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Abstract

To address the unclear relationship between overall deformation and local mechanical
responses during the construction of composite linings consisting of precast inverts and
cast-in-place arches in mining-method tunnels, this study takes Yaopocun Tunnel as the
engineering case and uses field monitoring data from three typical cross-sections. Con-
sidering key construction stages, including invert segment assembly, base grouting, and
casting of the secondary lining of the arch and walls, the spatiotemporal evolution of contact
pressure between the invert and cushion layer, contact pressure between the secondary
lining and primary support, reinforcement stress in the arch and walls, stress converted
from concrete strain, and cross-sectional deformation is analyzed. The results show that
variations in the contact pressure at the invert base exhibit temporal associations with
construction equipment loading and subsequent secondary lining casting. The two types
of interface contact pressure exhibited distinctly nonuniform distributions, with the mean
monitored pressures during the later stage ranging from 30.39 to 36.47 kPa and from 52.67 to
85.16 kPa, respectively. In the later stages, the arch-wall reinforcement is predominantly
under compression, with the absolute average compressive stress on the outer side being
1.32-1.99 times that on the inner side. Compressive stress is particularly pronounced at
the wall feet. Although the strain-derived nominal stress responses of concrete were pre-
dominantly compressive, localized tensile responses were also identified, with a maximum
calculated nominal tensile stress of approximately 2.34 MPa. The final crown settlement
across the three sections ranges from 27.50 to 33.76 mm. Based on the normalized rate-of-
change criterion, cross-sectional deformation entered a slowly varying stage approximately
4-5 days after invert excavation and rapid assembly, whereas interface contact pressure
and lining material stress entered slowly varying stages approximately 24—40 days after
subsequent secondary lining casting. These characteristic times were referenced to different
construction events and do not indicate complete mechanical stabilization. These findings
indicate that the overall deformation and local mechanical responses of composite linings
with precast inverts exhibit distinct staged evolution patterns. A gradual stabilization of
overall deformation does not necessarily indicate that subsequent adjustments in local
mechanical responses have ended. During construction, attention should therefore be
paid to stress variations at the wall feet and in localized tensile regions while controlling
overall deformation.
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1. Introduction

The construction response of mining-method tunnels is jointly governed by surround-
ing rock stress release, support installation, and structural constraints. The ground pressure—-
convergence relationship and the convergence—confinement method link support loads to
ground properties and installation stages, providing a basis for understanding load transfer
during construction [1,2]. In a system consisting of primary support and secondary lining,
the invert transfers loads at the tunnel bottom and contributes to circumferential closure.
Consequently, its construction timing and connection method can alter subsequent load-
ing conditions. Therefore, evaluating invert construction schemes requires simultaneous
consideration of interface interactions, lining material stresses, and overall deformation,
rather than relying solely on displacement at a particular construction stage to assess the
structural response.

Precasting the invert and assembling it inside the tunnel may reduce the need for
on-site casting and curing operations, although its relative construction efficiency depends
on project-specific conditions. However, component production, lifting, joint assembly,
and connection to the cast-in-place arch and wall lining introduce distinct load-transfer
paths. Full-scale tests and numerical analyses by Wang revealed stress variations in precast
inverts during curing and lifting, highlighting the effects of hydration heat and lifting
conditions [3]. Liu Jingtang et al. evaluated the effects of segment number, thickness,
and width on the deformation and damage of precast inverts for highway tunnels through
comparative analysis of different design schemes [4]. Wang et al. further identified localized
weak regions at joints and around the corners of central columns, as well as crack evolution,
through model tests of box-shaped inverts [5]. These studies indicate that the structural
configuration and construction feasibility of precast inverts should be evaluated together.
Material strength or component dimensions alone are insufficient to explain the overall
response of composite linings.

Connection details are critical to the collaborative behavior of precast inverts and
cast-in-place arch and wall linings. Kong et al. compared internal force transfer and
damage characteristics at different invert-arch-wall connections using model tests and finite
element analyses that accounted for surrounding rock constraints [6]. Deng Qihua et al.
investigated structural selection and circumferential connections in drill-and-blast tunnels,
demonstrating that connection configurations can affect joint displacement and failure
modes [7]. Regarding local shear mechanisms, Chen et al. investigated the effects of
reinforcement anchorage ratio, interface dimensions, and surface treatment through direct
shear tests [8], while Zhang et al. examined the effects of the pretension state of longitudinal
bolted joints on slip and shear capacity [9]. These studies provide an experimental basis for
connection design. However, local specimens and idealized boundary conditions cannot
directly establish the pressure and stress distributions occurring during actual construction.

Related studies on segmental linings further indicate that joint rotational capacity and
support from the surrounding medium jointly influence structural internal forces [10,11].
Full-scale joint tests have shown that connection details and initial contact conditions can
alter nonlinear joint stiffness [12]. Analyses of contact defects have revealed links between
nonuniform support, localized damage, and load-bearing behavior [13]. Full-scale tests
involving multiple rings have also demonstrated the coupling between local connections,
overall internal forces, and structural deformation [14]. Reinforcement stresses during con-
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struction are additionally affected by load combinations and construction conditions [15],
while the selection of ground-lining boundary conditions and loading models can alter
calculated sectional forces [16]. These studies primarily concern circular shield-tunnel
segments and provide useful mechanistic references for understanding contact and connec-
tion behavior. However, their boundary conditions, loading conditions, and quantitative
parameters cannot be directly transferred to precast inverts in mining-method tunnels.

Field monitoring provides direct evidence for identifying relationships between con-
struction events and lining responses. Zhang et al. measured the evolution of secondary
lining contact pressure during the construction of a high-speed railway tunnel in loess and
associated the first pressure peak with the removal of the lining formwork trolley [17]. Nine
months of reinforcement strain records reported by Wu et al. revealed pronounced temporal
and spatial variations in secondary lining responses [18]. Field investigations of tunnels
with large spans and small clear distances further demonstrated that adjacent construc-
tion can induce internal force redistribution and spatial asymmetry in the lining [19]. Hu
Xueliang et al. analyzed construction-stage pressure and internal forces in the secondary
lining of a large-span tunnel, indicating that hydration effects and longitudinal construction
progress both contribute to early-stage mechanical evolution [20]. These findings support
the interpretation of monitoring curves with reference to specific construction events and
highlight the need to evaluate average responses and local critical regions separately.

At the material scale, recent studies on self-leveling sand concrete have explored the
relationships among mixture design, microstructural characteristics, mechanical perfor-
mance, and durability [21,22]. The early-age behavior of concrete further complicates the
interpretation of construction-stage stresses. Rankoth et al. validated a thermal stress model
for secondary linings constructed using the New Austrian Tunnelling Method (NATM)
by integrating field temperature, strain, and stress data. Their results indicated that the
effective modulus, autogenous shrinkage, joints, and thermal boundary conditions all re-
quire consideration [23]. Nakamura et al. used field temperature measurements to identify
material thermal properties and analyzed the effects of formwork removal and drying
shrinkage on early cracking [24]. Numerical research by Sun et al. demonstrated that water-
proofing layers and invert restraint conditions can alter the distribution of early-age thermal
stresses [25]. Investigations of cracks in existing tunnels and associated model tests have
also highlighted the structural significance of localized tensile stresses and the responses of
arch feet and inverts [26]. Accordingly, interface pressure, reinforcement stress, concrete
stress, and displacement represent different aspects of structural behavior. A leveling-off of
the deformation curve alone cannot establish that stresses in all regions have stabilized or
that the concrete has remained free from cracking throughout the construction process.

In addition to conventional field monitoring, data-driven approaches have been increas-
ingly applied to structural health monitoring and damage assessment. Khatir et al. [27]
integrated experimental modal analysis, numerical simulation, and a hybrid SSA-SCA-
XGBoost model to evaluate structural damage and stiffness recovery in composite-patched
plates. Khatir and Capozucca [28] systematically reviewed the applications of artificial,
convolutional, and deep neural networks in structural health monitoring, highlighting the
potential of intelligent methods for damage identification and assessment. These devel-
opments provide complementary approaches for interpreting structural response data,
alongside conventional monitoring of contact pressure, material stresses, and deformation
in civil engineering structures.

More recently, Wang et al. and Hu et al. combined numerical analysis with in situ
testing to investigate a novel precast invert for a NATM tunnel, monitoring settlement,
convergence, interface pressure, and material responses [29,30]. Existing field evidence
indicates that precast inverts should be evaluated as part of a composite system interacting
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with the cast-in-place arch and wall lining and the underlying support. Nevertheless, several
questions remain under different structural configurations and construction conditions:
How do construction events correspond temporally to changes in the two types of interface
pressure? Do the spatial distributions of interface pressure correspond to those of material
stresses on the inner and outer sides of the arch and walls? Can the gradual stabilization
of overall deformation after invert construction be taken to indicate that the forces in
the subsequently cast secondary lining have also stabilized? Addressing these questions
requires cross-checking multiple monitoring indicators against construction timelines and
cross-sectional locations, rather than drawing conclusions solely from joint load-bearing
tests or final displacement measurements.

