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Abstract

Cement-based grouting materials may suffer strength loss and impermeability degrada-
tion when exposed to oil- and gas-bearing corrosive environments. In this study, 7.0%
waterborne epoxy resin was used as a polymer admixture to improve the durability of
cement-based grout under coupled corrosive exposure. Actual corrosive fluid from an engi-
neering site and accelerated dry–wet cycling were used to simulate the service environment.
The evolution of mechanical properties, impermeability, and dominant microstructural
damage was then examined. The results show that the unmodified grout deteriorated
markedly during cyclic exposure. After 120 cycles, its compressive strength decreased from
37.4 MPa to 26.2 MPa, the elastic modulus decreased by 44.1%, and the impermeability
pressure dropped from 0.9 MPa to 0.3 MPa. By contrast, the grout containing 7.0% water-
borne epoxy resin showed better durability. The strength and modulus losses were limited
to 17.4% and 21.0%, respectively, and the impermeability pressure remained at 0.6 MPa,
about twice that of the unmodified grout. Microscopic results indicate that dry–wet alterna-
tion promoted aggressive ingress and crack growth. The epoxy phase formed a relatively
continuous film in the matrix, reduced penetration pathways, and slowed internal damage
development. Based on the observed damage evolution, a mechanical prediction model
and a new impermeability grading method were established. These findings show the
potential of polymer admixture modification for improving the long-term performance of
cement-based grouting materials in aggressive environments.

Keywords: cement-based grouting materials; waterborne epoxy resin; durability degradation;
microstructural damage; corrosive environment

1. Introduction
With the expansion of underground infrastructure into deeper and more complex

geological formations, cementitious grouting materials are increasingly required to serve
in aggressive environments. In oil- and gas-bearing strata, groundwater, hydrocarbon-
related media, corrosive ions, and dry–wet alternation may coexist [1]. In this study, an
oil- and gas-bearing corrosive environment is defined as a complex service condition
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involving sulfate, chloride, organic matter, corrosive gases (H2S, CO2), and periodic dry–
wet cycles. This exposure is not a simple salt corrosion problem. It involves coupled
transport, chemical reaction, pore structure degradation, and crack development within the
grout matrix. Once the material loses strength, compactness, or impermeability, its sealing
and reinforcing functions are gradually weakened, which may further affect seepage control
and long-term structural reliability [2]. Therefore, clarifying the degradation behavior and
modification mechanism of cementitious grouting materials under oil- and gas-bearing
corrosive environments is important for durability design and performance optimization.

To address rock mass stability and seepage control under complex geological con-
ditions, grouting reinforcement has been widely applied in tunnel engineering [3]. By
injecting slurry materials into rock fractures and pores, grouting can effectively seal discon-
tinuities, enhance rock mass integrity, and block seepage pathways, thereby improving the
mechanical performance and impermeability of the surrounding rock [4]. In strata contain-
ing oil, gas, and other hazardous media, the function of grouting materials is not limited
to improving load-bearing capacity. More importantly, they are expected to form a stable
and durable seepage barrier that prevents corrosive agents from contacting excavation
surfaces during construction and from penetrating lining structures during service [5–7].
The reliability of this barrier largely depends on the long-term performance stability and
durability of the grouting material itself under complex corrosive environments [8,9]. Exist-
ing studies have shown that corrosion-induced deterioration of grouting and cementitious
materials is closely related to saline ions, harmful gases, and their coupled effects in forma-
tion water. Li et al. [10] experimentally investigated the corrosion degradation behavior of
HOC grouting materials under sulfate exposure, attributing the performance deterioration
to the formation and growth of ettringite crystals and gypsum corrosion. Based on field
damage surveys, Ma and Li. [11] summarized the damage characteristics and underlying
causes of railway tunnel lining concrete in sulfate environments. Xie et al. [12] analyzed
the sulfate resistance of cement-based composite binders at different temperatures and
clarified the role of temperature in corrosion progression. Zhou et al. [13] optimized the
strength and sulfate resistance of cement-based grouting materials using response surface
methodology. Xie et al. [14] examined the corrosion behavior of oil-well cement stone
under acidic environments and proposed corresponding protection strategies. Xu et al. [15]
investigated the erosion resistance of masonry materials subjected to organic acid–sulfate
solutions under dry–wet cycling conditions. Ma [16] explored the durability degradation
of shaft lining concrete under combined chloride–sulfate attack and discussed the influ-
ence of strength grade on corrosion resistance. Wang et al. [17] analyzed the effect of fly
ash and ceramic waste powder incorporation on the performance and microstructure of
cementitious materials subjected to sulfate attack and dry–wet cycling. Zhou et al. [18]
conducted experimental investigations and theoretical modeling on strength degradation
of concrete in sulfate environments. Zeng [19] studied the mechanical performance evolu-
tion of fly ash concrete under the coupled action of mechanical loading and sulfate attack.
These studies generally indicate that, in sulfate environments, SO4

2− reacts with cement
hydration products to form expansive corrosion products such as ettringite and gypsum,
leading to microcrack initiation and propagation and, consequently, reductions in strength
and impermeability. Under chloride exposure, Cl− ingress destabilizes hydration products
and accelerates pore structure degradation. Moreover, dry–wet cycling promotes repeated
accumulation and transport of corrosive media within the material, further amplifying the
damage process.

However, existing studies have predominantly focused on single aqueous salts or
simplified chemical environments. When the corrosive condition evolves into a multiphase
system involving the coexistence of oil, gas, water, and corrosive species, the corrosion
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pathways, transport mechanisms, and reaction processes become significantly more com-
plex. Xu et al. [20] investigated the true triaxial strength characteristics of cement stone
under sulfate attack through combined experimental and theoretical approaches, revealing
the evolution of its mechanical behavior. Zhang et al. [21] characterized the performance of
pozzolan-modified oil-well cement exposed to mixed CO2 and H2S gases under geologi-
cal carbon storage conditions and clarified its corrosion behavior in acidic environments.
She et al. [22] examined the corrosion behavior of cement slurry under hydrogen sulfide
exposure in natural gas well conditions and summarized its influence on material per-
formance. Zhang et al. [23] further explored the interactions between acidic gases and
pozzolan-modified oil-well cement under co-storage exposure conditions, clarifying the
role of different environmental factors during the corrosion process. At the microstructural
level, Mei et al. [24] revealed the evolution of silicate structures during hydrogen sulfide cor-
rosion of tricalcium silicate and dicalcium silicate. Yang et al. [25] conducted a comparative
analysis of oil-well cement stone subjected to hydrogen sulfide and sulfuric acid corrosion.
Ma et al. [26] investigated the corrosion mechanisms of cement stone exposed to hydrogen
sulfide gas at elevated temperatures. Yang [27] experimentally analyzed the corrosion
mechanisms of cement sheaths used in marine acidic gas reservoirs. Fu et al. [28] examined
the influence of slag incorporation on the resistance of cement stone to thaumasite-type
sulfate attack. Da et al. [29] elucidated the deterioration mechanisms of buried cement
paste in high-sulfate saline soils. Lv et al. [30] investigated corrosion inhibitors for oil-well
cement slurries used in acidic gas reservoirs with high hydrogen sulfide content. Tan
et al. [31] developed oil-well cement-based composites designed to resist corrosion induced
by carbon dioxide and hydrogen sulfide at elevated temperatures, and proposed strategies
for improving cement corrosion resistance. Although these studies provide important evi-
dence for understanding cementitious materials exposed to aggressive media, the grouting
materials used in underground engineering differ from oil-well cement in service form,
stress state, flow path, and functional requirements. Therefore, the deterioration behavior
of grouting materials under oil- and gas-bearing corrosive exposure still requires further
investigation, especially when mechanical properties, impermeability, and microstructural
damage are considered together.

