPC) +
8(NS)

867 769 201 21

Fig. 2. Thermal method for cold region tunnel concrete curing.

Fig. 3. Environmental parameter of major cites along the Sichuan-
Tibet Railway.
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with similar properties based on their average grayscale values, until
there are no more voxels that can be merged. The region growing pro-
cess was implemented by MATLAB, and its steps are rendered in Fig. 5.

In the region growing algorithm, the selection of seed points plays a
crucial role in determining the quality of the segregation results.
Therefore, the choice of the pore grayscale threshold in this study is
critical and can be found in our previous work [37]. All voxels with
grayscale values below this threshold are defined as potential seed

points. Subsequently, the region growing algorithm is applied sequen-
tially to those voxels that are seed points and have not yet become
growing points. The region growing result are displayed in Fig. 6.

After segmentation of concrete digital images, the pore radii were
calculated by count the voxel number. The equivalent radius Req can be
obtained by equivalent pores to a sphere, as follows:

Req =
(
3
4πN

)1/3

Lr (1)

Where N is the number of voxels in certain pore. And Lr represents the
precision of the digital image, that is the true length of the voxels side
length, which is 55.6 μm.

To investigate the impact of different nanomaterial modification
methods on pore structure under the cold region tunnel environment,

Fig. 4. Macro-performance deterioration of all group concrete specimens.

Table 2
The service life for each group.

MIX. ID CC NT NS

NF 222 255 252

Fig. 5. Region growing algorithm for extracting pores in concrete.
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Fig. 6. Pore structure of concrete extracted based on region growing algorithm.

Fig. 7. Pore size distribution (PSD) of all groups.
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the pore size distributions of each group under different cold tunnel
environment duration were rendered in Fig. 7.

From Fig. 7, it can be observed that as the concrete specimens of each
group serve in the cold region tunnel environment, the number of pores
with a radius smaller than 100 µm significantly increases. However, for
pores with a radius larger than 100 µm, the pore volume remains almost
unchanged with increasing service time. This indicates that concrete in
the cold region environment is more susceptible to changes in smaller
pores. It is worth noting that, although the addition of nanomaterials has
little effect on the distribution of pores with a radius smaller than 100
µm, the inclusion of NS and NT effectively inhibits the occurrence of
larger pores. From Fig. 7 (a), it can be seen that as the concrete in Group
CC service in cold region environment, the maximum pore radius
continuously increases. By the service time reaches 100 days, the
maximum pore radius has increased from 42.8 mm to 83.9 mm. This is
primarily due to the continuous degradation of pore structure in the
concrete in the cold region environment, leading to the expansion of
existing pores, the emergence of new small pores, and eventually the
interconnection between pores, forming larger pores. The presence of
such pores often has a significant impact on the performance of concrete.
While the inclusion of NS and NT, as rendered in Fig. 7 (b) and (c) cannot
suppress the emergence of new small pores, it effectively prevents the
interconnection between pores, thus preventing the formation of larger
pores. The porosity of each group of concrete within different pore size
ranges is shown in Fig. 8.

Fig. 8 further confirms the inhibitory effect of NS and NT on the pore
structure of concrete in cold region environments. As shown in the
Fig. 8, with the progression of freezing damage, the porosity of pores
larger than 1000 µm in nano-modified concrete does not increase
significantly. In contrast, the porosity of pores larger than 1000 µm in
the group CC increases from 2.08 % to 7.52 %. The porosity of pores
smaller than 1000 µm remains relatively unchanged across all groups of
concrete as freezing damage progresses. Notably, although the porosity
of pores smaller than 100 µm remains at a low level in all conditions, this
is primarily due to the limitations of the CT testing resolution. The
resolution of the CT test in this study is 55.6 µm, which means that
smaller pores in the concrete cannot be detected. For pores that cannot
be detected by CT, MIP testing will be used for further investigation.

4.2. Evolution process of pore structure under the cold region tunnel
environment based on the digital volume correlation (DVC)

To monitor the changes in pore structure within concrete under the
cold region tunnel environment, the Digital Volume Correlation (DVC)
method was employed in this study. By comparing digital volume im-
ages of concrete under different days of the cold weather conditions with

that of the original intact concrete[38]. The DVC method calculates the
displacement vectors of voxels on the pore boundaries by tracking the
same points in the pre-deformation digital volume image and post-
deformation digital volume images [39]. The principle of the DVC
method is illustrated in Fig. 9.