Previous studies have made substantial progress in the structural design of precast in-
verts, joint connection performance, construction-stage mechanical responses, and early-age
lining behavior [3-27]. In particular, previous investigations have examined the mechan-
ical performance of precast invert systems using numerical analyses, experimental tests,
and field monitoring. However, for composite lining systems consisting of precast inverts
and cast-in-place arch and wall linings, the relationships among different mechanical re-
sponse indicators during successive construction stages remain insufficiently characterized.
Specifically, the spatial correspondence between interface contact pressure and internal
reinforcement and concrete stresses, as well as the temporal relationship between overall
deformation and subsequent local stress adjustments, requires further investigation. These
issues are important because different monitoring indicators represent distinct aspects of
structural behavior and may not exhibit consistent spatial distributions or temporal evo-
lution. Therefore, a construction-stage assessment integrating multiple field monitoring
indicators is needed to clarify their complementary roles and improve the interpretation of
composite lining responses.

Accordingly, this study investigates the construction-stage mechanical behavior of a
composite lining incorporating a precast invert in Yaopocun Tunnel, based on archived field
monitoring data and construction records from three representative cross-sections. The
specific contribution of this study lies in the integrated interpretation of multiple mechanical
response indicators with respect to their spatial locations and corresponding construction
events. First, the stage-dependent evolution and transverse distributions of two types of
interface contact pressure, namely the invert—cushion and secondary lining—primary support
pressures, are examined to characterize their spatial nonuniformity. Second, interface
contact pressure is compared with reinforcement and concrete stresses on the inner and outer
sides of the arch and walls to investigate whether local interface pressure can adequately
reflect the internal mechanical state of the lining. Third, crown settlement and horizontal
convergence are examined in relation to the subsequent evolution of interface pressure and
material stress to identify differences in their characteristic response stages. Through these
analyses, this study provides project-specific evidence of the spatial and temporal differences
among multiple monitoring indicators and offers a basis for developing more comprehensive
construction-stage monitoring strategies for composite linings with precast inverts.

2. Engineering Project and Archived Data Analysis Methods
2.1. Data Sources and Engineering Conditions

Yaopocun Tunnel has a total length of 154 m. The ground surface elevation in the tunnel
area ranges from 1380 to 1417 m, with a relative elevation difference of approximately 37 m.
The entrance and exit are located on sloping terrain with gradients of approximately 20° and
30°, respectively. The tunnel mainly passes through mudstone interbedded with sandstone,
while the entrance and exit sections consist of loess and colluvial soil. Groundwater condi-
tions generally range from water-poor to weakly water-rich. Within the tunnel, the 55 m
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section from ZK20 + 732 to ZK20 + 787 adopts a composite lining system consisting of an
integral precast invert and a cast-in-place secondary lining for the arch and walls. Three rep-
resentative monitoring cross-sections, located at ZK20 + 732, ZK20 + 772, and ZK20 + 783,
were selected within this section and designated S1, S2, and S3, respectively. The distance
between the first and last monitoring cross-sections is 51 m, which should be distinguished
from the total tunnel length and the length of the precast invert construction section.

The cross-sectional structure of the composite lining incorporating the precast invert
is shown in Figure 1. The secondary lining of the arch and walls is made of C40 concrete,
with HRB400 reinforcing bars of 20 mm diameter used for both the inner and outer main
reinforcement. The composite lining consists of an integral precast invert and the upper
cast-in-place arch and wall lining, which are integrated into a single structural system
through reserved connection details and cast-in-place concrete.

45| | 25
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Figure 1. Cross-sectional view of the segmental precast invert (dimensions in cm).

The integral precast invert adopts a three-dimensional box-shaped structure, as shown
in Figure 2. The bottom of each precast segment has a ring-shaped configuration, with
dimensions of 5.744 m x 1.500 m x 1.334 m and a mass of 16.12 t. Two segments are installed
during each assembly cycle. Four embedded lifting inserts, which also serve as grouting
holes, are provided at the top of each segment, while three additional embedded bolt inserts
are arranged at the bottom to meet the requirements for component production, lifting, and
subsequent grouting operations.

Figure 2. Three-dimensional model of the integral precast invert component.
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A 150 mm thick crushed stone cushion layer is installed beneath the precast invert.
Graded crushed stone or pea gravel with a particle size of 3-5 cm is used to provide a
supporting interface for the bottom of the precast components. Adjacent precast segments
are connected and secured using longitudinal fastening devices. The prestressing bars
are 25 mm diameter threaded steel bars with a tensile strength of 785 MPa, which are
tightened according to the specified thread design, with the tightening force controlled
at 350 kN. During assembly, the gaps between adjacent components are maintained at
2.0-3.0 mm, while both vertical elevation differences and horizontal deviations are controlled
within + 2.0 mm to satisfy the required assembly tolerances. After installation, grouting is
performed beneath the invert, with a specified terminal grouting pressure of 0.2 MPa. The
secondary lining of the arch and walls is constructed only after the concrete has reached an
age of at least 14 days.

The precast invert and the cast-in-place arch and wall lining are integrated into a
composite lining system through dowel anchorage, reinforcement connections, and cast-
in-place concrete. Dowel anchors are installed at the connections between the precast
invert and the walls to ensure continuity between structural components. The primary
support mainly consists of C25 shotcrete, an 8 mm diameter HPB300 reinforcing mesh,
22 mm diameter HRB400 mortar anchors or 25 mm diameter hollow anchors, and I18 steel
arches. The tunnel is excavated using the upper, middle, and lower bench methods. After
invert excavation, the precast components are assembled, followed by construction of the
secondary lining of the arch and walls. As invert assembly, base grouting, and secondary
lining casting proceed sequentially, the structural constraints and load-transfer paths of the
composite lining change with each construction stage. This provides the engineering basis
for subsequent analysis of the staged evolution of interface contact pressure, lining material
stresses, and cross-sectional deformation.

2.2. Measurement Points and Monitoring Indicators

To investigate the mechanical behavior and deformation characteristics of the com-
posite lining comprising the precast invert and cast-in-place arch and wall lining during
construction, field monitoring systems were installed at three representative cross-sections,
designated S1, S2, and S3. The monitoring parameters mainly included contact pressure
between the invert and cushion layer, contact pressure between the secondary lining of
the arch and walls and the primary support, reinforcement stress in the secondary lining,
concrete strain, and cross-sectional deformation. By comparing monitoring results from
different construction stages and structural locations, the staged variations in interfacial
load transfer, internal material stresses, and overall deformation of the composite lining
were analyzed.

The measurement-point arrangements at each cross-section are shown in Figure 3. Five
contact pressure measurement points were installed between the precast invert and the
underlying cushion layer, located sequentially at the left outer, left inner, central, right inner,
and right outer positions along the cross-section. These points were used to monitor the
contact pressure beneath the precast invert and its transverse distribution.

Seven monitoring locations were established in the secondary lining of the arch and
walls: the left wall foot, left sidewall, left haunch, crown, right haunch, right sidewall, and
right wall foot. One contact pressure cell was installed at each location. Reinforcement stress
gauges and embedded concrete strain gauges were also installed on the inner and outer
sides of the lining to measure interface contact pressure, reinforcement stress, and concrete
strain at different locations. The inner side refers to the side facing the tunnel interior, while
the outer side refers to the side adjacent to the primary support. This paired monitoring

https://doi.org/10.3390/buildings16214336


https://doi.org/10.3390/buildings16214336

Buildings 2026, 16, 4336 7 of 32

arrangement enables comparison of material stress differences across the thickness of the
secondary lining.

Arch crown
®

Left arch shoulder o o Right arch shoulder

®  Pressure cell
== Rebar strain gauge /
Embedment strain gauge

Left side -
wall

Right side
wall

Left springline® ® Right springline
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Left-1 [ ] ) [ ]
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Figure 3. Layout of monitoring points for the composite lining with precast invert.

Cross-sectional deformation monitoring mainly includes crown settlement and hori-
zontal convergence, with the measurement point arrangement shown in Figure 4. A crown
settlement measurement point (GD) was installed at the tunnel crown to record changes in
its vertical displacement. Horizontal convergence measurement lines SL01-SL02, SL03-SL04,
and SL0O5-SL06 were arranged at the upper, middle, and lower benches, respectively, to
monitor horizontal deformation at different excavation heights. Deformation measure-
ments were conducted progressively during bench excavation, invert construction, and
secondary lining installation to characterize the cumulative and stage-dependent changes
in cross-sectional deformation caused by construction disturbances and the formation of
the support structure.

SLO1 Measurement line SLO1-SL02 SL02

SL03 Measurement line SL03-SL04 SL04
\| sLos Top of the internal track SLO6 ||
Measurement line SL05-SL06

() (]
el =0
Figure 4. Layout of monitoring points for crown settlement and horizontal convergence at different

benches.

The field monitoring program employed pressure cells, reinforcement stress gauges,
and embedded concrete strain gauges. The main instrument models and technical specifi-
cations are listed in Table 1. The contact pressure cells were used to monitor normal contact
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pressure at different structural interfaces, while the reinforcement stress gauges measured
the stress responses of the inner and outer reinforcement in the secondary lining of the arch
and walls. The embedded strain gauges were used to measure changes in concrete strain.
Concrete stress was calculated from the measured strain and the corresponding material
parameters. The data processing and analysis methods are described in Section 3.2.

