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ARTICLEINFO ABSTRACT

Keywords: Concrete dumahility is significantly affected by carbonate corrosion, which alters the stability of concrete
Hydrated calcium silicate structures. This study investigates the adsorption behavior of carbonate ions on three Tobermorite surfaces with
C"’mm‘:m"’“" different calcium-to-silica (Ca/Si) matios using Density Functional Theory (DFT) and ab initio Molecular Dy-
Adsorption suer haciny namics (AIMD) simulations. Our results show that the adsorption strength follows the trend: Tobermorite 14 A >

Concrete durahiliry 11 A = 9 A, with the strongest adsorption energy of —7.08 eV on the 14 A surface. Structural and electronic

analysis reveals that calcium and silicon atoms lose electrons, while carbonate oxygen atoms gain electrons
during adsorption. The analysis of the density of states (DOS) demonstrates the hybridization of calcium d or-
bitals and oxygen p orbitals, contributing to the stability of the adsorption. Simulations of mean-square
displacement (MSD) indicate that surface calcium atoms have the lowest diffusivity due to structural con-
straints. These findings offer insights into the corrosion mechanism of C-5-H and provide a theoretical foundation

for developing more durable concrete materials.

1. Introduction

As an indispensable material in contemporary civil engineering,
concrete is widely used in various types of buildings and infrastructures
for its unique compressive strength, durability, and wide range of
strength classes [1]. It is an artificial stone made by mixing cementitious
materials, granular aggregates (aggregates), water, and, if necessary,
admixtures and blenders in precise proportions, and undergoing a pro-
cess of homogeneous mixing, dense molding, and hardening through
maintenance [2]. Hydrated calcium silicate (C-S-H) is a solid gel
composed of hydrates with different degrees of polymerization, which is
the main product of cement hydration and rhe main source of concrete
strength. However, in the real world, concrete structures face many
challenges, especially the presence of large amounts of CO, gas and
acids in the air [3], which can easily generate carbonate compounds that
react with C-8-H [4], thus altering the structural stability of concrete [5].
With global warming and the use of large amounts of fossil fuels in in-
dustrial production, the problem of acidic gas emissions is becoming
increasingly serious, making it particularly important to explore the

* Corresponding author at
E-mail address: 2451686590 qq.com (X, Liu).

https://doL.org/10.1016/.matdes. 2025114481

performance of hydrated calcium silicate in harsh conditions [6]. In
particular, the problem of carbonate corrosion of hydrated calcium sil-
icate has become a key area of cement durability research. This corro-
sion process involves not only the deterioration of cement performance
in a carbonate environment but also the analysis of the mechanism of
corrosion damage. Therefore, an in-depth study of the carbonate
corrosion mechanism of C-S-H [7] is of great significance for the
development of more durable concrete materials and the improvement
of the service life of concrete structures.

Hydrated calcium silicate, an important hydration product in
cement, plays a decisive role in the strength, shrinkage, creep, and
durability of cement. In recent years, scholars at home and abroad have
extensively studied the structure and properties of C-5-H and how to
improve the performance of cement by regulating its composition and
structure [5,9].

As early as the 20th century, [.G. et al [10] have investigated the
process of making C-S-H and compressive strength by X-ray micro-
analysis of gels and blended cement slurries in hardened silicate cements
by a variety of elements in the element of hydrated calcium silicate,

Received 14 May 2025; Received in revised form 26 July 2025; Accepted 28 July 2025

Available online 30 July 2025

0264-1275/8 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/ by /4.0/).

379



FEMAHEE R T e Z12 A RIEHW 5 ZZUA2025-08-0722

e R ik W

2t f & { Science Citation Index Expanded » ( SCI-
EXPANDED) %4 % . (Journal Citation Reports) (JCR) #{
e, LT 1 BGRB8 8. BRI R & gy
XF:

tri#i: Role of Ca/Si ratio in carbonate-induced Tobermorite Corrosion: Insights from first-
principles simulations

{E#: i ‘Wang, C (Wang, Cheng);Su, MX (Su,
Mingxing);Song, JY (Song, Jlayang) Lou, ZC (Lou, Zhongchuang);Zhang, MX (Zhang,
Mingxian)

FIR Y MATERIALS & DESIGN  #::257 DOI:10.1016/.matdes.2025.114481 il
i [5]:SEP 2025

Web of Science #%Lo&8EH ) “HFIMK” : 0K

%7 (MATERIALS & DESIGN) 2024 EEHETA 7.9.