From a corrosion mechanism perspective, suppressing the penetration and migration
of corrosive media within grouting materials, reducing pore connectivity, and delaying
microcrack propagation are key approaches to enhancing long-term impermeability and
durability under oil- and gas-bearing corrosive environments. In recent years, waterborne
epoxy resin has been widely used in grouting engineering due to its excellent sealing,
impermeability, and bonding performance. However, its long-term durability and modifi-
cation mechanism under the coupled action of oil–gas corrosive media and dry–wet cycling
remain unclear. Therefore, waterborne epoxy resin is selected in this study to improve the
corrosion resistance of grouting materials [32]. Previous studies have shown that incorpo-
rating waterborne epoxy resin into cement slurry can significantly reduce internal porosity
and improve microstructural compactness through the formation of a three-dimensional
cross-linked polymer network [33,34], leading to marked improvements in the mechanical
properties of epoxy–cement composites [35]. Peng et al. [36] investigated the corrosion
resistance of epoxy-modified oil-well cement under CO2 and H2S exposure. Pang et al. [37]
examined the formation and characteristics of cross-linked polymer networks in cement
slurry–waterborne epoxy systems. Yang et al. [38] explored the performance of waterborne
epoxy-modified cement-based rapid repair materials. Huang [39] studied the influence
of waterborne epoxy resin on the microstructural evolution of cement-based materials.
Wang [40] developed epoxy-modified composite grouting materials and provided an in-
depth analysis of their modification mechanisms. Collectively, these studies demonstrate
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that waterborne epoxy resin can improve the pore structure, mechanical performance, and
corrosion resistance of cementitious materials. Nevertheless, the coupled effects of oil–gas-
related corrosive media and dry–wet cycling on the durability, damage evolution, and
modification mechanism of cement-based grouting materials have not been systematically
revealed, which forms a clear research gap.

Based on the above background and research gaps, it is necessary to systematically
investigate the performance evolution and durability improvement of cementitious grout-
ing materials under oil- and gas-bearing corrosive environments. The novelty of this study
is clearly distinguished from previous work as follows: (1) Actual tunnel discharge fluid
was used to simulate the real multi-phase corrosive environment, which is more consistent
with engineering practice than traditional single salt solution; (2) The coupled degradation
of mechanical properties and impermeability under dry–wet cycling and oil–gas corrosion
was systematically revealed; (3) A mechanical performance prediction model with criti-
cal deterioration threshold and a new impermeability grading method were established
for grouting materials in oil- and gas-bearing strata. Taking a representative engineer-
ing site exposed to oil–gas-associated corrosive conditions as the background, this study
employs mechanical testing, impermeability evaluation, nondestructive inspection, and mi-
crostructural characterization to examine the degradation behavior and damage evolution
of grouting materials subjected to the coupled effects of multiphase corrosive media and
dry–wet cycling. Waterborne epoxy resin is further introduced as a polymer admixture to
modify conventional grouting materials, with particular emphasis on its role in inhibiting
corrosive media ingress, reducing permeability loss, and delaying microcrack propagation.
Based on the observed damage evolution, a mechanical prediction model and a new imper-
meability grading method are established. The findings are expected to provide a reference
for durability assessment, polymer admixture modification, and performance optimization
of cementitious grouting materials used in aggressive civil engineering environments.

2. Engineering Background
The Huaying Tunnel was selected as the engineering background for this study. It

is located in the central Huaying Mountain area on the eastern margin of the Sichuan
Basin, where the regional geology is controlled by the parallel ridge–valley structural belt
of eastern Sichuan (Figure 1). The tunnel is designed as two separated tubes. Each tube is
approximately 6.6 km long, and the maximum burial depth reaches about 900 m. These
features make the project a representative deep-buried mountain tunnel with complex
geological and environmental conditions. The tunnel alignment passes mainly through
non-coal sedimentary formations, including the Lower Triassic Jialingjiang Formation
(T1j), the Permian Qixia Formation, and the Carboniferous Huanglong Formation (C2h).
Medium- to thick-bedded limestone and dolomite are the dominant lithologies, with local
interlayers of argillaceous limestone, carbonaceous shale, and thin mudstone. Due to the
combined effects of faulting, folding, and karstification, soluble rocks are widely developed
along the tunnel route and account for nearly 80% of the total tunnel length. Karst fractures,
dissolution pores, and cavities are also well developed. As a result, groundwater migration
is highly uneven, and seepage channels are strongly controlled by fractured and karstified
rock masses.

Field investigation and special monitoring further revealed a complex gas-bearing
and corrosive environment along the tunnel. Approximately 38% of the tunnel sections
were associated with methane or other toxic and hazardous gases. In addition to coal-
related and structurally controlled sections, hydrogen sulfide, carbon dioxide, and oil–gas
components were detected in several non-coal strata. During excavation, oil–water mixtures
accompanied by natural gas and hydrogen sulfide were encountered, and relatively high
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gas concentrations were recorded in some sections. Groundwater testing showed that the
water in the studied section had moderate corrosivity to grouting materials and concrete
structures. Its organic constituents and main ionic compositions are listed in Table 1.
Under these conditions, grouting is required not only for surrounding rock reinforcement
and seepage control, but also for improving the durability of the support system in a
multiphase corrosive environment. Therefore, this project provides a typical engineering
case for investigating the performance evolution and durability mechanism of cementitious
grouting materials in non-coal oil- and gas-bearing strata.

Figure 1. Tunnel location and longitudinal section.

Table 1. Analysis of chemical components in discharge fluids from the Huayingshan Tunnel.

Component Type Carbon Number
Range/Ion Species Content Unit Remarks

Organic components

C3–C6 11.28 % Including C3(0.32%), C4(0.59%),
C5(3.53%) and C6(6.84%)

C7–C14 65.34 % Maximum C8 content of 26.05%
C15–C20 4.23 % Combined value
C21–C27 0.67 % Combined value

Aromatics 17.65 % Principal aromatic components

Inorganic ions

SO42- 1035.21 mg·L−1

Cl− 443.68 mg·L−1

Na+ 817.99 mg·L−1

K+ 46.84 mg·L−1

Mg2+ 24.52 mg·L−1

Ca2+ 28.18 mg·L−1

F− 7.20 mg·L−1

NO3
− 19.25 mg·L−1

3. Experimental Procedure
3.1. Raw Materials and Preparation of Modified Grouting Specimens

P·HSR42.5 cement produced by China Huaxin Cement Co., Ltd (Huangshi, China). was
selected as the main binder. Its physical and mechanical properties meet the requirements of
the relevant Chinese standards [41]. The cement has a density of approximately 3.1 g/cm3,
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and its 28-day compressive strength is higher than 42.5 MPa. The initial setting time is not
less than 45 min, while the final setting time does not exceed 600 min. The main chemical
composition of the cement is given in Table 2. To improve the resistance of the grout to
oil- and gas-related corrosive exposure, hydrophilic waterborne epoxy resin supplied by
Qingdao Zhuonengda Construction Technology Co., Ltd (Qingdao, China). was used as a
polymer modifier. The resin has a solid content of 49% and an epoxy equivalent weight of
413 g/mol. Tap water meeting the current national requirements was used for mixing [42].
All mixtures were prepared with the same reference proportion, and the water-to-cement
ratio was fixed at 0.44. The epoxy dosage of 7.0% was selected with reference to the literature
range of 2–20%. The 7.0% dosage is calculated by mass of cement, referring to the total
amount of epoxy emulsion. This study aims to verify the improvement effect compared with
the unmodified group, rather than determine the optimal content. The epoxy emulsion was
directly added into the mixing water during mixing. The water from the epoxy emulsion is
counted into the total water when calculating the water-to-cement ratio.