Table 1. Main specifications of the monitoring instruments.

Monitoring
Parameter

Instrument Model Measurement Sensitivity Operating
Range Temperature Range

Interface contact

pressure

SZZX-EAQ5 pressure cell 0.5 MPa 0.001 MPa —20 to 80 °C

Reinforcement stress

SZ7ZX-C20B reinforcement

1260 MPa 0.001 MPa —20to 80 °C
stress gauge

Concrete strain

SZ7ZX-A150D embedded

strain gauge +1500 pe 1 pe —20 to 80 °C

Note: Sensitivity is an instrument specification and should not be interpreted as the measurement
uncertainty of the entire field monitoring system.

To ensure effective contact between the monitoring instruments and the structure, the
gravel cushion layer was locally leveled before installing the pressure cells beneath the
invert. Installation grooves matching the dimensions of the pressure cells were prepared
at the corresponding measurement locations, and the sensor cables were routed through
reserved cable channels to a collection point near the drainage ditch. The contact pressure
cells for the arch and walls were installed after completion of the waterproofing layer and
placed in close contact with it to monitor the interface pressure between the secondary
lining and the primary support. The reinforcement stress gauges were installed on the inner
and outer main reinforcement of the secondary lining of the arch and walls. They were fixed
by intermittent welding and supplementary fastening measures to minimize the effects
of welding heat on the instruments. The embedded concrete strain gauges were secured
at the corresponding locations within the reinforcement cages and positioned at a certain
distance from the reinforcement stress gauges to measure the concrete strain response at
the corresponding locations.

Field monitoring data were collected using an SZDQ-ZH integrated readout unit.
According to the construction event annotations in the archived monitoring plots, the
precast invert assembly dates for sections S1, 52, and S3 were 16 January, 17 January, and
18 January, respectively. The corresponding base grouting dates were 16 March, 17 March,
and 17 March, while the casting dates of the secondary lining of the arch and walls were
4 May, 4 May, and 8 May, respectively. These construction events provide temporal references
for analyzing stage-dependent variations in interface pressure and material stress. Because
the precast invert components had already been manufactured when the field monitoring
scheme was established, reinforcement stress gauges and concrete strain gauges were not
embedded in the components during production. Therefore, the material stress analysis
in this study focuses primarily on the cast-in-place secondary lining of the arch and walls,
while the precast invert is evaluated mainly based on the monitored base contact pressure.

2.3. Monitoring Data Processing and Analysis Methods

To systematically investigate the mechanical response of the composite lining incorpo-
rating a precast invert during construction, field construction records and monitoring results
were combined to classify and organize interface contact pressure, reinforcement stress,
concrete stress, and cross-sectional deformation at three representative cross-sections. The
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analysis focused on three aspects: evolution across construction stages, spatial distribution
across the cross-section, and differences in responses among monitoring indicators.

According to the field construction sequence, the monitoring process was divided into
the main stages of bench excavation, invert assembly and precast component installation,
base grouting, and secondary lining construction of the arch and walls. Key construction
events at each stage were used as temporal references to analyze changes in contact pressure,
material stress, and cross-sectional deformation. Interface contact pressure and material
stress were primarily analyzed in relation to key events, including invert assembly, construc-
tion equipment loading, and secondary lining casting. Crown settlement and horizontal
convergence were evaluated in relation to bench excavation and invert construction. Be-
cause the monitoring indicators correspond to different construction starting points, their
stage-dependent variations were analyzed separately, without directly comparing response
durations quantitatively across different starting times.

To characterize the monitored contact pressure levels at different interfaces, the arith-
metic mean of the pressure measurements was calculated for each cross-section. Five
monitoring points were arranged at the invert—cushion interface, while seven monitor-
ing points were arranged at the secondary lining—primary support interface. The mean
monitored pressure was calculated as follows:

F=2% >, M

where the mean monitored pressure is expressed in kPa, the individual pressure measure-
ment represents the value recorded at the corresponding monitoring point, and the number
of monitoring points is denoted by 7. As the monitoring points represent discrete locations
along the interfaces, the arithmetic mean characterizes the average pressure level of the
sampled points rather than the area-weighted mean pressure over the entire contact surface.
The spatial distributions and local extreme values were therefore examined together with
the mean monitored pressures to characterize interfacial contact conditions.

For the material stresses in the secondary lining of the arch and walls, tensile stress
was defined as positive and compressive stress as negative. The stress distributions of
the reinforcement and concrete at different monitoring locations were analyzed separately.
Reinforcement stress was evaluated primarily using the average values on the inner and
outer sides, local extreme values, and their locations. The ratio of the absolute average
stress on the outer side to that on the inner side was used to characterize differences in
reinforcement stress across the lining thickness. Concrete stress was calculated from the
relationship between strain and elastic modulus, as expressed by

UC = Ech (2)

where ¢, is the nominal concrete stress calculated from the measured strain (MPa); E, is
the reference elastic modulus of concrete (MPa); and ¢, is the measured concrete strain
used for stress conversion. The secondary lining of the arch and walls was constructed
using C40 concrete. According to the Chinese concrete design standard [31], a reference
elastic modulus of 32.5 GPa was adopted for the strain-to-stress conversion. Because the
age-dependent evolution of the concrete elastic modulus was not independently measured,
this reference value was treated as constant throughout the analysis.

This linear—elastic relationship was adopted to characterize the apparent stress re-
sponses at different monitoring locations. It should be noted that, during the early-age
period, the measured concrete strain may be influenced not only by mechanical loading
but also by temperature variations, autogenous and drying shrinkage, creep, and evolving
structural restraint conditions. Furthermore, the elastic modulus of concrete changes with
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age. As these time-dependent effects could not be independently quantified using the
available monitoring data, the calculated stresses should be interpreted as approximate
strain-derived indicators rather than direct measurements of the actual mechanical stresses.
Accordingly, the analysis focuses primarily on the temporal evolution, spatial differences,
and potentially critical regions of the concrete response.

For cross-sectional deformation, cumulative deformation, maximum deformation rate,
and stage-dependent variations in crown settlement and horizontal convergence at the upper,
middle, and lower benches were extracted and analyzed in conjunction with construction
events. The final deformation and stage-dependent responses of different cross-sections
were compared to evaluate the overall deformation evolution during construction. Cross-
sectional deformation was also compared with changes in interface contact pressure and
material stress, with particular attention to the relationship between the gradual stabilization
of overall deformation and the continued adjustment of local mechanical responses.

To quantitatively identify the onset of stage-wise stabilization, a normalized rate-
of-change criterion was adopted for the monitoring data. For each monitoring point, the
absolute rate of change and its normalized value were calculated using Equations (3) and (4),

respectively.
X)) = X)) )
e ti—ti4
U :
R, = % 4
7 Uj,mux ( )

where X;(t;) is the measured value at monitoring point j and time t;; v; ; is the absolute rate
of change between consecutive valid measurements; v; ., is the maximum absolute rate
recorded at the same monitoring point during the corresponding continuous construction
stage; and R; ; is the normalized rate of change. A monitoring point was considered to have
entered a slowly varying stage when R;; remained at or below 0.10 for three consecutive
valid monitoring intervals spanning at least seven days. At the cross-sectional level, at least
80% of the available monitoring points for the corresponding indicator were required to
satisfy this criterion. The onset time was identified retrospectively from the beginning of
the first qualifying low-rate period after its persistence had been confirmed. Monitoring
interruptions were excluded without interpolation. The identified time therefore represents
the onset of a slowly varying response stage rather than complete mechanical stabilization,
as subsequent local adjustments may still occur.

In the analysis of the monitoring results, the recorded extreme values during the
monitoring period and the measurement values at cross-sectional monitoring points in
the later stages were used to characterize the mechanical responses at different stages. For
periods with monitoring interruptions, no data interpolation or inference of continuous
responses was performed. In particular, changes in invert contact pressure during base
grouting were analyzed using the available monitoring results before and after grouting.
The pressure difference between different observation times was not directly interpreted
as the instantaneous pressure increment caused by grouting. Based on these methods,
the interfacial load transfer, material stress distribution, and cross-sectional deformation
characteristics of the composite lining incorporating a precast invert during construction
were comprehensively evaluated.

3. Analysis of Monitoring Results
3.1. Contact Response Between the Invert and Cushion Layer

The contact pressure between the precast invert and the underlying cushion layer exhib-
ited pronounced stage-dependent variations during construction, with distinct responses
at different monitoring locations. Figure 5 presents the contact pressure histories at the
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three representative cross-sections. Following the completion of precast segment assem-
bly, the contact pressure remained relatively low before undergoing several subsequent
adjustments. In particular, increases in contact pressure were recorded at some monitor-
ing points following the entry of a 23 t excavator into the invert construction area, while
decreases were observed after the equipment left. Further increases at certain monitoring
points coincided with the arrival of the secondary lining formwork trolley. Compared with
section S1, sections S2 and S3 exhibited more pronounced pressure variations during this
period. These observations reveal temporal associations between construction activities and
changes in invert contact pressure. Although temporary construction loads may contribute
to the observed variations, their individual effects cannot be independently quantified from
the available monitoring data. Therefore, the pressure changes are interpreted as stage-
dependent monitoring responses rather than direct evidence of specific equipment-induced
load increments.