As shown in Fig. 9, the pre-deformation digital volume image serves
as the reference volume image, denoted as P(x, y, z). The post-
deformation digital volume image obtained was adopted as the
deformed volume image, denoted as P(x́ , ý , ź ). The DVC method cal-
culates the 3D displacement vector of each point by tracking the position
of discrete points in the reference volume image P(x, y, z). To improve
computational efficiency, a small box (sub-volume) centered around the
voxel point is typically chosen as the volume image template. The
displacement of the voxel is determined by searching for the target sub-
volume in the deformed volume image. The target sub-volume has the
highest similarity to reference sub-volume template, by moving the sub-
volume template voxel by voxel in the deformed volume image. The
similarity between the pre-deformation and post-deformation sub-vol-
umes can be described by using Zero-Normalized Cross-Correlation
(ZNCC) [40] as expressed:

CZNCC =
∑n

i=1[f(xi, yi, zi) − fm ][g(xi + u0, yi + v0, zi + w0) − gm ]
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
[f(xi, yi, zi) − fm ]2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
[g(xi + u0, yi + v0, zi + w0) − gm ]2

√

(2)

Where f
(
xi, yi, zi

)
represents the grayscale value of the i-th voxel in the

pre-deformation sub-volume,g
(
xi+u0, yi+v0, zi +w0

)
represents the

grayscale value of the i-th voxel in the post-deformation sub-volume. fm
represents the average grayscale value in the pre-deformation sub-vol-
ume, and gm represents the average grayscale value in the post-
deformation sub-volume. u0, v0, andw0 is the displacement of the
voxel to be calculated.

To monitor the changes in pore structure within concrete under the
cold region tunnel environment, the boundaries of the pores extracted
by using the region-growing algorithm (RGA) in the previous section are
considered as P(x,y,z). Through the DVC method, the deformation and
shape changes of the pores are calculated, as shown in Fig. 10.

After compiling the changes in all pores within the concrete for each
group, the increase in pore volume, θ, in the concrete after a certain
number of freeze–thaw cycles (i.e., at 25 days or 100 days of service age)
were calculated as shown in the Fig. 11. The increase in pore volume, θ,
is defined by Eq. (3).

θ =
ΔV
V

× 100% (3)

Where ΔV represents the increase in the volume of the pore after un-
dergoing a certain number of freeze–thaw cycles. This is calculated by
the difference in the number of pixels enclosed by the pore boundary

Fig. 8. The porosity of all groups.
Fig. 9. Principle of the DVC method to calculate the evolution of
pore structure.
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before and after the freeze–thaw cycles. V represents the volume of the
pore before it undergoes freeze–thaw cycles.

In the DVC experimental results, pores with an average ZNCC fitting
degree of less than 0.9 at each point on the pore boundary are ignored to
eliminate the influence of outliers on the experiment:

Fig. 11 shows the changes in pore volume for the groups CC, NT, and
NS. The horizontal axis represents the equivalent radius of the pores in
the concrete before experiencing freeze–thaw cycles (i.e., at 0 days of
service age), and the vertical axis represents the increase in pore volume
in the concrete after a certain number of freeze–thaw cycles (i.e., at 25
days or 100 days of service age). In Fig. 11, after 25 days of the cold
region tunnel environment, the increase of pore volume in concrete is
very small. It can be seen that in group NS, the average growth rate of
pore radius is 5.4 % at 25 days. After 100 days, most of the pore volumes
in group NS still changed little, but some pores change also appeared at
this time. In this case, the average growth rate of pore radius of group NS
is 13.2 %. Concerning to group NT, after 25 days in a cold region
environment, the sizes of most pores remained relatively consistent with
their pre-deformation sizes. However, some pores exhibited noticeable
expansion. At this stage, the average pore radius expansion rate of group
NT was 7.4 %. After 100 days, similar to the NS condition, the number of
pores showing significant expansion in group NT increased significantly.
At this point, the average pore radius growth rate was 19.7 %. Based on
the concrete DVC results of group CC, it can be observed that after 25
days of exposure to a cold region environment, the pores exhibiting
significant volume changes were the most numerous. The average pore
volume expansion rate in group CC after 25 days was 6.4 %. However,
after 100 days, due to severe spalling and mass loss in the concrete
specimens under group CC, pores with particularly large deformations
and significant volume changes had disappeared. This can be seen from
the Fig. 11 (a) and (b), where the number of pores decreased
significantly.

5. The multi-scale damage evolution based on micromechanical
damage model

To investigate the modification mechanism of nanomaterials on
concrete in a cold region tunnel environment, this study explores the
influence of nanomaterials on the pore structure characteristics of

concrete. At the microscale, the expansion stress of the pore wall due to
pore water pressure during the freezing process is analyzed, and then the
deformation behavior of the pores is calculated. Subsequently, the
deterioration process of the pore wall concrete in the cold tunnel envi-
ronment is studied through micromechanical damage mechanics and a
damage accumulation model. Finally, the generalized self-consistent
model is used to explore the degradation law of the macroscopic prop-
erties of concrete.

5.1. Per-melting dynamics of concrete pore structure during freezing
process

The classical thermodynamic principles are employed to describe the
solidification process of pore water under negative temperature condi-
tions. At the interface between ice and water, the Gibbs free energy on
both sides of the interface should be equal. Consequently, the Gibbs-
Duhem equation can be formulated:

ρSL(Tm − TI)
Tm

= (pS − pL)+ (pL − pm)
(

1 −
ρS
ρL

)

(4)

Where ρS and ρL are the densities of ice and liquid, respectively. Tm, pm
are the solidification temperature and pressure at the reference state. L is
the latent heat of phase change. pS, pL are the pressure of the ice and
liquid. TI is the temperature at interface between ice and liquid.

The solidification process of pore water is rendered in Fig. 12.
The comprehensive frost heaving theory proposed by Vlahou et al.