Table 2. Chemical composition of the cement.

Item SiO2 Al2O3 K2O Na2O Fe2O3 MgO CaO LOI

Content (%) 22.4 3.97 0.43 0.3 5.27 1.99 62.83 0.45

The grout was prepared according to the procedures specified in Test Methods for
Water Requirement of Normal Consistency, Setting Time and Soundness of Cement (GB/T
1346-2024) [43]. During mixing, the water and admixture solution were first added to
the mixing bowl, and the cement was then introduced gradually within 5–10 s to avoid
splashing. The mixture was mixed at low speed for 120 s, paused for 15 s to scrape the
blades and the inner wall of the bowl, and then mixed at high speed for another 120 s.
Specimens were fabricated following the Standard for Test Method of Basic Properties of
Building Mortar (JGJ/T 70-2009) [44]. Cubic specimens of 70.7 mm × 70.7 mm × 70.7 mm
were prepared for compressive strength testing. Frustum-shaped specimens with an upper
diameter of 70 mm, a lower diameter of 80 mm, and a height of 30 mm were prepared for
permeability testing. After casting, the specimens were kept in molds for 24 h and then
demolded. For each test condition, three specimens were used for compressive strength
testing and six specimens were used for permeability testing. All demolded specimens
were cured under standard conditions until the designed test ages. The preparation process
is shown in Figure 2.

Figure 2. Schematic diagram of the specimen preparation process.
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3.2. Experimental Program

To simulate the exposure conditions of grouting materials in non-coal oil- and gas-
bearing strata, the actual gushing fluid collected in March 2025 at K10 + 170 section of the
right tunnel of Tunnel was used as the corrosive medium. The fluid was stored in sealed
special containers and replaced every 30 days to maintain stable chemical composition
during cycling. Its organic constituents and major ionic compositions are listed in Table 1.
Three groups, denoted as G1, G2, and G3, were designed according to the incorporation
of waterborne epoxy resin and the immersion medium used during dry–wet cycling. The
detailed test configurations are given in Table 3. To accelerate the long-term deterioration
of the grout under corrosive exposure, the dry–wet cycling regime was designed with
reference to the sulfate attack procedure specified in the Standard for Test Methods of Long-
Term Performance and Durability of Ordinary Concrete (GB/T 50082-2009) [45]. After
standard curing for 26 days, the specimens were removed, surface-dried, and oven-dried
at (80 ± 5) ◦C for 48 h. This treatment was conducted two days prior to the standard
28-day curing age. They were then cooled to room temperature under dry conditions.
Subsequently, the specimens were immersed in the corresponding solutions for 15 ± 0.5 h
at 25–30 ◦C. After immersion, they were naturally air-dried for 30 min, oven-dried for 6 h,
and cooled to 25–30 ◦C within 2 h. This process was defined as one dry–wet cycle. The
cycling procedure is shown in Figure 3. In this study, 0, 30, 60, 90, and 120 cycles were
selected. The maximum number of cycles and test intervals were determined with reference
to typical settings in relevant literature [46,47]. The G1 group subjected to freshwater dry–
wet cycling was used as the reference group, allowing the effects of corrosive media and
waterborne epoxy modification to be evaluated comparatively. After undergoing the
specified number of cycles, a small block of approximately 5 mm3 was rapidly chipped
from the core region of the cube (for SEM analysis) and the remainder was crushed and
ground into powder (for XRD analysis). The samples were immediately immersed in
anhydrous ethanol to halt hydration for 24 h, and subsequently dried in a vacuum oven
at 60 ◦C until constant weight was achieved. Prior to observation, the SEM specimens
were surface-sputtered with gold using a high-resolution sputtering system (to form a
gold coating of approximately 15 nm) to enhance conductivity. It should be noted that
high-temperature drying at 80 ◦C may affect the damage state of materials. It accelerates
water evaporation and may slightly exacerbate matrix damage compared with natural
air drying. However, this accelerated aging method does not alter the intrinsic corrosion
mechanism of the materials and merely shortens the test period. Therefore, the derived
damage evolution law can still reflect the long-term degradation trend of grouting materials
in practical engineering.

Table 3. Experimental groups and working conditions.

Group Condition Name Aqueous Epoxy Resin Dosage (wt.%) Wetting–Drying Cycle Medium

G1 Control group — Deionized water
G2 Corrosion group — Original tunnel discharge fluid
G3 Modified group 7.0 Original tunnel discharge fluid

To characterize the degradation of grouting materials under oil- and gas-bearing
corrosive exposure, mechanical, permeability, nondestructive, and microstructural tests
were conducted after different numbers of dry–wet cycles. The mechanical properties were
evaluated by uniaxial compressive strength and elastic modulus tests on cubic specimens.
The specimens were loaded to failure at a constant loading rate, and the elastic modulus was
calculated from the linear portion of the stress–strain curve to quantify stiffness degradation.
The impermeability performance was evaluated using impermeability pressure as the main
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indicator. During the test, water pressure was increased stepwise, and the impermeability
pressure was defined as the maximum pressure sustained without seepage by at least four
of the six specimens in each group. A permeability retention ratio was further introduced
to quantify the loss of impermeability caused by cyclic corrosion. The impermeability
retention ratio is defined as the ratio of the impermeability pressure after N cycles to the
initial pressure, following the principles for evaluating long-term performance degradation
as per GB/T 50082-2009 [45]. Ultrasonic pulse velocity measurements were performed
at different cycling stages to monitor internal damage nondestructively, with changes in
longitudinal wave velocity used to reflect pore coarsening and microcrack development.
Representative specimens were also examined by scanning electron microscopy and X-ray
diffraction. SEM was used to observe pore structure, microcracks, and corrosion products,
while XRD was used to identify mineral phase evolution, especially the formation of
expansive products such as ettringite and gypsum. The damage evolution under coupled
corrosion and dry–wet cycling was evaluated using macroscopic, nondestructive, and
microstructural analyses.

Figure 3. Schematic diagram of the dry–wet cycling process.