~—&— Left-1 —e— Left-2 -4~ Center
--®- Right-1--- Right-2
m v

70 —8 Left-l Lefl-2  --he Center L
-4 Right- --®-- Right-2
Lnm v

. ) .
kAR AL paah i see® ®
A - - |-
adow e

0900000

e .
o—0——o—o—o-3-0-0-¢
oo oo -

v

Contact Pressure / kPa
™

Contact Pressure / kPa
I
3

=Ty A
=, ) e . ohe ke A A Ak h ke ke e ke A ke oA

117 120 1300 22200 32 3223 4143 53 518 63 617 626

116 LIS 120 124 25 31 317 330 420 S1 61 614 623 Date (M.D)
Date (M.D)

(a) (b)

—#— Left-l —@— Left-2 ---- Center --@-- Right-1 --@-- Right-2

ont:

C

S\ P
: £,5;.‘.~n"§:—-
0 L I
1.18

120 124 25 3.1 317 330 420 57 519 65 617 626
Date (M.D)

(c)

L 1 1d L 1 1 1 L L L

Figure 5. Contact pressure between the invert and cushion layer: (a) ZK20 + 732; (b) ZK20 + 772;
(c) ZK20 + 783.

As construction progressed, the contact pressure at the base of the invert exhibited
further variations. As shown in Figure 5, contact pressure monitoring was interrupted
between January 26 and March 22, during which base grouting was performed. Conse-
quently, the immediate pressure response associated with grouting could not be captured.
Comparison of the available measurements before the interruption and after monitoring
resumed revealed differences in contact pressure levels and spatial distributions at several
monitoring points. However, these differences represent the overall changes occurring
during the unmonitored period and cannot be attributed exclusively to the grouting opera-
tion, as other construction activities and changes in interface support conditions may also
have contributed. Therefore, the available data are used only to characterize the differences
in contact conditions between the two observation periods, rather than to quantify the
pressure increment induced by grouting. The peak contact pressures recorded during the
monitoring period at sections S1, S2, and S3 were 58.11, 66.01, and 59.09 kPa, respectively.
The maximum value at section S1 occurred at the center of the invert, whereas those at
sections 52 and S3 occurred at the Right-2 measurement point. The corresponding results
are presented in Table 2.
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Table 2. Recorded peak contact pressures at the two interfaces and time to stage-wise stabilization.

Section

Peak Pressure Onset of Slowly Varying

Interface (kPa) Peak Location Stage After Secondary

Lining Casting (d)

S1
S2
S3

Invert—cushion layer 58.11 Invert center 24
Invert-cushion layer 66.01 Right-2 29
Invert—cushion layer 59.09 Right-2 25

S1 Secondary lining—primary support 171.22 Left haunch 40
S2 Secondary lining—primary support 83.87 Crown 30
S3 Secondary lining—primary support 104.25 Right sidewall 40

After casting the secondary lining of the arch and walls, the contact pressure at the
invert base continued to vary. Pressure reductions occurred at some measurement points on
both sides, particularly near the arch-wall connection regions, indicating a further adjust-
ment in the base contact pressure during subsequent lining construction. As construction
progressed, the magnitude of pressure variations at each monitoring point gradually de-
creased. Based on the normalized rate-of-change criterion described in Section 2.3, the
contact pressure responses at sections S1, 52, and S3 entered a slowly varying stage approxi-
mately 24, 29, and 25 days, respectively, after casting of the secondary lining of the arch and
walls. These characteristic times represent the onset of reduced pressure variation rather
than the complete cessation of subsequent adjustments. These results indicate that the
contact response at the invert base is associated not only with precast component assembly
but also with construction equipment loading and the subsequent construction of the arch
and wall lining.

To further investigate the transverse distribution of contact pressure at the invert—
cushion interface, the measurements obtained during the later monitoring stage were
compared among the three cross-sections, as shown in Figure 6 and Table 3. The arithmetic
mean pressures at the monitored locations of sections S1, S2, and S3 were 36.47, 30.39,
and 35.27 kPa, respectively. Although the mean values were relatively close, considerable
differences were observed among individual monitoring points. At section 51, the maximum
pressure was 57.28 kPa at the Right-2 position, while the minimum was 23.63 kPa at the
center. At section S2, the maximum pressure was 56.06 kPa at the Left-2 position, while
the minimum was 2.76 kPa at the center, indicating a pronounced transverse variation.
At section S3, the maximum pressure was 48.36 kPa at the center of the invert, while the
minimum was 19.14 kPa at the Left-1 position. These results indicate that the principal load-
bearing locations differ among the cross-sections. The higher pressures at sections S1 and S2
were mainly distributed at the intermediate measurement points on both sides, whereas
the higher pressure at section S3 occurred in the central region.

Table 3. Cross-sectional characteristics of contact pressure at the two interfaces during the later stage.

Section

Interface

Mean Monitored Maximum Pressure =~ Minimum Pressure
Pressure (kPa) and Location (kPa)  and Location (kPa)

S1
S2
S3

Invert—cushion layer 36.47 57.28, Right-2 23.63, Center
Invert—cushion layer 30.39 56.06, Left-2 2.76, Center
Invert—cushion layer 35.27 48.36, Center 19.14, Left-1

S1 Secondary lining—primary support 85.16 11212, Left haunch ~ 42.35, Right wall foot
S2 Secondary lining—primary support 52.67 77.63, Crown 21.32, Right wall foot
S3 Secondary lining—primary support 62.05 88.68, Crown 25.26, Right wall foot
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Figure 6. Transverse distribution of contact pressure at the invert-cushion interface during the later
monitoring stage (kPa): (a) ZK20 + 732; (b) ZK20 + 772; (c) ZK20 + 783.

Overall, the contact pressure between the precast invert and the underlying cushion
layer exhibits pronounced dependence on construction stages and spatial nonuniformity.
On the one hand, construction equipment loading and subsequent casting of the secondary
lining of the arch and walls are both accompanied by local adjustments in contact pressure.
On the other hand, although the average pressures differ relatively little among the cross-
sections, the local extreme values and their locations vary considerably. These findings
indicate that a uniform pressure assumption cannot adequately characterize the actual con-
tact conditions beneath the invert. Therefore, the mechanical behavior of the precast invert
during construction should be evaluated by considering pressure variations at different
transverse locations.

3.2. Contact Pressure Between the Secondary Lining and Primary Support

The contact pressure between the secondary lining of the arch and walls and the
primary support is an important indicator of the mechanical state at the lining interface.
The contact pressure histories for the three representative cross-sections are shown in
Figure 7. Following casting of the secondary lining, the contact pressure at most monitoring
locations exhibited staged variations characterized by rapid increases, local decreases, and
gradual subsequent adjustments. However, the pressure increases and local responses
differed among the cross-sections. During the initial stage after casting, the contact pressure
increased rapidly at some monitoring points, reaching peak values during the monitoring
period approximately 5-8 days after casting. Subsequently, the pressure gradually decreased
at some locations, while it continued to increase slowly or remained relatively stable at
others. These variations indicate that the interfacial mechanical state between the secondary
lining and primary support continued to adjust during construction.

Among the three cross-sections, the maximum contact pressures recorded during the
monitoring period were 171.22 kPa at the left haunch of S1, 83.87 kPa at the crown of S2,
and 104.25 kPa at the right sidewall of S3. The differences in both magnitude and location
indicate pronounced spatial heterogeneity in the contact response between the secondary
lining and primary support. At 51, the pressure evolution at the left wall foot also differed
from that at other monitoring locations, further reflecting the localized nature of interfacial
contact conditions. As the interface conditions continued to evolve after secondary lining
casting, the pressure variation rates gradually decreased. According to the normalized
rate-of-change criterion, the contact pressure responses at sections 51, S2, and S3 entered
slowly varying stages approximately 40, 30, and 40 days after casting, respectively. These
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times characterize the transition to a slower response stage, during which further local
pressure adjustments may still occur. The corresponding peak pressures and characteristic
times are presented in Table 2.
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Figure 7. Time histories of contact pressure between the secondary lining of the arch and walls and
the primary support: (a) ZK20 + 732; (b) ZK20 + 772; (c) ZK20 + 783.

To further investigate the contact pressure distribution between the secondary lining
and primary support, the measurements obtained during the later monitoring stage were
compared among the three cross-sections, as shown in Figure 8 and Table 3. The arithmetic
mean pressures at the monitored locations of sections S1, 52, and S3 were 85.16, 52.67, and
62.05 kPa, respectively. Section S1 exhibited the highest mean monitored pressure, whereas
52 exhibited the lowest, indicating differences in the contact pressure levels recorded at the
selected monitoring locations. The arithmetic means at the secondary lining—primary sup-
port interface were also higher than those at the invert—cushion interface. However, because
the two interfaces differ in geometry, contact area, pressure direction, and monitoring-point
arrangement, these mean values should be interpreted as statistical characteristics of the
measured pressures rather than direct indicators of the total contact forces or load-sharing
proportions of the structural components.