[41,42] was adopted in this study. During the phase transition between
ice and liquid, the temperature remains constant at any location within
the ice phase, while the temperature of the liquid phase gradually ap-
proaches T∞ as the radius tends toward Rb. The temperature distribution
can be expressed as follows:

TS = TI(t) (5)

TL =
TI(t) − T∞

r
Rice(t)+T∞Rice ≤ r ≤ Rb (6)

Where TL and TS are the temperature of liquid and ice, respectively. Rice
represents the radius of ice in pore. Rb is defined as the outer radius of

Fig. 10. The deformation and shape changes of the pores.
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the matrix concrete from the center of the pore. The value of Rb is based
on the CT test results for each condition. It is determined by calculating
the Euclidean distance between pores within the concrete.

The interface between ice and liquid during the phase transition of
freezing is known as the one-dimensional Stefan Problem [43], wherein
at the interface, the heat flux entering from one side must be equal to the
heat flux exiting from the other side. Upon considering the latent heat
associated with the phase transition between ice and water, the energy
balance can be expressed as follows:

kS
∂T
∂r

⃒
⃒
⃒
⃒
r=Rice(t)−

− kL
∂T
∂r

⃒
⃒
⃒
⃒
r=Rice(t)+

= ρSL
dRice(t)
dt

(7)

Where kL, kS is the thermal conductivities of liquid and ice, respectively.
ρS is the density of ice. L represents the latent heat of water. T and r
represent the temperature and distance from the center of the circle at
any point in Fig. 12, respectively.

As the volume of ice gradually expands, liquid is compelled towards
the porous medium outside the pores, i.e., the concrete, due to the
pressure gradient∇pl. During this process, the flow of water is governed
by Darcy’s equation:

Fig. 11. The evolution of the pore structure of concrete subjected to different service age.

Fig. 12. Schematic diagram of the solidification process in pores.
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μV = − K∇pl (8)

Where μ is the dynamic viscosity coefficient of water, V is the velocity of
water, K is the hydraulic permeability of concrete.

Simultaneously, taking into account the mass conservation during
the ice expansion process, the expression for the water flow velocity can
be derived. The detailed derivation process is presented in Appendix.

V(r, t) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Δρ
ρL
Rice2Ṙice
r2

WhenRice < r < R

Δρ
ρL
Rice2Ṙice
r2

− (1 − ϕ)
R2Ṙ
r2
Whenr ≥ R

(9)

Where Δρ = ρL − ρS; ϕ is the porosity of matrix concrete; R is the radius
of pore.

By substituting Eq. (9) into Eq. (8), the water pressure within the
pore can be obtained. Within the pores, the pressure of the liquid phase
is assumed to be uniform everywhere. Therefore, the water pressure
inside the liquid phase becomes equal to the water pressure within the
porous medium when r = R:

pl(r, t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

μ
K

⎡

⎣Δρ
ρL
Rice2Ṙice
R

− (1 − ϕ)RṘ

⎤

⎦WhenRice < r ≤ R

μ
K

⎡

⎣Δρ
ρL
Rice2Ṙice
r

− (1 − ϕ)
R2Ṙ
r

⎤

⎦WhenR < r ≤ Rb

(10)

When the radius of the ice gradually approaches the pore radius, i.e.,
Rice→R, a thin layer of unfrozen water film exists within the pore wall
with a thickness of h = R − Rice. This film exerts pressure, denoted as pT,
on both the pore wall and the ice. At this point, the pressures on both
sides of the ice-water interface are related as follows:

pT = pS − pl (11)

At the same time, the deformation of the pore space at this stage
cannot be neglected, i.e., Ṙ ∕= 0. Substituting Eq. (10) into Eq. (4) allows
for the computation of the temperature at the ice-water interface:

TI = Tm
(

1 −
Δρ

ρLρSL
pl −

1
ρSL
pT +

Δρ
ρLρSL

Pm
)

(12)

Substituting the interface temperature TI into the Stefan condition, as
rendered in Eq. (7), at the ice-water interface. Therefore, the growth
control equation for the ice at this point:

ρSLRiceṘice = kLΔT −
TmkL
ρSL

pT −
ΔρkLTm
ρLρSL

pl +
ΔρTmkL
ρLρSL

Pm (13)

Where ΔT = Tm − T∞ is denoted as the cooling intensity.
When incorporating Eq. (11) we have:

pT = Ec
(
R
R0

− 1
)

−
Δρμ
ρLKR

Rice2Ṙice+
(1 − ϕ)μ
K

RṘ (14)

Where Ec is the effective elastic modulus; R0 is the initial radius of pore.

Ec = E
Rb2 − R0

2

(1 − v)R0
2 + (1+ v)Rb2

(15)

Where E and v are the elastic modulus and the poisons’ ratio of concrete
matrix, respectively.

From Eqs. (10), (13) and (14), it is evident that when Ṙice = 0 and
Ṙ = 0, the pore and ice reaches its maximum, attaining an equilibrium
state. Thus, solving for the equilibrium state yields the pore radius:

Req = R0

(

1+
ΔTLρS
TmEc

+
ΔρPm
ρLEc

)

(16)

5.2. The micromechanical damage model for concrete pore structure
during freezing process

The concentric layered Represented Area Element (RAE) model [44]
was adopted to depict the impact of expansion stress during the freezing
on the pore structure and the encapsulation concrete layer. The basic
configuration of the concentric layered RAE model is illustrated in
Fig. 13.