3.3. Test Apparatus

The main instruments used for mechanical, permeability, nondestructive, and mi-
crostructural tests are presented in Figure 4. The compressive strength and elastic modulus
of the grouting materials were measured using a WAW-1000 electro-hydraulic servo univer-
sal testing machine. The equipment has a maximum axial loading capacity of 1000 kN and
can record load and displacement data during loading. The elastic modulus was calculated
from the complete stress–strain curves obtained from the recorded load and displacement
data. Impermeability tests were carried out using an SS-15 mortar permeability tester,
which allowed stepwise hydraulic pressure loading during the test. The microstructure
and phase composition of the specimens were examined using a JSM-7800F scanning elec-
tron microscope and a D8 Advance X-ray diffractometer, respectively. SEM was used to
observe pore structure, microcracks, and corrosion products, while XRD was used to iden-
tify changes in hydration products and corrosion-related mineral phases before and after
exposure. In addition, a ZT108 ultrasonic pulse velocity tester was used for nondestructive
evaluation of internal defects. The instrument has a transit time measurement range of
0–640,000 µs and an accuracy of ±0.05 µs, which meets the requirements for tracking wave
velocity changes caused by internal damage development.
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Figure 4. Experimental setup.

4. Experimental Results Analysis
4.1. Evolution of Mechanical Properties

The compressive strength and elastic modulus of the grouting materials under dif-
ferent exposure conditions are listed in Table 4. Their variations with dry–wet cycles are
shown in Figures 5 and 6. In general, the mechanical response of the specimens showed
two stages: a slight increase or limited change at the early exposure stage, followed by
gradual deterioration as the number of cycles increased. This trend was more evident in
the corrosion group than in the reference and modified groups. As shown in Figure 5, the
compressive strength of G2 increased slightly from 37.4 MPa to 38.5 MPa after 30 cycles.
This increase may be related to the filling effect of early reaction products, which tem-
porarily densified the pore structure. With further cycling, however, the degradation effect
became dominant. The compressive strength of G2 decreased to 31.4 MPa after 90 cycles
and further dropped to 26.2 MPa after 120 cycles, corresponding to a total reduction of
31.9%. In comparison, G1 retained a strength of 35.3 MPa after 120 cycles, with a loss of only
5.6%. The waterborne-epoxy-modified group G3 maintained a higher strength of 30.0 MPa
at 120 cycles, and its total loss was limited to 17.4%. This indicates that the incorpora-
tion of waterborne epoxy resin improved the resistance of the grout to corrosion-induced
strength degradation.

The elastic modulus showed a similar but more sensitive response to cyclic corrosion,
as shown in Figure 6. During the first 30 cycles, the elastic modulus of G2 and G3 decreased
slightly, whereas that of G1 remained almost unchanged. As exposure continued, the
stiffness loss of G2 became increasingly pronounced. After 120 cycles, its elastic modulus
decreased to 21.2 GPa, with a cumulative reduction of 44.1%. Although G3 also showed a
decreasing trend, the degradation rate was much lower. Its elastic modulus remained at
28.9 GPa after 120 cycles, corresponding to a loss of 21.0%. Compared with compressive
strength, elastic modulus was more sensitive to internal damage, indicating that stiffness
degradation can reflect microcrack development and matrix loosening at an earlier stage.

The above results suggest that the coupled action of corrosive ions, organic compo-
nents, and dry–wet cycling caused a transition from early-stage densification to damage-
dominated degradation. At the early stage, limited reaction products may fill pores and
slightly improve strength. At later stages, aggressive media gradually accumulated and
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migrated within the matrix, promoting pore coarsening, microcrack initiation, and crack
coalescence. These changes reduced both the load-bearing capacity and stiffness of the
grout. The waterborne epoxy resin helped slow this process by improving matrix integrity
and reducing connected transport pathways. As a result, the modified grout exhibited
better mechanical stability under long-term corrosive exposure.

Table 4. Compressive strength and elastic modulus of grouting materials under different conditions.

Group Cycles Compressive
Strength (MPa)

Mean
(MPa)

Standard
Deviation

Elastic Modulus
(GPa) Mean (GPa) Standard

Deviation

G1

0 37.59/36.87/37.75 37.4 0.468 37.52/37.98/38.00 37.8 0.272
30 39.13/37.13/37.12 37.8 1.158 37.65/37.83/38.02 37.8 0.185
60 38.06/37.15/35.78 37.0 1.148 34.68/35.12/35.20 35.0 0.280
90 36.92/35.83/35.83 36.2 0.629 32.75/33.18/33.07 33.0 0.223

120 36.75/34.47/34.67 35.3 1.263 32.23/32.61/32.66 32.5 0.235

G2

0 38.44/36.56/37.20 37.4 0.956 37.04/37.80/38.93 37.8 0.951
30 39.06/38.59/37.85 38.5 0.610 32.59/33.94/34.94 33.6 1.179
60 36.91/36.10/34.87 36.1 1.027 26.43/26.57/27.23 26.7 0.428
90 32.16/31.38/30.65 31.4 0.755 23.03/23.50/23.97 23.5 0.470

120 26.75/26.08/25.77 26.2 0.501 20.78/21.00/21.84 21.2 0.561

G3

0 36.52/36.18/36.20 36.3 0.191 37.12/36.01/36.67 36.6 0.558
30 36.85/36.51/36.74 36.7 0.174 35.98/34.72/35.20 35.3 0.636
60 35.67/35.32/35.51 35.5 0.175 32.85/31.65/32.10 32.2 0.606
90 33.15/32.88/33.00 33.0 0.135 30.71/29.55/30.04 30.1 0.582

120 30.12/29.85/30.03 30.0 0.137 29.54/28.30/28.86 28.9 0.621

Figure 5. Decline rate in compressive strength under different dry–wet cycle cycles.
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Figure 6. Variation in elastic modulus with the number of wet–dry cycles.

4.2. Evolution of Impermeability Performance

As shown in Figure 7, the impermeability performance of the grouting materials
changed differently under the three exposure conditions as the number of dry–wet cycles
increased. The reference group G1 showed only slight deterioration. Its impermeability
pressure decreased from 0.9 MPa to 0.7 MPa after 120 cycles, corresponding to a retention
ratio of 77.8%. By contrast, the corrosion group G2 exhibited a much faster loss of imper-
meability. Its impermeability pressure decreased to 0.5 MPa after 90 cycles and further
dropped to 0.3 MPa after 120 cycles. The final retention ratio was only 33.3%, indicating
that the corrosive medium significantly weakened the seepage resistance of the grout.
The modified group G3 showed better resistance to permeability degradation. Its initial
impermeability pressure reached 1.3 MPa, higher than those of G1 and G2. After 120 cycles
in tunnel effluent, G3 still retained an impermeability pressure of 0.6 MPa, about twice that
of G2 at the same stage, with a retention ratio of 46.2%.

The above results indicate that the corrosive components in the tunnel effluent acceler-
ated the deterioration of the internal pore structure of the grout. With repeated dry–wet
cycling, aggressive media may accumulate and migrate within the matrix, increasing pore
connectivity and forming preferential seepage paths. This process led to a rapid decrease
in impermeability pressure in G2. The addition of waterborne epoxy resin effectively im-
proved the initial impermeability of the grout and reduced the rate of impermeability loss
during cyclic exposure. This improvement may be attributed to the filling and film-forming
effects of the epoxy phase epoxy fills micropores to shrink capillary channels and forms
hydrophobic continuous films on pore walls, which helped reduce connected pores and
restrain microcrack development. Therefore, the modified grout showed better resistance
to seepage deterioration under corrosive dry–wet cycling.
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Figure 7. Results of impermeability pressure tests of the specimens.