In terms of the spatial distribution across the cross-section, the contact pressure be-
tween the secondary lining of the arch and walls and the primary support was markedly
nonuniform. Higher pressures were mainly distributed at the haunches, crown, and side-
walls, whereas relatively lower contact pressures occurred at the wall feet. At section S1,
the maximum contact pressure during the later stage was 112.12 kPa at the left haunch,
while the minimum was 42.35 kPa at the right wall foot. At section 52, the maximum was
77.63 kPa at the crown, and the minimum was 21.32 kPa at the right wall foot. At section S3,
the maximum was 88.68 kPa, also at the crown, while the minimum was 25.26 kPa at the
right wall foot. Although the locations of maximum pressure differed among the three
sections, the minimum pressure occurred at the right wall foot in all three, indicating a
common spatial characteristic.
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Figure 8. Cross-sectional distribution of contact pressure between the secondary lining of the arch
and walls and the primary support during the later stage (kPa): (a) ZK20 + 732; (b) ZK20 + 772;
(c) ZK20 + 783.

Further comparison of contact pressures at different structural locations shows that
the average pressure at the wall feet ranged from 23.35 to 43.24 kPa across the three sections,
substantially lower than the average pressure of 70.23-99.47 kPa at the sidewalls. Compared
with the sidewalls and some arch regions, the wall feet were subjected to relatively lower
local normal contact pressure. This indicates significant variation in interfacial interaction
along the lining perimeter, with lower contact pressures at the wall feet coexisting with
higher pressures at adjacent sidewall locations. In addition, pressure differences between
corresponding locations on the left and right sides were observed, indicating that the
interface pressure distribution was not strictly symmetrical.

Overall, the contact pressure between the secondary lining of the arch and walls
and the primary support exhibits pronounced variations across construction stages and
a nonuniform spatial distribution along the cross-section. Following secondary lining
casting, the interface contact pressure initially increases rapidly and then gradually enters
a stage of slower adjustment. The magnitude of the changes and the locations of local
extreme values vary among the monitoring cross-sections. Relatively low contact pressures
at the wall feet, together with higher pressures at the haunches, crown, and sidewalls,
form a nonuniform interfacial stress state. Since interface contact pressure reflects only
local normal contact forces and cannot directly characterize the internal stress state of the
reinforcement and concrete, subsequent material stress monitoring results are required to
further investigate the relationship between the internal forces in the secondary lining and
the interface contact pressure.
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3.3. Reinforcement Stress in the Secondary Lining of the Arch and Walls

The reinforcement stress in the secondary lining of the arch and walls exhibits pro-
nounced stage-dependent variations during construction, with differences in stress re-
sponses among monitoring locations and between the inner and outer sides of the lining.
The reinforcement stress histories for the three representative cross-sections are shown in
Figure 9. Overall, the reinforcement in the secondary lining was predominantly under com-
pression during the monitoring period. Following secondary lining casting, the compressive
stress in the reinforcement generally increased and subsequently underwent varying de-
grees of adjustment as construction progressed. Short-term tensile stresses occurred at some
monitoring points during the initial casting stage. The maximum tensile stresses in the inner
and outer reinforcement at the crown of section S1 were 0.28 and 1.09 MPa, respectively,
while the maximum tensile stress in the outer reinforcement at the left haunch of section S3
was 0.15 MPa. These stresses subsequently transitioned to compression. Compared with the
inner reinforcement, the outer reinforcement generally exhibited greater stress variations,
indicating differences in the stress state across the lining thickness.

In terms of the stress variations at different monitoring locations, the absolute values of
compressive stress in the reinforcement at the wall feet and sidewalls were generally higher
than those at the haunches and crown. Following secondary lining casting, the compressive
stress in the reinforcement at some wall-foot locations increased rapidly and subsequently
entered a stage of relatively gradual adjustment. The three cross-sections exhibited broadly
similar stress variation trends, although the local peak compressive stresses and their
locations differed. The maximum absolute compressive stress in the outer reinforcement at
section S1 was 23.26 MPa. At section S2, it was 27.81 MPa at the outer reinforcement of the
left wall foot. At section S3, it reached 31.51 MPa at the outer reinforcement of the right
wall foot, the highest recorded value among the three cross-sections. These results indicate
that the wall feet are regions of pronounced reinforcement compression, while the local
stress levels and distribution patterns vary among the cross-sections.

To further investigate the spatial distribution of reinforcement stress in the secondary
lining of the arch and walls, the inner and outer reinforcement stresses during the later
monitoring stage were compared for the three cross-sections, as shown in Figure 10. The
reinforcement at all monitoring points was under compression during the later stage. How-
ever, the stress distribution was not completely symmetrical, and pronounced differences
existed between the inner and outer reinforcement. The maximum absolute compressive
stresses in the inner and outer reinforcement at section S1 were 16.50 and 23.26 MPa, re-
spectively. At section S2, the corresponding values were 25.81 and 27.81 MPa, while at
section S3, they were 12.34 and 31.51 MPa. The difference between the maximum absolute
compressive stresses in the inner and outer reinforcement was particularly pronounced at
section S3, indicating substantial local variations in reinforcement stress among different
cross-sections and structural locations.

Further statistical analysis of the average reinforcement stresses and local extreme val-
ues at the three cross-sections is presented in Table 4. The average compressive stresses in
the inner-side reinforcement at sections S1, S2, and S3 were —9.65, —11.50, and —7.93 MPa, re-
spectively, while those in the outer-side reinforcement were —12.76, —16.65, and —15.76 MPa,
respectively. At all three cross-sections, the absolute average compressive stress in the outer-
side reinforcement exceeded that in the inner-side reinforcement. The ratios of the absolute
average compressive stress on the outer side to that on the inner side were 1.32, 1.45, and
1.99, respectively. These results indicate pronounced stress differences across the lining
thickness, with the outer-side reinforcement generally experiencing greater compression.
However, the magnitude of this difference varied among the cross-sections. The difference
between the average compressive stresses on the inner and outer sides was particularly pro-
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nounced at S3, indicating that local stress distributions cannot be adequately characterized
by the average stress across the entire cross-section alone.
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Figure 9. Time histories of reinforcement stress in the inner and outer sides of the secondary lining:
(a) outer reinforcement at ZK20 + 732; (b) inner reinforcement at ZK20 + 732; (¢) outer reinforcement
at ZK20 + 772; (d) inner reinforcement at ZK20 + 772; (e) outer reinforcement at ZK20 + 783; (f) inner
reinforcement at ZK20 + 783.
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Figure 10. Cross-sectional distribution of reinforcement stress in the secondary lining during the later
monitoring stage; positive values indicate tensile stress, and negative values indicate compressive
stress (MPa): (a) ZK20 + 732; (b) ZK20 + 772; (¢) ZK20 + 783.

Table 4. Summary of reinforcement stress in the secondary lining during the later monitoring stage.

Mean Stress on Mean Stress on CI(\:[I:X“““‘.“ CMax1mu1:n Ratio of Absolute
Section Inner Side Outer Side pressive ompressive Mean Stress on Outer
(MPa) (MPa) Str(.ess on Inner Str(?ss on Outer Side to Inner Side
Side (MPa) Side (MPa)
S1 —-9.65 -12.76 —16.50 —-23.26 1.32
S2 —-11.50 —16.65 —-25.81 -27.81 1.45
S3 -7.93 -15.76 —12.34 —-31.51 1.99

Regarding the temporal evolution of reinforcement stress, the normalized rate-of-
change analysis indicated that the stress responses at sections S1, S2, and S3 entered slowly
varying stages approximately 30, 40, and 25 days, respectively, after casting of the secondary
lining of the arch and walls. However, the maximum compressive stresses during the
monitoring period occurred approximately 55, 55, and 50 days after casting, respectively.
This difference indicates that entering a slowly varying stage does not necessarily imply that
the reinforcement stress has reached its final extreme value or that subsequent adjustments
have completely ceased. Therefore, both the characteristic transition time and the subsequent
stress evolution should be considered when evaluating the mechanical response of the
secondary lining.
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In summary, the reinforcement in the secondary lining of the arch and walls was
predominantly under compression during construction, with nonuniform stress distri-
butions between the inner and outer sides and among different cross-sectional locations.
The absolute compressive stresses in the reinforcement at the wall feet and sidewalls were
generally higher. However, the interface pressure monitoring results in Section 3.2 showed
relatively low normal contact pressure at the wall feet, indicating that these two monitoring
indicators did not exhibit a simple correspondence. This suggests that interface contact
pressure and internal reinforcement stress reflect different aspects of structural behavior.
Local interface pressure alone is insufficient to fully characterize the internal stress state of
the lining materials; therefore, concrete stress monitoring results are also needed to further
investigate local mechanical differences within the composite lining.

3.4. Concrete Stress in the Secondary Lining of the Arch and Walls

Concrete stress in the secondary lining of the arch and walls exhibited pronounced
stage-dependent variations during construction, influenced by monitoring location and
differences between the inner and outer sides of the lining. The concrete stress histories
for the three representative cross-sections are shown in Figure 11. Overall, the concrete in
the secondary lining was predominantly under compression during the monitoring period.
Following secondary lining casting, compressive stress increased rapidly at some monitoring
points, followed by varying degrees of decline or gradual adjustment. Compared with the
inner-side concrete, the outer-side concrete generally exhibited greater stress variations,
reflecting nonuniform stress distribution across the lining thickness. Meanwhile, transient or
sustained tensile stresses occurred at some monitoring locations, indicating local differences
in the stress state of the concrete in the arch and wall lining.