In this model, it is assumed that the expansion stress resulting from
the phase transition in two adjacent pores does not mutually influence
each other. This assumption holds validity, particularly when the
porosity of concrete is relatively low, implying a significant distance
between adjacent RAE pores. During the progress of the water–ice phase
transition, the ice within the pore gradually expands, exerting stress on
the pore walls, consequently leading to the deformation of the pore. At
this stage, the encapsulation concrete layer can be divided into two
parts, i.e., the damaged zone and the elastic zone as indicated in Fig. 14.

For the concrete in the elastic zone, elastic mechanics were
employed. However, for the concrete in the damaged zone, a damage
factor denoted as Dε to characterize the extent of damage. Based on the
Fig. 14, the boundary conditions are as follows:
{

σr = − Peff ,whenr = R
Dε = 0, σr = − Pc, εθ = εt ,whenr = Rc

(17)

Where Peff is the effective stress induced on the pore wall during the
phase transition. Pc and Rc is the effective stress and radius at the
interface between the elastic zone and the damaged zone, respectively.
εt is the ultimate tensile strain of concrete. σr and εθ are the radial stress
and circumferential strain, respectively.

Assuming that when the circumferential strain εθ of concrete exceeds
the ultimate tensile strain εt, the concrete enters the damage stage. At
this point, the constitutive model for concrete is described by the Mazar
damage model, with the damage factor Dε given by:

Dε = 1 −
εt(1 − AT)

εθ
−

AT
exp[BT(εθ − εt) ]

(18)

Where AT and BT are the parameters of the Mazar damage model.
For concrete in the elastic zone, due to its symmetry, the governing

equation in polar coordinates can be expressed as:

dσr
dr

+
σr − σθ

r
= 0 (19)

Where σθ is the circumferential stress.
Based on the governing equation and boundary conditions, the cor-

responding forms of stress and strain are given by:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

σr =
PcRc2

Rb2 − Rc2

(

1 −
Rb2

r2

)

σθ =
PcRc2

Rb2 − Rc2

(

1+
Rb2

r2

) (20)

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

εr =
(1+ v)
E

PcRc2

Rb2 − Rc2

(

1 − 2v −
Rb2

r2

)

εθ =
(1+ v)
E

PcRc2

Rb2 − Rc2

(

1 − 2v+
Rb2

r2

) (21)

Where v is the Poisson’s ratio of concrete and E is the modulus of elas-
ticity of concrete; εr is the radial strain.

For concrete in the damaged zone, the radial displacement u satisfies
the following governing equation:

d2u
dr2

+
1
r
du
dr

− (1 − Dε)
u
r2

= 0 (22)
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Solving the aforementioned governing equation yields:

u = C1r
̅̅̅̅̅̅̅̅
1− Dε

√

+C2r−
̅̅̅̅̅̅̅̅
1− Dε

√

(23)

Where C1 and C2 are the integration constants, which need to be
determined through boundary conditions.

Based on the geometric equation, the strain of concrete in the dam-
age zone can be expressed as:
{

εr = C1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Dε

√
r
̅̅̅̅̅̅̅̅
1− Dε

√
− 1 − C2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Dε

√
r−

̅̅̅̅̅̅̅̅
1− Dε

√
− 1

εθ = C1r
̅̅̅̅̅̅̅̅
1− Dε

√
− 1 + C2r−

̅̅̅̅̅̅̅̅
1− Dε

√
− 1 (24)

Simultaneously, considering the strain compatibility principle at the
interface between the damage zone and the elastic zone:

Hence, the integration constants C1 and C2 can be determined as:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

C1 =
(1+ v)
E

PcRc2

Rb2 − Rc2
(1 − 2v)

C2 =
(1+ v)
E

PcRc2

Rb2 − Rc2
Rb2

(26)

At the interface between the damaged zone and the elastic zone,
considering that the circumferential strain satisfies εθ = εt, we have:

(1+ v)
E

PcRc2

Rb2 − Rc2

(

1 − 2v+
Rb2

Rc2

)

= εt (27)

At the pore boundary, the radial displacement should satisfy:

ur=R = C1R
̅̅̅̅̅̅̅̅
1− Dε

√

+C2R−
̅̅̅̅̅̅̅̅
1− Dε

√

(28)

By simultaneously considering Eqs. (16), (27), and (28), the
damaged zone radius, Rc, can be solved.

5.3. Damage accumulation model of high and low cycle fatigue
combination under the cold region environment

For concrete under the cold region tunnel environment, it is evident
that the strain of concrete in the damaged zone significantly exceeds its
elastic limit. In the fatigue model, the stress induced by pore water
during the ice-water phase transition causes the circumferential strain
near the pores in the matrix concrete to significantly exceed the con-
crete’s ultimate tensile strain (defined as the damage zone). In contrast,
the circumferential strain in the matrix concrete far from the pores has
not yet exceeded the ultimate tensile strain (defined as the elastic zone).
At this point, the fatigue modes of concrete in the elastic zone and
damage zone are different. Thus, two fatigue modes, proposed by Li et al

[45], are used to describe the fatigue damage process of the elastic
modulus in the elastic zone and damage zone of the matrix concrete.