4.3. Microstructural Analysis
4.3.1. Microstructural Morphology

SEM observations were performed to further reveal the microstructural evolution of
the grouting materials after dry–wet cycling in tunnel effluent. Representative specimens
from G1 and G2 were selected after 30, 90, and 120 cycles, while G3 was mainly examined
after 120 cycles to evaluate the long-term effect of waterborne epoxy modification. As
shown in Figure 8a, the reference group G1 retained a relatively dense and intact matrix
after clean-water cycling. Only a small number of isolated micropores were observed.
Hydration products remained clearly distinguishable, and no obvious connected cracks
or corrosion product accumulation appeared. This suggests that dry–wet cycling in clean
water caused limited damage to the microstructure of the grout.

In contrast, G2 showed a clear progressive damage pattern under tunnel effluent
exposure. After 30 cycles (Figure 8b), the matrix was still relatively compact, but slight
Ca(OH)2 precipitation appeared along the pore edges. After 90 cycles (Figure 8c), plate-
like gypsum crystals began to develop. At the same time, the C–S–H gel became looser,
and microcracks started to extend along pore boundaries. After 120 cycles (Figure 8d),
abundant needle-like and rod-like corrosion products, mainly ettringite and gypsum, filled
the pores and cracks. These products gradually connected isolated defects and formed a
crack–pore network. The crystallization and expansion of corrosion products generated
internal pressure, which promoted crack propagation and provided a microstructural
explanation for the rapid loss of impermeability and mechanical properties.

The modified group G3 exhibited a different microstructural response under the
same exposure condition (Figure 8e,f). A continuous or semi-continuous polymer film
was observed in the matrix after waterborne epoxy curing. This film covered part of the
hydration products and filled some pores, making the structure more compact. Even after
120 cycles, the corrosion products in G3 remained relatively fine and dispersed, and no
extensive connected crack network was observed. This indicates that waterborne epoxy
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resin helped reduce the penetration of aggressive media and limited crack connectivity. As
a result, the development of microstructural damage was effectively slowed.

Figure 8. SEM images of the specimens at different numbers of wet–dry cycles: (a) G1—120 times;
(b) G2—30 times; (c) G2—90 times; (d) G2—120 times; (e) G3—30 times; (f) G3—120 times.

4.3.2. Phase Evolution Analysis

XRD analysis was conducted to further identify the phase changes responsible for the
microstructural differences observed by SEM. As shown in Figure 9, the main diffraction
peaks were associated with hydration products such as CaO·Al2O3·6H2O, Ca(OH)2, and
CaCO3, together with residual C2S/C3S and corrosion-related phases such as CaSO4. After
30 dry–wet cycles, Ca(OH)2 and silicate-related phases remained dominant, while the
CaSO4 peaks were still weak. This indicates that the corrosion reaction was at an early
stage. As the number of cycles increased to 60, the peak intensities of Ca(OH)2 and silicate
phases decreased, whereas the peaks of CaSO4 and CaCO3 became stronger, suggesting
that sulfate-related reactions had gradually intensified. After 90 cycles, the Ca(OH)2

peaks decreased more clearly, and the CaSO4 peaks increased further. Meanwhile, the
CaCO3 peaks started to weaken, indicating that carbonate phases were also involved in the
corrosion process. At 120 cycles, the diffraction peaks of Ca(OH)2 and CaCO3 were greatly
reduced or nearly absent, while the CaSO4 peaks became more pronounced. These changes
indicate that the material had entered an advanced corrosion stage. Combined with the
SEM results, the XRD evidence suggests that the continuous consumption of CaO/Ca(OH)2

and silicate phases promoted the formation of gypsum and other sulfate corrosion products,
which contributed to pore filling, crystallization pressure, and crack propagation. The
multifaceted role of carbonation in this complex oil and gas tunnel environment: (1) The
dissolution of carbon dioxide gas triggers early natural carbonation reactions, consuming
part of the Ca(OH)2 and generating CaCO3; in the early stages, this also exerts a slight pore
micro-consolidation effect; (2) However, in the later stages, high-density CaCO3 undergoes
highly destructive Thaumasite-type sulphate erosion reactions in the high-concentration
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SO4
2− environment underground, causing the C-S-H gel to completely lose its gel matrix

structure and transform into a paste-like substance devoid of strength. This explains the
underlying microscopic chemical mechanism behind the powdery disintegration of the
matrix after 120 cycles.

Figure 9. Evolution of XRD patterns of the specimens subjected to different dry–wet cycles: (a) G2;
(b) G3.

Compared with the unmodified specimens, the epoxy-modified samples showed
slower changes in the main corrosion-related phases under the same exposure condition.
The reduction in Ca(OH)2 peak intensity was less pronounced, and the increase in CaSO4

peak intensity was also weaker. This indicates that waterborne epoxy resin delayed the
reaction between aggressive media and the cementitious matrix. The polymer phase
reduced direct contact between corrosive solutions and hydration products by limiting
transport pathways within the matrix. As a result, the consumption of original hydration
products was slowed, and the formation of expansive corrosion products was restrained.
This phase evolution is consistent with the SEM observations and provides further evidence
for the improved durability of the modified grout. After complete cross-linking and curing,
the long-chain polymer network of water-based epoxy resin (WER) exhibits a highly
disordered long-range structure, i.e., a typical amorphous polymer. Consequently, unlike
minerals such as alunite or gypsum, it does not exhibit sharp Bragg diffraction peaks with
specific crystal lath indices in X-ray diffraction (XRD) spectra; instead, it contributes only
an extremely gentle, barely perceptible broad peak (diffuse bun-shaped peak) between
2θ = 15–25◦. This is precisely the fundamental physical reason why XRD cannot directly
perform quantitative crystal identification on cured epoxy resins.

When the refined quantitative data from the full XRD spectrum revealed that the mass
fraction of gypsum surged from 2.1% to 18.4% during the 60–120th cycles, we immediately
highlighted in the corresponding Figure 8d (SEM image) the typical “flaky/plate-like
crystalline structures” (i.e., gypsum morphology) in the corresponding Figure 8d (SEM
image); Similarly, the near-complete disappearance of the Ca(OH)2 peak in the XRD
perfectly corresponds, in the SEM, to the ‘reticulated, friable, and eroded’ void morphology
exhibited by the C-S-H cementitious matrix due to severe decalcification.

4.3.3. UPV Assessment of Internal Damage

To evaluate the development of internal damage during dry–wet cycling and the
mitigation effect of waterborne epoxy, UPV tests were conducted on G1, G2, and G3
specimens after 30 and 120 cycles. All UPV measurements were conducted after surface
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drying and under controlled room temperature conditions to minimize the influence of
moisture variation on ultrasonic propagation results. The corresponding velocity and
waveform results are shown in Figures 10 and 11. As shown in Figure 10, the longitudinal
wave velocity of G1 decreased only slightly under clean-water cycling, indicating that its
internal structure remained relatively stable. In contrast, G2 and G3 exposed to tunnel
effluent showed a similar trend of a slight early increase followed by a clear decrease. The
early increase before 30 cycles may be attributed to temporary pore filling by corrosion
products. With further cycling, microcracks initiated and gradually connected, leading to
a rapid decrease in wave velocity. After 120 cycles, the velocity reduction of G2 reached
approximately 3000 m/s, whereas that of G3 was limited to about 2000 m/s. This indicates
that aggressive media and cyclic exposure promoted internal defect accumulation, while
waterborne epoxy slowed the damage process by improving matrix compactness and
restraining crack propagation. This massive reduction of 67% is indeed extremely rare in
ordinary, intact concrete structures; however, for the cement paste grout (C25 mortar/pure
paste) without coarse aggregate used in this experiment, after undergoing 120 cycles
of extremely severe dry–wet erosion by acidic oil and gas, macroscopic through-cracks
allowing fluid penetration had formed within the specimen and the matrix had become
severely ‘crumbly’ (the waveform approaches linear disintegration, see Figure 11d). Due to
the extremely high acoustic scattering and diffraction impedance of sound waves at the
air/crude oil-filled cracks, the sound transit time is drastically prolonged; consequently, the
precipitous drop in wave velocity is a genuine, objective phenomenon that fully conforms
to the laws of physics.