Regarding the nominal stress extremes calculated from the monitored concrete strains,
the maximum compressive responses at all three cross-sections occurred during the early
stage after secondary lining casting and were mainly concentrated in the outer-side concrete.
At section 51, the maximum calculated compressive stress was approximately —6.03 MPa
at the outer side of the left haunch, occurring 3 days after casting. At section S2, it was
approximately —6.70 MPa at the outer side of the left wall foot, occurring 8 days after
casting. At section S3, it was approximately —6.47 MPa at the outer side of the right wall
foot, occurring 4 days after casting. Localized tensile responses were also identified. The
maximum calculated tensile stresses at sections S1, 52, and S3 were approximately 1.25, 2.34,
and 1.43 MPa, respectively, occurring 8, 8, and 11 days after casting. These nominal stress
indicators suggest that relatively pronounced concrete strain responses occurred during
the early stage after casting, although their magnitudes should be interpreted in light of the
limitations of the constant-modulus conversion.

Following secondary lining construction, the concrete stress responses at different
monitoring locations exhibited a gradual reduction in their rates of change, although
differences among the cross-sections remained. According to the normalized rate-of-change
criterion, the concrete stress responses at sections S1, S2, and S3 entered slowly varying
stages approximately 40, 40, and 35 days after secondary lining casting, respectively. The
corresponding stress extremes and characteristic times are summarized in Table 5. Overall,
the concrete stress responses exhibited relatively rapid variations during the initial stage
after casting, followed by slower subsequent adjustments. However, the temporal evolution
was not fully synchronized among monitoring locations, and the onset of a slowly varying
stage should not be interpreted as the complete cessation of local stress changes.
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Figure 11. Time histories of concrete stress in the inner and outer sides of the secondary lining:
(a) outer concrete at ZK20 + 732; (b) inner concrete at ZK20 + 732; (c) outer concrete at ZK20 + 772;
(d) inner concrete at ZK20 + 772; (e) outer concrete at ZK20 + 783; (f) inner concrete at ZK20 + 783.
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Table 5. Extreme concrete stresses and temporal characteristics during the monitoring period.

Maximum Location and Time Maximum Location and Time Onset of Slowly
Section Compressive After Secondary Lining  Tensile Stress  After Secondary Lining Varying Stage
Stress (MPa) Casting (MPa) Casting After Casting (d)
S1 —-6.03 Outer left haunch, 3 d 1.25 Inner left sidewall, 8 d 40
S2 —6.70 Outer left wall foot, 8 d 2.34 Outer crown, 8 d 40
S3 —6.47 Outer right wall foot, 4 d 1.43 Inner left sidewall, 11 d 35

To further investigate the spatial distribution of concrete responses, the nominal stresses
calculated at the inner and outer monitoring locations during the later monitoring stage
were compared, as shown in Figure 12. The calculated responses at all three cross-sections
were predominantly compressive, although localized tensile responses were identified.
At section S1, the calculated tensile stresses at the inner left wall foot and left sidewall
were approximately 0.47 and 0.19 MPa, respectively, while all outer-side monitoring points
exhibited compressive responses. At section S2, the corresponding tensile stresses at the
inner left sidewall and crown were approximately 0.77 and 0.23 MPa, respectively, whereas
the outer crown exhibited a nominal tensile stress of approximately 1.46 MPa. At section S3,
the calculated tensile stresses at the inner left wall foot and left sidewall were approximately
0.30 and 0.96 MPa, respectively, while the outer-side monitoring points remained under
nominal compression. These results indicate that localized tensile responses may coexist
with predominantly compressive behavior, particularly near the wall feet, sidewalls, and
crown. However, the calculated tensile values alone are insufficient to confirm the occurrence
of concrete cracking.

(-0.83)
~4.02

Numerical results of stress Numerical results of stress

values inside the lining (MPa) values inside the lining (MPa)
— — — Numerical results of stress
values outside the lining (MPa),

— — — Numerical results of stress
values outside the lining (MPa)

——— Numerical results of stress
values inside the lining (MPa)

— — — Numerical results of stress | (—] .70)
-2.97 values outside the lining (MPa)/ | -3.14
(0.30) 4/ (—3.95)
-2.10 -5.67

Figure 12. Cross-sectional distribution of concrete stress in the secondary lining during the later
monitoring stage (MPa): (a) ZK20 + 732; (b) ZK20 + 772; (¢) ZK20 + 783. Positive values indicate
tensile stress, and negative values indicate compressive stress.
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To further investigate the spatial distribution of the calculated concrete stresses, the
average values at compressive monitoring points and the local extremes during the later
monitoring stage were analyzed, as summarized in Table 6. The average nominal compres-
sive stresses at the inner-side monitoring points of sections 51, 52, and S3 were approximately
—1.54, —2.11, and —2.10 MPa, respectively, while those at the outer-side points were ap-
proximately —3.09, —3.32, and —4.02 MPa, respectively. At all three cross-sections, the
absolute average compressive stress was greater on the outer side than on the inner side.
The differences in these average stress levels remained consistent with those identified using
the original elastic modulus because all calculated stress values were rescaled by the same
factor. However, as tensile responses occurred at certain monitoring locations, the numbers
of points included in the inner- and outer-side compressive averages were not identical.
Therefore, these averages characterize the nominal stress responses at selected compressive
monitoring points and should not be directly interpreted as the load-sharing proportions
of the entire cross-section.

Table 6. Summary of concrete stress in the secondary lining during the later monitoring stage.

Mean Stress at

Compressive Maximum
Section Side mp . Compressive Stress Tensile Locations and Stresses (MPa)
Monitoring Points .
and Location (MPa)
(MPa)
S1 Inner —-1.54 —3.59, right wall foot Left wall foot: 0.47; left sidewall: 0.19
S1 Outer -3.09 —4.99, left haunch No tensile monitoring points recorded
S2 Inner -2.11 —3.21, right wall foot Left sidewall: 0.77; crown: 0.23
S2 Outer -3.32 —5.75, left haunch Crown: 1.46
S3 Inner -2.10 —3.95, right wall foot Left wall foot: 0.30; left sidewall: 0.96
S3 Outer —4.02 —6.32, crown No tensile monitoring points recorded

Regarding the spatial distribution of local compressive responses during the later
monitoring stage, the maximum calculated compressive stresses on the inner and outer
sides of section S1 were approximately —3.59 MPa at the right wall foot and —4.99 MPa at
the left haunch, respectively. At section S2, the corresponding values were approximately
—3.21 MPa at the right wall foot and —5.75 MPa at the left haunch. At section S3, they were
approximately —3.95 MPa at the right wall foot and —6.32 MPa at the crown. The locations
of these extreme responses remained unchanged following the elastic modulus adjustment.
The results indicate that the calculated concrete stress responses varied considerably both
across the lining thickness and among different transverse locations.

Overall, the strain-derived nominal stress responses of the concrete in the secondary
lining of the arch and walls were predominantly compressive during construction, although
localized tensile responses were identified at certain monitoring locations. The calculated
responses exhibited spatial differences between the inner and outer sides and among
different structural locations. Combined with the reinforcement monitoring results in
Section 3.3, these findings indicate that both reinforcement and concrete generally exhibited
greater compressive responses on the outer side, although their local extreme values did
not always occur at the same locations. It should be emphasized that positive nominal
tensile stresses calculated from monitored concrete strains do not necessarily indicate
the occurrence of concrete cracking. In the present study, the maximum nominal tensile
responses occurred approximately 8-11 days after secondary lining casting, when the tensile
strength and stiffness of concrete were still developing. Because age-dependent tensile
strength measurements and corresponding direct crack observations were not included in
the present analysis, the relationship between the calculated tensile stress and the actual
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tensile capacity of concrete could not be quantitatively established. Furthermore, the
strain-derived stress values may be affected by temperature, shrinkage, creep, and evolving
structural restraints. Therefore, the identified tensile regions should be interpreted as
locations requiring particular attention during construction rather than confirmed cracking
locations. Further evaluation of cracking behavior would require age-specific material
testing and direct field crack inspections.

3.5. Crown Settlement and Horizontal Convergence

Cross-sectional deformation is an important indicator of construction disturbance and
the restraining effect of the support structure. The crown settlement histories of the three
representative cross-sections are shown in Figure 13. Overall, crown settlement accumu-
lated progressively as construction advanced. The deformation trends were broadly similar
among the three cross-sections, although the final settlement values differed. The final
crown settlements at sections S1, S2, and S3 were 27.50, 33.76, and 29.15 mm, respectively.
Section S2 exhibited the greatest settlement, while S1 exhibited the least. Crown settle-
ment mainly occurred during bench excavation and the formation of primary support.
As construction progressed, the rate of deformation gradually decreased, although local
adjustments occurred in response to subsequent construction activities, demonstrating
pronounced stage-dependent evolution.

Time since upper bench excavation / d
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Figure 13. Time histories of crown settlement at the three cross-sections.