2024 £ JCR FXWTF:

JCR® 5| | F AP R | JCR i 1X
MATERIALS SCIENCE, 88/460 m
MULTIDISCIPLINARY
Hh SCIERE &

8 I IE B

cﬁ%W@LWﬁJ

2925“

1L s N
"‘:
7, 5
0103#9350

A SN ARRE

E: [N ICR B MG, HrROE ST MR T ARG R JCR B A 2% .

Hhb: HMHTAEEFIGE 100 SAMRFERE BiE 0371-67780900 £ 3RMEH: jiansuo@zzueducn
MBI S| ZLHR7E ML https:/libwits.v.zzu.edu.cn/kycgfivptweb/login/edu_zzu



HE R R A RS 212 K RIE s ZZUA2025-08-0722

Fi&k 1%
##80: Role of Ca/Si ratio in carbonate-induced Tobermorite Corrosion: Insights from first-principles simulations

fE3: Liu, XT (Liu, Xisotong);Hao, X (Hao, Xin);Wang, C (Wang, Cheng);Su, MX (Su, Mingxing);Song, JY (Song, Jiavang);Lou, ZC (Low, Zhongchuang);Zhang, MX (Zhang,
Mingxian)

HE AR ¥0: MATERIALS & DESIGN #8: 257 DOL: 10.1016/j. matdes. 2025, 114481 1 {E4E: SEP 2025

Web of Science B LS8 ¥Rk 0

Bl A0

fEF U (B 180 R): 1

fERWE 2013 EES): |

5| P B2 25 SR 39

#HE: Concrete durability is significantly affe
ions on three Tobermorite surfaces with diffg

which alters the stability of concrete structures. This study investigates the adsorption behavior of carbonate

o'W ratios using Density Functional Theory (DFT) and ab initio Molecular Dynamics { AIMD) simulations.

ermoriiyl4 & Aring, > 11 & Aring; > 9 & Aring;, with the strongest adsorption energy of-7.08 eV on the 14 &

1@ silkon atoms lose electrons, while carbonate oxy gen atoms gain electrons during adsorption. The analysis

ftals and oxygen p orbitals, contributing to the stability of the adsorption. Simulations of mean-square

sivity due to structural constraints. These findings offer msights into the corosion mechanism of C-
materials.

Aring; surface. Structural and electronic g
of the density of states (DOS) demonstr:
displacement {MSD) indicate that surfac
S-H and provide a theoretical foundation
AT WOS:001545814900003

cé_u:}m a@m the ED\EE.}:'
d ﬁﬂij’_mng h],g_eorl:r

T2 20 1 iE

L 71s 'i’ f 4

i&H: English = o
JEREER: Article ’010349459
{E# 38 : Hydrated calcium silicate;Carbonate colfss @%0r ption mechanism;Concrete durability

B~ HE4E HhE: 245 1686390 @qq.com;;;;;;

W AR ELSEVIER SCILTD

HAR B #iAE: 125 London Wall, London, ENGLAND

Web of Science Index : {Science Citation Index Expanded} (SCI-EXPANDED )
Web of Science 3 5l:Materials Science, Multidisciplinary

HF L5 B :Materials Science

IDS B:5WF6B

ISSN: (0264-1275

eISSN: 1873-4197

SR AR TR 13

& B BB This project is supported by University-level Research Project of Zhengzhou College of Finance and Economics (ZCK Y2024GC-0102) , And this project is supported
by Key Scientific Research Project of Colleges and Universities in Henan Province (26B360022) . Authors are grateful to the technical support from the National S upercomputing
Center in Zhengzhou, China. During the preparation of this work the authors used deepseek for writing. A fter using this tool, the authors reviewed and edited the content as needed
and take full responsibility for the content of the publication.

[ Eewanimim 2HE
26B560022

ESI B¥SHET: N
ESI #pidin: N
S AR: 202546 08 H 26 H

Hihk: A RREE R 100 SN ICEEE H1iE 0371-67780900 £ AEAH: jlansuo@zzu.educn
HM B E S REHRERMLE:  https:/libwits.v.zzu edu_cn/kycgfwptweb/loginfedu_zzu

381



(4) Influence of the secondary lining structure types on the structural bearing capacity of

submarine shield tunnels

MARINE @ Taylor & Francis
GEORESOURCES / R e
otot:cuuowgﬂ

Marine Georesources & Geotechnology

ISSN: 1064-119X (Print) 1521-0618 (Online) Journal homepage: www.tandfonline.com/journals/umgt20

Influence of the secondary lining structure types
on the structural bearing capacity of submarine
shield tunnels

Hongyu Guo, Jin Feng, Zhihui Xiong, Fei Sun &
Yuanyuan Zhou

To cite this article: Yang Liu, Hanyuan Li, Hongyu Guo, Jin Feng, Zhihui Xiong, Fei Sun
& Yuanyuan Zhou (21 Aug 2025): Influence of the secondary lining structure types on
the structural bearing capacity of submarine shield tunnels, Marine Georesources &
Geotechnology, DOI: 10.1080/1064119X.2025.2546495

To link to this article: https://doi.org/10.1080/1064119X.2025.2546495

ﬁ Published online: 21 Aug 2025.