Figure 10. Variation in ultrasonic wave velocity of the specimens at different stages of dry–wet cycles.

The ultrasonic waveforms further reflected the evolution of internal defects under
different exposure conditions (Figure 11). Under clean-water cycling, the waveforms
of G1 remained generally stable after both 30 and 120 cycles (Figure 11a,b), with only
minor changes in wave velocity and amplitude. This suggests that dry–wet cycling alone
had a limited effect on the structural continuity of the grout. In the corrosion group
G2, the waveform changed markedly after exposure to tunnel effluent. After 30 cycles
(Figure 11c), the wave velocity decreased by about 2.3%, and the waveform showed
steep fluctuations with a maximum amplitude close to 6 dB, indicating localized internal
damage. After 120 cycles (Figure 11d), the increase in pores and cracks further disturbed the
ultrasonic propagation path. Signal attenuation became more obvious, and the waveform
gradually became smoother. The overall attenuation rate increased by approximately
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67–83% compared with the 30-cycle stage, suggesting that microcracks evolved from
isolated defects into a more connected damage network. By contrast, G3 showed a different
waveform response. After 30 cycles (Figure 11e), large peak-to-valley fluctuations of about
12 dB were still observed, indicating that the internal structure remained relatively compact.
After 120 cycles (Figure 11f), although attenuation of about 2–4 dB occurred, the waveform
deterioration was much weaker than that of G2. This confirms that waterborne epoxy
helped restrain crack growth and reduce defect connectivity.

Figure 11. Ultrasonic waveform variations of the specimens at different numbers of wet–dry cycles:
(a) G1—30 times; (b) G1—120 times; (c) G2—30 times; (d) G2—120 times; (e) G3—30 times; (f) G3—
120 times.

A comparison among the three groups at the same cycling stage further supports this
interpretation. After 30 cycles (Figure 11a,c,e), G1 retained a sharp waveform, while G2
showed noticeable waveform smoothing due to corrosion-induced pore and crack forma-
tion. The waveform of G3 was less smoothed than that of G2, indicating a protective effect
of the modified matrix. After 120 cycles (Figure 11b,d,f), the waveform of G2 approached
a nearly linear pattern, reflecting severe loss of structural continuity. In contrast, G3 still
maintained clear fluctuations, suggesting lower microcrack connectivity. Overall, UPV
and waveform results show that waterborne epoxy resin improved matrix compactness,
delayed crack connection, and enhanced resistance to corrosion-induced internal damage.

5. Discussion
5.1. Mechanical Performance Prediction Model

To comprehensively evaluate the strength degradation of grouting materials subjected
to wet–dry cycles in tunnel seepage solution, a nonlinear regression approach was adopted
to establish a calculation model for the critical degradation threshold cycle number, The
critical degradation threshold cycle number, Based on the experimental observations,
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the strength and modulus degradation under all three conditions exhibited a two-stage
characteristic: an initial stable or slightly rising period, followed by an accelerated declining
phase. Therefore, an exponential decay function, which has been widely used in concrete
durability studies to describe such deterioration patterns, was employed in this study.
The critical degradation threshold cycle number, nc, is defined as the specific number of
wet–dry cycles at which the compressive strength begins a sustained decrease after any
initial period of stability or temporary increase. This threshold marks the onset of the
damage-dominated degradation phase and is determined by fitting Equation (1) to the
experimental data, as expressed in Equation (1):

nc = Ae−bn (1)

where n denotes the number of wet–dry cycles, and nc represents the critical degradation
threshold cycle number, beyond which the compressive strength begins to exhibit a sus-
tained decreasing trend. A and b are fitting parameters related to the corrosive medium and
the composition of the grouting material. Where A represents the theoretical maximum
critical threshold (at n = 0) and is related to the material’s innate resistance; b is a decay
constant representing how rapidly the threshold decreases with each cycle, reflecting the
material’s sensitivity to cyclic damage. The parameter k in the following model reflects
the deterioration rate once the material enters the accelerated degradation stage, with
higher k values indicating faster performance loss under aggressive corrosion. Considering
that strength deterioration under coupled wet–dry cycling exhibits pronounced post-peak
attenuation and long-term degradation behavior, a prediction model for compressive
strength evolution after the critical degradation threshold was further established, as given
in Equation (2):

fc(n) = fc0(nc)e−k(n−nc) (2)

where k represents the dry–wet cycling degradation coefficient, which is positively corre-
lated with the aggressiveness of the corrosive medium and the intrinsic corrosion resistance
of the material. A higher k indicates a faster rate of strength loss once the critical thresh-
old is exceeded, representing the material’s vulnerability to progressive damage. fc0(nc)

denotes the compressive strength at the critical degradation threshold cycle (MPa), All
model parameters were calibrated based on the experimental data obtained in this study,
and the models are strictly applicable within the range of 0 to 120 wet–dry cycles. n is
the number of dry–wet cycles, and fc(n) is the compressive strength after n cycles (MPa).
Model fidelity was evaluated using stratified five-fold cross-validation under different
corrosion conditions. Uncertainty was quantified through 95% prediction intervals (PI)
derived from the residual variance, accompanied by residual diagnostics.

The results show that the deviation between model predictions and experimental
measurements ranged from 0.3% to 7.8%, with the overall error below 8%. After refinement,
the in-sample errors were MAE = 0.85 MPa and RMSE = 1.02 MPa, while cross-validation
yielded CV-MAE = 1.21 MPa and CV-RMSE = 1.45 MPa. Within the calibration range (0–120
dry–wet cycles under three corrosion scenarios), the 95% prediction interval achieved
100% empirical coverage. Residual analysis showed no systematic bias, and the Q–Q plot
was approximately normal. These results confirm that the critical degradation threshold
model and post-peak strength attenuation model can reliably describe compressive strength
evolution under different corrosion environments (see Figure 12).
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Figure 12. Validation of the compressive strength model for grouting materials: (a) Relative error of
the predicted values; (b) Relationship between residuals and fitted values; (c) Normal Q–Q plot of
compressive strength residuals; (d) Comparison between predicted and measured values.

The experimental results indicate that under dry–wet cycling with tunnel inflow liquid
as the exposure medium, the elastic modulus of the grouting material exhibits a pronounced
degradation trend with increasing cycle number. The evolution process is jointly governed
by the type of corrosive medium and the material modification strategy. In particular,
specimens subjected to crude-oil immersion show an evident reduction in mechanical
performance even at the early exposure stage, whereas the incorporation of waterborne
epoxy resin demonstrates a noticeable retardation effect on stiffness deterioration. To
quantitatively characterize the degradation behaviour of elastic modulus under different
corrosion scenarios, it is necessary to establish a nonlinear predictive model incorporating
a critical degradation threshold.