To further investigate the influence of construction stages on crown deformation, the
settlement rates at the three cross-sections were compared, as shown in Figure 14 and Table 7.
The maximum settlement rates at sections S1, S2, and S3 were 2.75, 3.12, and 3.08 mm/d,
respectively, all occurring during the rapid deformation stage in the early construction
period. Based on construction events and changes in the settlement-rate curves, crown
settlement can be divided into several stages: rapid deformation following upper-bench
excavation, renewed acceleration caused by middle-bench excavation, a declining settlement
rate after lower-bench construction, and further adjustments following invert excavation and
assembly. Changes in deformation rates showed temporal associations with the construction
sequence. In particular, settlement rates increased noticeably after bench excavation and
then gradually declined, reflecting the staged response of cross-sectional deformation to
excavation disturbances and changes in support constraints.
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Figure 14. Time histories of crown settlement rates at the three cross-sections.
Table 7. Magnitudes and temporal characteristics of crown settlement.
Final Settlement Maximum Onset of Initial Slowly Onset of Slowly
Section (mm) Settlement Rate Varying Stage After Varying Stage After
(mm/d) Upper-Bench Excavation (d) Invert Excavation (d)

S1 27.50 2.75 35 4
S2 33.76 3.12 36 5
S3 29.15 3.08 38 5

As shown in Table 7, the crown settlement responses at sections S1, S2, and S3 entered
an initial slowly varying stage approximately 35, 36, and 38 days after upper-bench excava-
tion, respectively, as identified using the normalized rate-of-change criterion. As subsequent
bench excavation and invert construction proceeded, crown settlement continued to adjust.
Following invert excavation and rapid assembly of the precast components, the crown settle-
ment responses at sections S1, 52, and S3 entered slowly varying stages after approximately
4,5, and 5 days, respectively, as identified using the normalized rate-of-change criterion.
This indicates a temporal association between changes in structural restraint during invert
construction and the gradual stabilization of cross-sectional deformation. As the bottom
precast components were installed and the support system progressively formed, the rate
of deformation decreased. However, this temporal relationship alone is insufficient to
quantify the reduction in deformation attributable to the precast invert relative to other
construction methods.

In addition to crown settlement, horizontal convergence provides information on tunnel
cross-sectional deformation during different excavation stages. The horizontal convergence
histories at the upper, middle, and lower benches of the three representative cross-sections
are shown in Figure 15. Overall, horizontal convergence at all three benches accumulated
progressively during construction, with pronounced differences in deformation magnitude
and development among measurement lines at different heights. The final upper-bench
horizontal convergence values at sections S1, S2, and S3 were 30.68, 22.29, and 22.93 mm,
respectively, while the corresponding lower-bench values were 14.72, 12.52, and 12.24 mm.
At each cross-section, horizontal convergence was greatest at the upper bench and smallest at
the lower bench, with the middle bench exhibiting intermediate values. This demonstrates
a nonuniform deformation pattern along the height of the tunnel cross-section.
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Figure 15. Time histories of horizontal convergence at the upper, middle, and lower benches of each
cross-section: (a) ZK20 + 732; (b) ZK20 + 772; (¢) ZK20 + 783.

As shown in Figure 16 and Table 8, the horizontal convergence rate varied in stages as

excavation progressed at each bench, increasing rapidly after excavation and then gradually

decreasing. The maximum convergence rates at sections S1, 52, and S3 were 3.08, 2.16, and

2.53 mm/d, respectively. Based on the normalized rate-of-change criterion, the horizontal

convergence responses at sections S1, S2, and S3 entered an initial slowly varying stage

approximately 52, 47, and 45 days, respectively, after upper-bench excavation. Because the

excavation and support installation sequences differed among the benches, the cumulative

convergence at the upper bench was generally greater than that at the lower bench. Follow-

ing invert excavation and rapid assembly of the precast components, horizontal convergence

at sections 51, S2, and S3 entered slowly varying stages after approximately 5, 5, and 4 days,

respectively, based on the same normalized rate-of-change criterion. This behavior was

broadly consistent with the staged evolution of crown settlement.

Table 8. Magnitudes and temporal characteristics of horizontal convergence at different benches.

Final Final Maximum Onset of Initial Slowly  Onset of Slowly
. Upper-Bench Lower-Bench Varying Stage After Varying Stage
Section Convergence
Convergence Convergence Rate (mm/d) Upper-Bench After Invert
(mm) (mm) Excavation (d) Excavation (d)
S1 30.68 14.72 3.08 52 5
52 22.29 12.52 2.16 47 5
S3 22.93 12.24 2.53 45 4
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Figure 16. Time histories of horizontal convergence rates at the upper, middle, and lower benches:
(a) ZK20 + 732; (b) ZK20 + 772; (c) ZK20 + 783.

The final crown settlement and horizontal convergence at all three sections remained
below the deformation control limit of 75 mm adopted for this project. The maximum crown
settlement was 33.76 mm, corresponding to 45.0% of the control limit, while the maximum
horizontal convergence was 30.68 mm, corresponding to 40.9%. The maximum crown
settlement occurred at section 52, whereas the maximum horizontal convergence occurred
at section S1, indicating that the spatial distributions of vertical and horizontal deformation
were not completely consistent. Overall, cross-sectional deformation accumulated in stages
as excavation progressed and entered a slowly varying stage approximately 4-5 days after
rapid invert assembly. However, the stabilization of overall deformation does not necessarily
indicate that subsequent adjustments in local structural forces have ceased.

4. Discussion
4.1. Construction Events and Interfacial Load Transfer

The interfacial contact pressure in the composite lining incorporating a precast invert
exhibited stage-dependent variations that were temporally associated with construction
activities. Increases and decreases in contact pressure at several monitoring locations
coincided with the entry and departure of construction equipment, respectively. These
observations suggest that temporary construction loads may influence the contact con-
ditions between the precast invert and the underlying cushion layer. However, temporal
correspondence alone is insufficient to establish a direct causal relationship. Other factors,
including spatially nonuniform interface contact, changes in surrounding rock and support
conditions, and concurrent construction disturbances, may also contribute to the observed
pressure variations. Previous studies have indicated that construction loads and evolving
structural constraints can affect the mechanical response of tunnel linings [15]. Neverthe-
less, the present monitoring data do not allow the individual contributions of these factors
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to be isolated or quantified. Accordingly, the relationships between construction events and
contact pressure variations are interpreted as temporal associations supported by plausible
mechanical explanations, rather than conclusively demonstrated causal mechanisms.

Differences in invert—cushion contact pressure were observed between the available
monitoring records before and after the interruption covering the base grouting period.
However, because no continuous measurements were available during this interval, the
contribution of grouting to the observed pressure changes could not be isolated from other
possible influences, including variations in interface support conditions and construction
disturbances. Accordingly, the observed differences are interpreted as changes in the
interface contact state between two monitoring periods, rather than as direct evidence
of a grouting-induced pressure increment. Subsequent pressure adjustments recorded
after the casting of the secondary lining are analyzed separately based on the available
monitoring histories. In addition, the relatively low contact pressure recorded at some
wall-foot locations may be related to local contact conditions and connection details [7,9].
Nevertheless, this observation alone is insufficient to establish the presence of interface
gaps or connection damage. Overall, construction-stage changes are closely associated with
interfacial load transfer, and local contact conditions should be evaluated by considering
multiple monitoring indicators.

The differences in contact pressure among the three monitoring cross-sections may
be associated with the combined effects of ground-support interaction, local interface
contact conditions, and construction-stage boundary conditions. The tunnel mainly passes
through mudstone interbedded with sandstone and is situated in sloping terrain, where
variations in surrounding rock conditions and overburden may influence the distribution
of loads acting on the lining. In addition, differences in primary support restraint, local
contact stiffness, and construction disturbances may contribute to the nonuniform pressure
responses. Although S1 exhibited a substantially higher local pressure peak than S2 and
53, the peak pressures occurred at different circumferential locations, indicating that the
interface response was spatially heterogeneous. The available monitoring records do not
provide sufficient section-specific information on overburden, groundwater conditions, and
surrounding rock properties to independently quantify the contributions of these factors.
Therefore, the elevated pressure at the left haunch of S1 is interpreted as a localized interface
response potentially influenced by multiple interacting conditions rather than the result of
a single identified cause.

4.2. Spatial Differences Between Contact Pressure and Material Stress

Interface contact pressure and internal lining material stresses exhibited different
spatial distributions. During the later monitoring stage, the normal contact pressures at the
right wall foot were 42.35, 21.32, and 25.26 kPa at sections S1, S2, and S3, respectively. At
section S3, the outer reinforcement at the right wall foot exhibited a compressive stress of
—31.51 MPa, while the strain-derived nominal concrete stresses at the inner and outer sides
of the same location were approximately —3.95 and —5.67 MPa, respectively. The contact
pressure reflects the local normal interaction between the secondary lining and primary
support, whereas reinforcement and concrete stresses characterize the internal mechanical
response of the lining. Internal stress distributions may be influenced by the combined
effects of axial forces, bending moments, structural geometry, and connection restraints,
and therefore do not necessarily correspond directly to the local interface-normal pressure.
Previous studies have also demonstrated the influence of connection stiffness on internal
load-transfer characteristics [10]. These observations indicate that the mechanical state of
the wall-foot region should be evaluated by considering both interface contact conditions
and internal material stresses.
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The monitoring results for reinforcement and concrete exhibited distinct spatial varia-
tions, with relatively greater compressive stress magnitudes generally observed on the outer
side of the secondary lining. Based on the adopted linear—elastic conversion, localized posi-
tive strain-derived nominal stress responses were identified at several concrete monitoring
locations, indicating potentially critical tensile regions. However, the interpretation of these
calculated responses requires consideration of early-age concrete behavior. In particular,
the development of the elastic modulus, hydration-related temperature variations, autoge-
nous and drying shrinkage, creep, and evolving structural restraints may all influence the
measured strain and its conversion into stress [21-23].