Assuming that the damage accumulation D(N) remains constant over
one fatigue cycle, considering the boundary conditions N = 0 when
D = 0, and N = NF when D = 1, the fatigue damage evolution equation
for damage and elastic zone concrete can be written in Eqs. (29) and
(30), respectively.

Dd(N) = 1 −

[

1 −

(
N
NF

)1− c
] 1
b+1

(29)

De(N) = 1 −
[

1 −
N
NF

] 1
b+1

(30)

When c = 0, the fatigue damage in damage zone Dd(N) degenerates
into the fatigue damage in elastic zone De(N). Therefore, after one day of
cold region tunnel environment, the bulk modulus for the damaged and
elastic zone concrete can be calculated based on elastic modulus: Kd =

Fig. 13. Schematic diagram of the concentric layered Represented Area Element model.

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

C1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Dε

√
Rc

̅̅̅̅̅̅̅̅
1− Dε

√
− 1 − C2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Dε

√
Rc −

̅̅̅̅̅̅̅̅
1− Dε

√
− 1 =

(1+ v)
E

PcRc2

Rb2 − Rc2

(

1 − 2v −
Rb2

Rc2

)

C1Rc
̅̅̅̅̅̅̅̅
1− Dε

√
− 1 + C2Rc −

̅̅̅̅̅̅̅̅
1− Dε

√
− 1 =

(1+ v)
E

PcRc2

Rb2 − Rc2

(

1 − 2v+
Rb2

Rc2

) (25)
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(1 − Dd)E0/3(1 − 2v) and Ke = (1 − De)E0/(3 − 6v), respectively. Sub-
sequently, the generalized self-consistent model based on Mori-Tanaka
homogenization scheme [46] was adopted, which involves conceptual-
izing the porous material as composed of spherical voids embedded in a
homogeneously solid matrix. The generalized self-consistent model was
adopted to calculate the effective elastic modulus of the combination of
encapsulation concrete layer and pore as rendered in Fig. 15.

The bulk modulus K of this composite material 01 can be expressed
in the form

K01 = K1 +
c01(K0 − K1)(3K1 + 4G1)

3K1 + 4G1 + 3(1 − c01)(K0 − K1)
(31)

Where c01 = R03/R13 represents the volume fraction of material 0 in the
composite material 01, and G1 represents the shear modulus of material
1.

For concrete that has undergone fatigue damage, it should be
considered as a composite material composed of three different phases,
i.e., pores, damaged concrete, and undamaged concrete, as illustrated in
the Fig. 16:

To determine the material parameter K12 for the composite material
composed of material 1 and material 2, the Eq. (31) was still used for
calculation. The bulk modulus K012 of the material, formed by the
combination of materials 0, 1, and 2, can be expressed as a combination
of material 0 and material 12, as well as a combination of material 01
and material 2. Therefore, we have:

K012 = K12 +
c02(K0 − K12)(3K12 + 4G12)

3K12 + 4G12 + 3(1 − c02)(K0 − K12)

= K2 +
c12(K01 − K2)(3K2 + 4G2)

3K2 + 4G2 + 3(1 − c12)(K01 − K2)
(32)

Where c02 = R03/R23 represents the volume fraction of material 0 in the
composite material 012, c12 = R13/R23 represents the volume fraction of
material 01 in the composite material 012.

Based on Eq. (32), the effective bulk modulus K12 of composite
material 12 can be obtained. Simultaneously, assuming that the Pois-
son’s ratio of concrete remains constant, i.e., v2 = v1 = v, and K12 in the
equation is independent of the bulk modulus of the material within the
pores. By solving Eq. (32), the effective bulk modulus K12 of composite
material 12 can be obtained after one fatigue cycle:

K12 =
K012(3c02 + 4b)
4b(1 − c02)

(33)

b =
3(1 − 2v)
2(1+ v)

Building upon the aforementioned concept, the elastic modulus
evolution of the encapsulation concrete layer under the cold region
tunnel environment can be ultimately determined. During freezing
process, concrete located in the damage zone not only experiences fa-

Fig. 15. The generalized self-consistent model of two different materials.

Fig. 16. The generalized self-consistent model of concrete under fa-
tigue damage.Fig. 14. Schematic diagram of concrete deterioration at the freezing process.
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tigue damage DL resulting from the fatigue damage, but also endures
damage Dε from phase transition. To account for the combination of
these two types of damage, a general form of the stress–strain rela-
tionship for damaged concrete is considered as:

σ = Eini(1 − DL)(1 − Dε)ε = Eini(1 − Dm)ε (34)

Therefore, the total damage factor for the concrete in the damaged
zone can be obtained as:

Dm = DL+Dε − DLDε (35)

For computational convenience, it is assumed that the damage
incurred by concrete in the damage zone during the phase transition is a
constant value, with this value being taken at the pore wall, i.e., Dε =

Dε(R).

6. Numerical application and discussion

To determine the deformation of pores during the phase transition of
pore water, Eq. (16) is employed. The parameter values necessary for the
per-melting dynamics model are presented in Table 3.