"
[:1’ Submit your article to this journal

'S
& View related articles (&'

@ View Crossmark data (&'

[ty

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=umgt20

382



MARINE GEORESOURCES & GEQTECHNOLOGY
httpsy//doiorg/10.1080/1064119X.2025.2 546495

Taylor & Francis
Taylor & Francis Group

‘W) Check for updates |

Influence of the secondary lining structure types on the structural bearing

capacity of submarine shield tunnels

(®, Hongyu Guo®, Jin Feng®, Zhihui Xiong®, Fei Sun® and Yuanyuan Zhou®

1, China; t'.'rihejiang Institute of Communications

Co., Ltd, Hangzhou, China; "College of Civil Engineering, Tongji University, Shanghai, China

ABSTRACT

In this study, based on the Jintang Highway submarine shield tunnel project, a precise
numerical model for shield tunnels with a secondary lining system is established, integrating
the mechanical impacts of bond damage at the interface between segments and secondary
linings. From the dual standpoints of tunnel structural safety and applicability, the influence
of secondary lining structure types on the load-bearing capacity of the double-layer lining
system is systematically examined. The findings reveal that the secondary lining, particularly
the enclosed lining scheme, can notably mitigate the internal forces acting on segments
and joints, thereby substantially enhancing the safety reserve of the tunnel lining. The non-
closed lining structure effectively reduces the internal forces of segmental linings and joints
at the arch bottom. The secondary lining itself exhibits an eccentric tensile stress state.
Under the non-closed lining scheme, the arch vault, the bottom of the internal structure,
and the driveway slab tend to develop penetrating cracks. Compared with the traditional
segmental lining, the structural ultimate load-carrying capacity of the enclosed lining
scheme, the non-closed lining scheme, and the non-closed lining 4+ flue plate scheme
increased by 19.9%, 24.7%, and 30.8% respectively, while the lateral stiffness rose by 24.3%,
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89.5%, and 95.4% respectively.

1. Introduction

With the advantages of high construction safety,
strong environmental adaptability, and small impact
on waterways, the submarine shield tunnel has
become the core scheme for the construction of cross-
sea channels. However, compared with the shield tun-
nel in the land area, the construction of submarine
shield tunnels is more difficult. In addition to the
influence of high water pressure and erosion environ-
ment, the tunnel structure must also withstand the
test of extreme environments such as large buried
depth, variable geological conditions, and periodic
erosion and deposition of riverbeds, which reduces
the long-term service safety and durability of subsea
tunnels. In the long-term operation stage, the super-
large-diameter submarine shield tunnel is prone to
serious structural diseases such as transverse and lon-
gitudinal deformation overrun, joint leakage, local
crushing and crack damage of the segment, and joint
bolt damage (Gong et al. 2024; Gou et al. 2023; He

et al. 2017; Wang et al. 2020a), thus affecting the nor-
mal operation of tunnels.

To secure the operation safety of the submarine
shield tunnel, many major projects, such as the Tokyo
Bay Highway Subsea Tunnel (Uchida, Wasa, and
Kanai 1992), Dalian Metro Line 5 Cross-sea Tunnel
(Li et al. 2017), Shiziyvang Tunnel (Feng et al. 2013),
and Yongzhou Railway Jintang Tunnel (Mao et al
2024), have successively adopted double-layer lining
as the supporting structure. In comparison to the tra-
ditional segmental lining, the double lining of the seg-
mental tunnel is a supporting structure system formed
by pouring secondary lining inside the segments
(Wang et al. 2023). Double-layer lining has many
advantages in tunnel disaster prevention and struc-
tural durability. It has a strong ability to withstand
external loads and resist deformation. In the seabed
and earthquake-prone environment, the double-layer
lining can enhance the waterproofness of tunnels, ele-
vate the tunnel’s seismic resistance, safeguard the

CONTACT Hanyuan Li )
© 2025 Informa UK Limited, trading as Taylor & Francis Group

i@zjic.com; hanyuan3299@163.com e Zhejiang Institute of Communications Co,, Ltd., Hangzhou 310030, China.
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The study findings primarily indicate that the overall level of green
JSinance and HQED is on the rise in the Henan Province; further,
there is a substantial driving influence of green finance on the
HQED of Henan Province; similarly, the influence of green finance
on HQED exerts a spatial spillover impact; finally, green finance
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dual carbon goals and HQED.
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Introduction