In this study, a constant reference elastic modulus of 32.5 GPa was adopted for the
C40 concrete in the secondary lining. As the time-dependent material properties and non-
mechanical strain components were not independently quantified, the calculated stresses
should be interpreted as approximate strain-derived indicators rather than direct measure-
ments of actual mechanical stresses. Notably, the maximum calculated nominal tensile
stress of approximately 2.34 MPa at section S2 occurred eight days after secondary lining
casting, when the tensile strength and stiffness of the concrete were still developing. Without
corresponding age-dependent tensile strength measurements and direct crack observations,
the calculated tensile responses cannot be used to confirm the occurrence of cracking or
quantitatively evaluate the cracking safety margin. Therefore, the results are primarily
used to characterize relative spatial differences, temporal evolution, and potentially critical
regions requiring further monitoring.

4.3. Timescales of Deformation Stabilization and Stress Adjustment

The monitoring results indicate that overall deformation and local mechanical re-
sponses exhibit distinct temporal evolution characteristics during construction. Based on
the normalized rate-of-change criterion, crown settlement and horizontal convergence
entered slowly varying stages approximately 4-5 days after invert excavation and rapid
assembly, whereas interface contact pressure and lining material stress entered slowly
varying stages approximately 24—40 days after the subsequent casting of the secondary
lining. It should be emphasized that these characteristic times are referenced to different
construction events and therefore cannot be directly compared as equivalent stabilization
periods. Furthermore, the identified times represent transitions to relatively slow response
stages rather than complete mechanical stabilization. Nevertheless, these observations
demonstrate that a substantial reduction in the overall deformation rate does not necessarily
indicate the cessation of subsequent local stress adjustments.

The reduction in the observed deformation rate following invert construction was
temporally associated with the installation of the bottom structure and changes in struc-
tural constraints. Similar construction-stage interactions in structures incorporating precast
inverts have been discussed in previous research [25]. However, the present study did
not include a contemporaneous conventional cast-in-place invert section with comparable
geological conditions, structural configurations, and construction sequences. Therefore, the
observed deformation characteristics cannot be attributed exclusively to the precast invert
construction method, and the relative contributions of the construction method and other
influencing factors cannot be independently quantified. More importantly, the available
field monitoring data do not provide sufficient evidence to establish the superiority of
the precast invert system over a conventional cast-in-place invert in terms of deformation
control, structural performance, or construction efficiency. Accordingly, the results should
be interpreted as a characterization of the mechanical responses of the investigated com-
posite lining during construction, rather than as a direct comparison between alternative
invert construction methods. Taken together, these observations suggest that overall de-
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formation measurements alone are insufficient to characterize the complete mechanical
response of composite linings during construction. A complementary monitoring strategy
is therefore recommended, in which crown settlement and horizontal convergence are
used to evaluate overall deformation, while interface contact pressure and reinforcement
and concrete stress measurements are used to identify localized mechanical responses.
Particular attention should be paid to the wall feet, sidewalls, and regions exhibiting ten-
sile stress, and local stress monitoring should continue even after the overall deformation
response has entered a slowly varying stage. This approach may provide a more compre-
hensive basis for construction-stage structural assessment than reliance on an individual
monitoring indicator.

It should be acknowledged that the present study is based on field monitoring data from
three cross-sections of a single tunnel, which imposes certain limitations on the generalizabil-
ity of the findings. Although comparisons among the three cross-sections provide insights
into the spatial differences and stage-dependent evolution of the monitored responses, they
do not constitute independent validation under different engineering conditions. Further-
more, no additional tunnel case, numerical simulation, or dedicated experimental investiga-
tion was available to independently verify the inferred mechanical mechanisms. Therefore,
the findings should be interpreted primarily as project-specific observations rather than
universally applicable conclusions. Variations in geological conditions, structural configu-
rations, and construction sequences may influence the mechanical responses of composite
linings with prefabricated inverts. Future research should incorporate monitoring data
from multiple engineering projects and combine field observations with numerical analyses
or experimental investigations to further validate the identified response characteristics and
evaluate their applicability under different engineering conditions.

5. Conclusions

Taking the precast invert construction section of Yaopocun Tunnel on the Tianlong
Railway as the engineering case, this study analyzed archived field monitoring data from
three representative cross-sections. The mechanical responses and stage-dependent evolu-
tion of the composite lining consisting of a precast invert and cast-in-place arch and wall
lining were investigated in terms of interfacial contact pressure, lining material stress, and
cross-sectional deformation. The following conclusions were drawn:

(1) Interfacial contact pressure in the composite lining incorporating a precast invert under-
went stage-dependent adjustments and exhibited pronounced spatial nonuniformity.
The presence and removal of construction equipment were associated with increases
and decreases, respectively, in contact pressure beneath the invert. Further adjustments
occurred after casting of the secondary lining of the arch and walls. During the later
monitoring stage, the mean monitored pressures at the invert-cushion interface ranged
from 30.39 to 36.47 kPa, while those at the secondary lining—primary support interface
ranged from 52.67 to 85.16 kPa. The locations of the maximum local pressures differed
among the cross-sections. Because base grouting occurred during a monitoring gap,
the instantaneous pressure change attributable to grouting could not be independently
quantified using the available data.

(2) Internal lining material stresses exhibited spatial distributions that differed from those
of interface contact pressure. During the later monitoring stage, all reinforcement mon-
itoring points were under compression. The absolute average compressive stress on the
outer side was 1.32-1.99 times that on the inner side, with relatively high compressive
stresses generally occurring at the wall feet and sidewalls. At all three cross-sections,
contact pressure at the wall feet was relatively low, while local reinforcement com-
pressive stresses were relatively high. This indicates that interface contact pressure
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and internal lining material stress do not exhibit a simple correspondence. Interface
pressure alone is therefore insufficient to fully characterize the local mechanical state
of the composite lining.

(3) The strain-derived nominal stress responses of the concrete in the secondary lining
were predominantly compressive, with localized tensile responses observed at certain
monitoring locations. The maximum calculated tensile stresses at the three cross-
sections ranged from approximately 1.25 to 2.34 MPa, while the maximum value during
the later monitoring stage was approximately 1.46 MPa. These results indicate that
localized tensile responses may persist during the subsequent adjustment of the lining
structure. Particular attention should therefore be paid to the wall feet, sidewalls, and
crown regions exhibiting tensile responses during construction. The calculated tensile
stresses provide a basis for identifying potentially critical regions but are insufficient
on their own to confirm concrete cracking.

(4) Overall deformation and local mechanical responses in the composite lining incorpo-
rating a precast invert exhibited different stage-dependent evolution patterns. The
final crown settlement at the three cross-sections ranged from 27.50 to 33.76 mm, and
the final upper-bench horizontal convergence ranged from 22.29 to 30.68 mm. Both
remained below the project deformation control limit of 75 mm. Based on the proposed
normalized rate-of-change criterion, cross-sectional deformation entered slowly vary-
ing stages approximately 4-5 days after invert excavation and rapid assembly, while
interface contact pressure and lining material stress entered slowly varying stages
approximately 24-40 days after secondary lining casting. As these characteristic times
were referenced to different construction events, they should not be interpreted as di-
rectly comparable stabilization periods. The findings indicate that the onset of a slowly
varying deformation stage does not necessarily imply the cessation of subsequent
local mechanical adjustments. Accordingly, construction-stage monitoring should not
be terminated solely because overall deformation has entered a slowly varying stage.
Continued monitoring of stress evolution at the wall feet, sidewalls, and localized
tensile regions is also necessary.

It should be noted that these conclusions are derived from field monitoring data
obtained from a single tunnel project. Although the findings provide engineering insights
into the construction-stage behavior of composite linings with prefabricated inverts, their
applicability to different geological conditions, structural configurations, and construction
methods requires further verification through independent field investigations, numerical
analyses, or experimental studies.

These conclusions are based on field monitoring data from three representative cross-
sections within a single tunnel project. Because no contemporaneous cast-in-place invert
control section was available, the observed deformation responses cannot be used to es-
tablish the comparative superiority of the precast invert system in terms of deformation
control or structural performance. The findings therefore provide project-specific evidence
of the construction-stage mechanical behavior of the investigated composite lining rather
than a quantitative comparison of alternative invert construction methods. Further studies
involving independent engineering cases, comparable cast-in-place invert sections, and com-
plementary numerical or experimental investigations are needed to validate the identified
response characteristics and assess their broader applicability.
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