It should be noted that the elastic modulus E of the concrete matrix in
Eq. (16) gradually decreases with an increasing fatigue cycle number,
and this value is difficult to directly measure. Therefore, to reasonably
infer the elastic modulus of the concrete matrix, the generalized self-
consistent model is still employed, as depicted in Fig. 15. Here, the
concrete is considered a composite material consisting of a concrete
matrix (with a bulk modulus of K1) and pores (with a bulk modulus of
K2), resulting in a composite bulk modulus of K12. Subsequently, Eq.
(31) is used to calculate the bulk modulus K1 of the concrete matrix,
given the total bulk modulus of the concrete (K12). The elastic modulus
of the concrete of all group is shown in Table 4.

In Eq. (31), c01 represents the porosity of the concrete. It is important
to note that the porosity of the concrete should not be solely determined
by the porosity obtained from the Region Growing Algorithm of the
digital images from CT scans. Due to the limitations of CT resolution,
pores with a radius smaller than 35 μm cannot be segmented from the
images. Therefore, the porosity of the concrete under various conditions
in this study is composed of three parts: The first part is the porosity of
the cement paste obtained through the Mercury Intrusion Porosimetry
(MIP), with specific values provided in our previous study [37]. The
second part is the voids in the concrete obtained from CT scans. The
third part is the porosity of the aggregates. Since this study assumes that
aggregates do not contain pores, the porosity is considered to be 0. To
calculate the total porosity of the concrete, it is also necessary to use
image segmentation methods to calculate the volume fractions of the
cement paste and aggregates in the concrete digital images. The total
porosity of all group concrete is shown in Table 5.

For the Mazar damage model parameters AT and BT defined in Eq.
(18), the typical ranges for these values for general concrete materials
are 0.7 ≤ AT ≤ 1，104 ≤ BT ≤ 105. Therefore, in this study, AT =

0.7，BT = 104 were adopted in this study. In the micromechanical
damage model, by solving Eqs. (27) and (28) simultaneously, the radius
of the damaged zone Rc can be obtained. The elastic zone radius Rb, as

introduced earlier, is determined by the interval between pores within
the concrete. As shown in the Fig. 6, after extracting all pore voxels using
the Region Growing Algorithm, the Euclidean distance from each pore to
its nearest neighbor was calculated. Half of this distance is then taken as
the elastic zone radius Rb, and adopted in micromechanical damage
model. The pore interval distribution for each group is provided in the
Fig. 17.

From Fig. 17, it can be observed that for the majority of pores, their
interspacing is significantly larger than their respective radii. Therefore,
the assumption that the pore interspacing is sufficiently large, and the
mutual interaction of frost forces between pores can be neglected, is
considered reasonable. In Eq. (30), the parameters of the concrete fa-
tigue damage model are crucial for the process of pore structure failure.
To determine the parameters c and b, the parameter fitting using the
dynamic modulus loss data for each group was conducted. The experi-
mental damage factor for each condition can be expressed as D =

1 − Ed(N)Ed0 , where Ed0 is the initial dynamic modulus of elasticity of con-
crete before damage. Fitting the relative dynamic modulus data in Fig. 4
(b) using Eq. (30), the fitting parameters for each condition are obtained
and shown in Table 6.

The aforementioned computational process was implemented by
using MATLAB. Firstly, utilizing Eq. (16), the pore radius when the ice
expands to a steady state is calculated. By solving Equations (16), (27),
and (28) simultaneously, the radius of the damaged zone (Rc) under the
freezing state can be obtained. When the ice inside the pore melts, at this
point, the elastic strain of the concrete fully recovers. The increase in the
pore radius due to the irreversible residual deformation is then calcu-
lated as R + up. Additionally, at this moment, considering that the
concrete in the damaged zone undergoes fatigue damage, the elastic
modulus of the encapsulation concrete can be calculated using Eq. (33).
Repeating these steps, the variation in the concrete pore structure and
the degradation process of the elastic modulus can be obtained,
ultimately.

After compiling the changes in all pores within the concrete for each
group, a comparison is made with the simulated results, as shown in the
Fig. 11. The horizontal axis represents the equivalent radius of pores in
concrete before undergoing freeze–thaw cycles (i.e., at 0 days of service
age), and the vertical axis represents the equivalent radius of pores in
concrete after a certain number of freeze–thaw cycles (i.e., at 25 days or
100 days of service age). In the DVC experimental results, pores with an
average ZNCC fitting degree of less than 0.9 at each point on the pore
boundary are ignored to eliminate the influence of outliers on the
experiment:

In Fig. 18, the analysis results are in good agreement with the
experimental results. Therefore, the proposed micromechanical damage
model appears suitable for the predictions of the evolution of concrete
pore structure under the cold region tunnel environment. Based on the
proposed multi-scale damage evolution model, the degradation process

Table 3
Typical values for the parameter used in the analysis.