Recently, the economy of China has observed a rapid growth. However, the
environmental pollution and other concerns associated with this growth cannot be ignored by
practitioners and researchers. Meanwhile, the report of the 20th National Congress of the
Communist Party of China proposes to supplement the green transformation of development
approaches, employ comprehensive conservation strategies, and institute low-carbon and green
industries (Jinping, 2022). Noticeably, green finance, as an economic activity to prevent further
ecological deterioration, has become the key support for the present green economic
development; thereby, serving as an engine and new driving force for adjusting industrial
structure and leading HQED (Shi Daimin, Xiaoyan, 2022). In the context of the ,,dual carbon™
strategy, there is a substantial need to support GFD and lead the economy towards high-quality,
sustainable, and green transformation (Liu, He, 2021b).

Reportedly, Henan Province fully implements the Party’s notion of green development
and analyses the evolution of traditional energy and GFD within its jurisdiction. Furthermore,
Henan Province also combines opinions from relevant departments/authorities, to successively
issue policy documents on the GFD plan in Henan; thus, extending the policy basis for the GFD
in different countries/cities throughout the province. In the 1st half of last year, the green credit
balance in Henan stood at 549.821 billion Yuan, with a yearly-basis increment of 25.8% (Bing,
2022).

At present, the GFD of Chinese enterprises is still in its infancy. Based on the existing
situation of GFD in Henan, this research article examines the impact influence, and
improvement path of green finance driving HQED in Henan Province, to not only elevate this
province to a new level but also to propose rational recommendations for the economic
development of Henan Province.
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1. Literature Review
1.1 Studies on Green Finance of Home and Abroad

Foreign and local scholars have different considerations of the green finance
connation ((Cowan, [999; Labatt, White, 2002; X, Zhou or al, 2020} Correspondingly.
Cowan et al. highlighted that green finance serves as a product of the integration of traditional
finance and emerging green economy formats (Cowan, 1999), Subsequently, Labar ef al
asserted that the eszence of preen lnance 15 1o extend Tnancial services and support for green
cconomy  developmient  through  different  financial instruments  (Lobstt, White, 2002).
Afterwards, Zhou ef aof supgested that green finance aims to ensure the coordinated
development of ecological preservation, nature’s balance, and financial practices (X, Zhou o1
al, 2020},

Owing to the continuous decpening of the connetation’s comprehension, rescarchers
incorporate ditferent technigues to gauge green finance. For instance. Ge L et al. developed a
green finance indicator system using the enfropy technique, to forecast the green finance
indicators (Ge et al. 2022), On the same note, Deng et al. borrowed data (20082010} from
China’s commercial banks (e anticipate the extent of GFP in the banking sector, The derived
outcomes illuminated that presently. the commercial banks™ green finance development is still
at a relatively low level in China {Deng e al . 222y Thercafier, Sun e al. pointed out that
green technology innovation (GTT) relies on inpovation pilol zones and the establishiment of
green linance reform {Sun efal, 2023)

I.2 Research on HOED af Home and Abroowd

Presenily, foreign and domestic scholars” research on HOED majorly focwses on 2 main
aspects. dimensions: measurement and connotation {Zivue, 2022 Wang er @l 2022: Fabio,
2004}, Consistenily, Fabio begins with the three aspects of nature, society, and humanity in the
connotation of cconomic development guality, while advocating that the connotation of HOMED
meeds o be elucidated from the perspective of the ecological health index, human development
index, and secial harmony indexs (Sabafini, 2008) Notably, Wang el al. rellect thel green
development is a crucial connotation of HOED {Wang er i, 2022). Parallel to this, Zivue Bong
reveals that HOED asserts the sustainable development (50} of the ceological environment
{Rong, 2022).

The estimation methods and approsches for HOED af foreign and home most oflen
depend on the establishment of evaluation index svstems. For mstence, Dong et al. built a
comprehensive evaluation system of indicators from four different perspectives: overall
ecomrmy, quality of life, regional trade, and finance (Xinjian, Junhai, 200111, Moreowver, Li e
al. predicted the HQED level of the Yangize River Delta for the time period spanning from
2000 g 2007 based on 5 dilferent dimensions, namely; efficiency, coordination, stabilily,
sustainability, and sharing (Li, 2022}, At the same time, Wang et al. and Chen et al. developed
an evaluation system for HQED with a novel development concept (Chen, Huo, 2022 Hatefi,
H23%

1.3 Studies on Green Finance and HQED at Foreign and Home

Recently, an increasing number of researchers have been paying significant attention to
the path of green lnance for HOED, In Jine with this, David Beed held that there should be o
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