According to the experimental observations, the elastic modulus under water exposure
(G1) remains relatively stable during the initial dry–wet cycles. In contrast, under oil-related
corrosive conditions (G2 and G3), the material enters a rapid deterioration stage at an early
phase. This behaviour suggests the existence of a critical dry–wet cycle threshold, before
which the mechanical properties remain comparatively stable, and beyond which the elastic
modulus undergoes continuous degradation.
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Based on these characteristics, an exponential function is adopted to fit the critical
degradation threshold cycle number, which can be expressed as follows:

Nc = A · exp(b · C) (3)

where Nc denotes the critical degradation threshold in terms of dry–wet cycle number; C
represents the corrosion condition parameter, which characterizes the combined effect of
corrosive medium and material modification; and A and c are regression fitting coefficients.
By substituting the experimental data from each exposure condition into Equation (3)
and performing nonlinear regression analysis, the critical degradation thresholds of the
grouting material under different corrosion environments can be determined. The results
indicate that crude-oil-related corrosion significantly reduces the threshold value, whereas
waterborne epoxy modification effectively increases the threshold, thereby delaying the
transition into the rapid deterioration stage.

Considering that the degradation process under oil–gas corrosive environments ex-
hibits pronounced stage-dependent characteristics, it is necessary to further establish a
predictive model describing the evolution of elastic modulus with dry–wet cycles be-
yond the critical degradation threshold. Based on the experimental observations, the
post-threshold decay of elastic modulus can be reasonably described using an exponential
attenuation function:

E(N) = E0(C) · exp[−k(C)(N − Nc)](N ≥ Nc) (4)

where E(N) represents the elastic modulus after N dry–wet cycles; E0(C) denotes the
elastic modulus corresponding to the critical degradation threshold Nc; k(C) is the cor-
rosion degradation coefficient reflecting the influence of different corrosive media on the
deterioration rate; and N is the number of dry–wet cycles.

The fidelity of the proposed model was evaluated using stratified five-fold cross-
validation. Model uncertainty was quantified through the 95% prediction interval (PI)
derived from the residual variance and further verified through residual diagnostics. The
results indicate that, under different corrosion conditions, the relative error between model
predictions and experimental measurements ranges from 0.3% to 7.8%, with an overall error
below 8%, satisfying the accuracy requirements for engineering prediction. For the cali-
brated model, the in-sample mean absolute error (MAE) and root mean square error (RMSE)
are 0.52 GPa and 0.68 GPa, respectively. Under cross-validation, the average absolute error
(CV-MAE) is 0.75 GPa and the root mean square error (CV-RMSE) is 0.92 GPa, demonstrat-
ing good model stability and relatively low prediction uncertainty. The 95% prediction
interval achieves 100% empirical coverage within the calibration domain (0–120 dry–wet
cycles) and is reported together with all prediction results. Residual analysis shows no
systematic bias related to cycle number or corrosion condition, and the residual distribution
approximates normality. The quantile–quantile (Q–Q) plot exhibits data points distributed
closely along the diagonal line, further confirming the adequacy of the adopted error model
for engineering design applications (as shown in Figure 13).
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Figure 13. Validation of the elastic modulus model for grouting materials: (a) Relative error of
the predicted values; (b) Relationship between residuals and fitted values; (c) Normal Q–Q plot
of compressive strength residuals; (d) Comparison between predicted and measured values. The
proposed prediction models are strictly applicable within the range of 0 to 120 wet dry cycles.
Extrapolation beyond 120 cycles has not been experimentally validated and is not recommended
without further testing.

5.2. Permeability Resistance Classification

The permeability resistance of the grouting materials was classified in strict accordance
with the Standard for Test Methods of Basic Properties of Building Mortar (JGJ/T70-2009).
This standard specifies specimen preparation, testing apparatus, pressure application
procedures, and the fundamental criteria for permeability grading, where the imperme-
ability pressure is adopted as the primary evaluation index. Based on the engineering
requirements of the Huaying Mountain tunnel, where grouting materials are subjected
to long-term oil–gas corrosion, cyclic wetting–drying exposure, and high in situ stress
conditions, a four-level grading method considering both impermeability pressure and
retention stability was established. The detailed classification criteria are listed in Table 5.

The experimental results indicate that the reference group G1 retained an imperme-
ability pressure of 0.7 MPa after 120 dry–wet cycles in clean water, with a retention ratio
of 77.8%, satisfying the Level II criteria (retention ≥ 60% and pressure ≥ 0.6 MPa) [18,46].
Its initial impermeability pressure of 0.9 MPa also met the auxiliary Level II requirement
(0.9–1.2 MPa) and was therefore classified as Level II. The corrosion group G2 initially
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exhibited an impermeability pressure of 0.9 MPa, corresponding to Level II performance.
After 30 cycles, the pressure remained at 0.9 MPa with a retention ratio of 99.9%, still meet-
ing Level II. However, after 90 cycles the pressure sharply decreased to 0.5 MPa (retention
55.6%), falling below the Level II threshold but remaining above the Level III criterion
(0.3 MPa). After 120 cycles, the pressure further declined to 0.3 MPa with a retention
ratio of 33.3%, which is below the Level III retention requirement (≥40%) and at the lower
boundary of Level III pressure, and was therefore classified as Level IV [10,11]. In contrast,
the modified group G3 maintained an impermeability pressure of 0.6 MPa after 120 cycles
in the tunnel effluent solution, with a retention ratio of 46.2%, satisfying the Level II core
criteria (retention ≥ 45% and pressure ≥ 0.5 MPa). Its initial pressure of 1.3 MPa also
fulfilled the auxiliary Level II requirement (≥0.9 MPa), leading to an overall Level II classi-
fication. To avoid premature overgeneralization prior to extensive field-scale validation,
this proposed evaluation framework is conceptually presented as a preliminary proposal,
serving as a targeted reference for similar underground infrastructures while establishing
a baseline for future multi-batch calibration. The permeability resistance grades under
different conditions are summarized in Figure 14.

Table 5. Classification criteria for impermeability grades.

Impermeability Grade Core Criteria Supplementary Criteria

Grade I Pressure retention rate ≥ 60%,
impermeability pressure ≥ 0.6 MPa Initial impermeability pressure ≥ 1.2 MPa

Grade II Pressure retention rate ≥ 45%,
impermeability pressure ≥ 0.5 MPa Initial impermeability pressure ≥ 0.9 MPa

Grade III Pressure retention rate ≥ 40%,
impermeability pressure ≥ 0.3 MPa

Initial impermeability pressure: 0.6–0.9 MPa
(excluding 0.9 MPa)

Grade IV
Impermeability pressure after 120

wetting–drying cycles < 0.3 MPa; or
retention rate < 40%

Initial pressure < 0.6 MPa; or initial
pressure ≥ 0.6 MPa but pressure after

120 wetting–drying cycles < 0.3 MPa; or
retention rate < 40%

Figure 14. Impermeability Grade under various testing conditions.