Parameter Symbol Value Unit

Latent heat L 334 × 103 m2 s− 2

Thermal conductivity kl 2 kg m s− 3 K− 1

Density of ice ρs 0.92 × 103 kg m− 3

Density of water ρl 103 kg m− 3

Temperature change ΔT 18 K
Melting temperature Tm 273 K

Reference state pressure Pm 1 atm
Poisson’s ratio v 0.2 Dimensionless

Ultimate tensile strain of concrete εt 3 × 10-3 Dimensionless

Table 4
The elastic modulus of all group (GPa).

MIX. ID CC NT NS

Elastic modulus 29.76 30.49 30.78

Table 5
The total porosity of all groups.

MIX.
ID

Porosity of
cement
paste%

Volume
fracture of
cement
paste%

Volume
fracture of
aggregate %

Volume
fracture of
air void %

Total
porosity

%

CC 16.80 82.29 14.95 2.76 13.85
NT 15.40 81.64 16.63 1.73 12.59
NS 15.00 83.15 15.10 1.75 12.49
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of the elastic modulus and the development of pore structure in concrete
specimens under cold region tunnel environments were studied. Addi-
tionally, the elastic modulus, pore expansion, and damage zone radius in
RAE elements of different sizes were analyzed. The PSD and PID for each
group are sourced from Fig. 7 and Fig. 17, respectively. The increase in
porosity and elastic modulus are shown in Fig. 19.

From Fig. 19 (a), it can be observed that the elastic modulus of Group
CC decreases rapidly, with a decrease of 52.25 % after 200 days, from
29.74 GPa to 14.20 GPa. Group NT and Group NS exhibit decreases in
elastic modulus of 33.62 % and 28.98 %, respectively, after 200 days.
Additionally, it is evident that the degradation pattern of elastic
modulus in Group CC is significantly different from that in Group NT and
Group NS. This difference is mainly due to variations in the parameters
of the fatigue damage model for each group. From Fig. 19 (b), it can be
seen that in the early stage of freezing damage, the overall pore volume
expansion rates in concrete for each group are relatively similar. How-
ever, in the later stage of freezing damage, there are substantial

differences in the pore volume expansion rates for each group. The pore
expansion rate in Group CC concrete reaches 70.9 %, while in Group NT
and Group NS concrete, the pore expansion rates are relatively smaller,
at 65.9 % and 62.9 %, respectively.

Nano-silica particles, due to their high activity and substantial sur-
face area, can significantly enhance the performance of cement-based
materials. The mechanisms of nano-silica modification effects are
included [16,47,48]: (1) Chemical Activity: Due to the extremely small
diameter of nanoparticles and their large specific surface area, they
possess high surface energy and contact area. (2) Filling Effect: Cement
concrete structures contain numerous microscopic pores caused by
water evaporation or uneven particle distribution. The ultra-fine nano-
material particles typically have a diameter of less than 20 nm, allowing
them to effectively fill these micropores, thereby reducing the micro-
scopic porosity, improving the pore structure, and increasing the density
of the cement paste. (3) Nucleation Effect: Based on the nucleation
principle, ultra-fine nanoparticles provide suitable nucleation sites for
crystal growth. Cement and mineral admixtures coat the nanomaterials,
allowing for rapid hydration growth. This process occurs in two stages:
the nucleation stage, where nanoparticles act as centers adsorbing other
particles, and the hydration growth stage, where nanoparticles react
with minerals or hydration products in the cement to form stable gels.
The growth of this gel occurs around the embedded nanoparticles, ul-
timately forming a dense and uniform C-S-H gel.

In order to reveal the degradation mechanisms of different condi-

Fig. 17. Pore interval distribution (PID) of all groups.

Table 6
The fatigue damage model parameters for each group.

MIX. ID CC NT NS

c 0.342 0 0
b 3.393 2.736 3.598
R2 0.9833 0.9519 0.9628
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tions in cold region tunnel environments from the perspective of indi-
vidual RAE elements, the reduction rates of elastic modulus, pore vol-
ume expansion rates, and ratio of damage concrete radius Rc to the RAE
radius Rb, which characterizes the proportion of damaged concrete in
the RAE element, are listed in Fig. 20 for each group at the freezing
damage age of 200 days.

From Fig. 20 (a), it can be seen that in the cold region environment
after 200 days, the reduction rates of elastic modulus of RAE elements in
concrete for each group increase gradually with the increase of pore
radius in RAE element. This indicates that the damage suffered by the
RAE elements occupied by larger pores is greater than that by smaller

pores, leading to a lower elastic modulus of the RAE elements at 200
days of freezing damage. It can also be observed that the RAE elements
in the NT and NS groups, where nanomaterials are incorporated, exhibit
significantly higher elastic modulus values compared to the CC group.
From Fig. 20 (b), it can be seen that in each group, there is a significant
expansion in the pore volume within the RAE elements of concrete after
experiencing 200 days in the cold region environment. It can also be
observed that the pore volume expansion rates of RAE elements with
different pore radii are essentially the same, with only minor fluctua-
tions. This implies that pore volume expansion is not the main factor
leading to the reduction in elastic modulus of RAE elements with larger