5.3. Service Life Prediction and Durability Implications

To evaluate the service life of grouting materials under oil–gas corrosive environments,
a multi-performance failure criterion was established based on the long-term durability
testing framework specified in GB/T50082-2009 and JTJ/T F30-2004. Taking the properties
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of specimens under standard curing (0 dry–wet cycles) as the reference, material failure
was defined as a 50% reduction in any key performance indicator, a conservative empirical
threshold recommended by relevant engineering specifications; conversion between lab-
oratory cycles and practical service life is derived from existing empirical statistics, and
probabilistic reliability analysis is not performed due to experimental constraints. By cou-
pling this criterion with the developed strength degradation model, the theoretical service
life of grouting materials under different exposure conditions was estimated (Figure 15).

Figure 15. Predicted service life of grouting materials.

It should be noted that, in practical tunnel environments, the degradation and failure
of grouting materials are governed not only by intrinsic material deterioration but also
by factors such as in situ stress redistribution, interaction within the support system, and
dynamic variations in oil–gas seepage pressure. Therefore, the predicted service life in
this study reflects the material-level durability under coupled corrosion and dry–wet cy-
cling, providing a reference for maintenance planning rather than representing the actual
structural failure time. Based on the proposed criterion and the observed performance
evolution, the G2 condition exhibited an accelerated degradation trend with increasing
cycle number. After 120 dry–wet cycles, the compressive strength loss reached approx-
imately 30%, while the permeability resistance decreased by about 68%, exceeding the
defined failure threshold and indicating entry into a rapid deterioration stage. In contrast,
the G1 specimens maintained relatively stable performance, with strength and permeability
reductions of only 5.6% and 22.2%, respectively, remaining within a safe service range. The
epoxy-modified G3 specimens showed a markedly delayed degradation process, with all
performance losses controlled within 30% after 120 cycles, indicating a substantially re-
duced failure risk. Compared with the unmodified system, the incorporation of waterborne
epoxy effectively prolonged the predicted service life and improved durability stability
under multiphase corrosive conditions, highlighting its potential for enhancing long-term
reliability in oil–gas-bearing tunnel environments.

5.4. Damage and Inhibition Mechanisms

The deterioration of cement-based grouting materials in tunnel inflow fluids is con-
trolled by the coupled effects of corrosive transport, chemical dissolution, crystallization
pressure, and dry–wet fatigue. During cyclic exposure, moisture evaporation in the drying
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stage induces internal suction, while subsequent wetting promotes the ingress of oil com-
ponents, acidic gases, and saline groundwater into the cementitious matrix, producing a
typical pumping effect [46]. The core of the “pumping effect” lies in the following: during
the “dry” phase, moisture within the substrate evaporates, causing the capillary meniscus to
recede and generating a significant capillary negative pressure within the porous medium;
When the system re-enters the “wet” phase, this internal negative pressure transforms into
a powerful “suction force”, rapidly “pumping” the external corrosive solution into the
substrate at a rate far exceeding that of simple hydrostatic diffusion. At the early stage, con-
tinued hydration partly offsets corrosion damage, and the mechanical and impermeability
properties change only slightly. With increasing exposure time, acidic components react
with Ca(OH)2 and accelerate the decalcification of C–S–H gel, causing pore development,
microcrack initiation, and gradual loss of matrix compactness [47]. The coupled damage
process and the corresponding inhibition mechanism of epoxy modification are illustrated
in Figure 16.

Figure 16. Evolution of the damage mechanism of grouting materials subjected to corrosion by tunnel
inflow fluids.

In the later stage, chemical corrosion is further coupled with crystallization-induced ex-
pansion and cyclic shrinkage–swelling damage. During repeated drying, the pore solution
becomes concentrated, and salt crystallization generates expansive pressure within pores
and cracks [48]. Meanwhile, corrosion products accumulate and weaken the bonding capac-
ity of the matrix, promoting the connection of isolated microcracks into continuous fracture
networks. As a result, the grouting material exhibits strength reduction, elastic modulus
degradation, increased permeability, and eventually powdering or layered spalling.

Epoxy modification effectively slows this coupled degradation process. The epoxy
phase forms continuous polymer films within the cementitious matrix, fills harmful pores,
and blocks the transport channels of aggressive media. Its hydrophobicity weakens the dry–
wet cycling-induced pumping effect, while polar functional groups help form a protective
layer on Ca(OH)2 crystals and C–S–H gel surfaces, reducing direct contact between aggres-
sive ions and hydration products [49]. In addition, the flexible polymer phase improves
interfacial bonding and bridges microcracks, enabling stress redistribution and delaying
crack propagation [50]. Therefore, the improved durability of epoxy-modified grouting
materials can be attributed to pore refinement, transport blocking, chemical protection, and
crack-bridging reinforcement, where organic epoxy components interact with cement hy-
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drates via physical adsorption and partial chemical bonding to regulate hydration progress;
the in-depth microscopic coupling mechanism requires further advanced characterization
in future research (as shown in Figure 17).

Fundamentally driven by the film-formation mechanism of the waterborne epoxy
modifier, the interpenetrating polymer network develops a continuous, hydrophobic bar-
rier that significantly restricts the transport velocity of aggressive SO4

2− ions through
enhanced pore tortuosity. Furthermore, on a micro-mechanical scale, this flexible phase pro-
vides a vital crack-bridging effect that dissipates localized energy and retards macro-crack
propagation under cyclic fatigue, effectively converting rapid networked fracturing into a
decelerated progression as validated by the lower drop in terminal UPV wave velocity.

Figure 17. Evolution of the corrosion damage inhibition mechanism of grouting materials by
epoxy resin.

6. Conclusions
This study investigated the durability degradation and modification mechanism of

waterborne-epoxy-modified cementitious grouting materials under dry–wet cyclic corro-
sion in an oil- and gas-bearing corrosive environment. Multi-scale tests and theoretical
modeling were used to evaluate mechanical properties, impermeability, internal damage,
and microstructural evolution. The main conclusions are as follows:

1. The unmodified grouting material showed a progressive deterioration process under
dry–wet cyclic corrosion. After 120 cycles, the impermeability pressure decreased
from 0.9 MPa to 0.3 MPa, corresponding to a reduction of 66.7%. This decline occurred
earlier and more sharply than the loss of compressive strength and elastic modulus,
indicating that in this experimental condition, impermeability is a more sensitive
indicator for early damage identification under multiphase corrosive exposure.

2. The macroscopic performance loss was closely associated with microstructural evo-
lution. The consumption of Ca(OH)2 and the accumulation of expansive prod-
ucts, mainly gypsum and ettringite, promoted pore coarsening, crack propagation,
and crack network formation. The longitudinal wave velocity decreased by nearly
3000 m/s in the later exposure stage, confirming that nonlinear accumulation of
internal defects governed the accelerated loss of stiffness and sealing capacity within
the scope of this test.

3. Waterborne epoxy modification effectively improved the resistance of the grout to
corrosion-induced degradation. After 120 cycles, the strength and elastic modulus
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losses of the modified material were limited to 17.4% and 21.0%, respectively, while its
impermeability pressure remained about twice that of the unmodified material. This
improvement was attributed to the formation of a polymer–cement interpenetrating
network, which reduced pore connectivity, limited aggressive media transport, and
delayed microcrack propagation in the studied corrosive environment.

4. A degradation model incorporating a critical deterioration threshold was established
to describe the post-peak mechanical evolution under the tested different corrosive
conditions. The prediction errors were below 8%, indicating good agreement with the
test results. In addition, the proposed impermeability grading method can provide
a reference for evaluating the durability and sealing performance of cementitious
grouting materials exposed to similar complex corrosive environments.
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