Fig. 18. The evolution of the pore structure of concrete subjected to different age of cold region environment.
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pore radii. The ratio of the damage zone concrete radius Rc to the un-
damaged zone concrete radius Rb in the RAE elements of each group
gradually increases with the increase of pore radius in the RAE elements,
as rendered in Fig. 20 (c). Moreover, the trends of the values of Rc/Rb for
each group are the same as the pore radius changes. In fact, this is mainly
because, as shown in the pore interval distribution (PID) curve in
Fig. 17, the intervals between pores of different sizes are generally in the
range of 0.5–1.5 mm. With the increase of pore size, the proportion of
the pore portion in the RAE elements becomes larger, while the concrete
encasement layer that inhibits pore expansion becomes smaller. This
results in the damage zone concrete radius Rc generated when water
inside the pores freezes and expands becoming closer to the RAE

element radius. In fact, there are often a large number of small pores
surrounding large pores in concrete, with the small pores being very
close to the large pores and separated only by a thin layer of cement
paste. This leads to the gradual integration of these small pores with the
large pores through the cracks after the large pores are subjected to the
pressure of freezing pore water. In RAE elements with smaller pore radii,
the damage zone concrete radius Rc generated by the freezing of pore
water is smaller, and the proportion of the pore volume in the RAE el-
ements is also smaller. Therefore, after the cold region environment, the
main component of the RAE elements is still the undamaged zone con-
crete. Although larger pores in concrete often cause more severe dam-
age, their quantity is relatively small. On the other hand, small pores are

Fig. 19. The macro-performance deterioration of all groups based on the micromechanical damage model.

Fig. 20. The performance evolution of RAE elements.
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abundant in concrete and are important components of the pore struc-
ture. Therefore, the overall reduction in elastic modulus of concrete is
still dominated by RAE elements with smaller pores.

7. Conclusion

In this study, the service environment of concrete in a simulated cold
region tunnel was modeled, and in-situ CT scanning was employed to
monitor the evolution of pores in different nano-modified concretes over
time. The study provides useful insights into the application of nano-
materials for improving concrete durability in cold regions. While
nano-materials may be relatively expensive, their use in critical sections
of infrastructure can significantly enhance performance and longevity,
justifying the cost for key engineering projects. Key innovations and
findings from the study include:

(1) Significant differences in failure modes were revealed through
mass and resonant frequency testing after nano-material modifi-
cation. Concrete modified with nano-silica (NS) and nano-
titanium (NT) exhibited longer service lives compared to the
control group (CC). Digital volume images indicated that while
the control concrete showed continuous increases in small pores
and the expansion of large pores, the nano-modified concretes
effectively inhibited the connection of large pores with small
pores. This prevention of larger harmful pore formation was more
pronounced after 100 days, demonstrating the effectiveness of
nano-materials in suppressing pore volume expansion in cold
region environments.

(2) A novel micromechanical fatigue-damage coupled analysis model
was developed to investigate the impact of pore water crystalli-
zation on concrete pore structures. Utilizing pre-melting dynamic
theory, the model analyzed the expansion stress on pore walls
during water crystallization. By dividing the concrete into un-
damaged and damaged zones, elastic mechanics were applied to
undamaged zones and damage mechanics to damaged zones.
Both low-cycle and high-cycle fatigue were employed to describe
the reduction in elastic modulus, and the generalized self-
consistent model was used to study the overall modulus.

(3) The analysis of RAE elements of different sizes revealed that the
elastic modulus deterioration was more significant in elements
with large pores due to the thinner concrete encapsulation layer.

However, as small pores constituted a larger proportion of the
volume, the overall elastic modulus of concrete was still domi-
nated by the performance changes of RAE elements with small
pores. This finding underscores the critical role of pore size dis-
tribution in the durability and mechanical properties of concrete
under cold region conditions.
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Appendix

As rendered in Fig. 21, consider a pore with a radius R containing ice with a radius Rice, and the remaining space in the pore filled with liquid water.
At this point, the radius of the ice increases by dRice. Simultaneously, due to the pressure exerted by pore water on the pore wall, the pore radius also
increases by dR. Analyze the mass conservation of water on the enveloping surface at a radius r (where r > R). The mass change of water within the
enveloping surface at this moment is composed of two parts: one arising from the density difference between ice and water and the other from pore
expansion. Therefore, it can be expressed as:

4πr2V(r, t)ρL =
[
4
3

π
(

Ṙice + Rice
)3

−
4
3

πRice3
]

Δρ −
[
4
3

π
(
Ṙ+ R

)3
−
4
3

πR3
]

(1 − ϕ)ρL (36)

The first term on the left side of the equation represents the mass flux of water through the enveloping surface with a radius of r. The first term on the
right side of the equation signifies the reduction in water mass within the enveloping surface due to ice expansion. The second term on the right side
represents the increase in water mass within the enveloping surface caused by pore expansion. Simplifying the equation and neglecting higher-order
terms, we obtain:

r2V(r, t)ρL = Rice2ṘiceΔρ − R2Ṙ(1 − ϕ) (37)

Ultimately, it can be expressed as:

V(r, t) =
Δρ
ρL
Rice2Ṙice
r2

−
R2Ṙ
r2

(1 − ϕ), r > R (38)
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When r < R, the second term on the right side of the equation, representing the mass increase caused by pore expansion, vanishes. Therefore, it can be
written as:

V(r, t) =
Δρ
ρL
Rice2Ṙice
r2

, r < R (39)
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