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Abstract

With the development of large-scale mechanized construction techniques, tunnel excavation is predominantly executed using either
full-face or large-face methods, often supplemented with anchor-bolt reinforcement. However, the reinforcement mechanism of pre-
stressed anchor bolts and the impact of excavation methods on the anchorage layer are yet to be comprehensively clarified through
an integrated lens that bridges the macroscopic bearing capacity with mesoscopic mechanical properties. In this study, diverse support
types and excavation methods were considered to perform a comprehensive series of loading and failure tests on tunnel anchorage layers.
Through the incorporation of stress monitoring, P-wave velocity analysis, and particle image velocimetry (PIV), this study revealed the
reinforcement mechanisms of prestressed anchor bolts. In parallel, it delineates the influence of excavation methods on both the macro-
scopic bearing capacity and mesoscopic mechanical properties of the anchorage layer. The experimental findings revealed that pre-
stressed anchor-bolt reinforcement induced a progressive evolution in the surrounding rock, characterized by sequential modifications
in stress, integrity, mechanical properties, ductility, and bearing capacity. Relative to the unsupported conditions, the prestressed
anchor-bolt reinforcement yielded substantial enhancements: stress improved by approximately 245.5%, integrity by 14.3%, mechanical
properties by 9.8%, ductility by 147.7%, and bearing capacity by up to 500%. In unsupported conditions or with anchor bolts, large-face
excavation demonstrated superior performance relative to full-face excavation, enhancing both the mesoscopic mechanical properties
and macroscopic bearing capacity by approximately 2.8%—6.9% and 50%-100%, respectively. The findings indicate that large-face exca-
vation is the preferred method under these support conditions. However, when prestressed anchor-bolt reinforcement is used, the differ-
ences between the two construction methods become negligible, rendering full-face excavation the more practical construction option.

Keywords: Anchorage layer; Full-face excavation; Large-face excavation; Macroscopic bearing capacity; Mesoscopic mechanical property

1 Introduction

With the rapid advancement of mechanized and intelli-
gent construction technologies, both the scale and fre-
quency of tunnel engineering projects have expanded
markedly. In the context of large-scale mechanized excava-
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tion, two principal methods are typically employed: full-
face and large-face excavation methods, the latter of which
retains the tunnel invert during the excavation process.
However, owing to the expansive excavation span and
rapid construction pace of both methods, tunnels are sus-
ceptible to large deformations, rockfalls, collapses, and
other failures (Wei & Zhu, 2021). Anchor-bolt reinforce-
ment is routinely employed to mitigate construction-
induced risk. Once installed, the anchor bolts integrate with
the surrounding rock mass to form a unified structure,
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termed the anchorage layer, which collectively sustains
external loads and markedly enhances the overall stability
of the surrounding rock. To enhance construction safety
without compromising efficiency and to enable the precise
and optimized design of anchor bolts, the reinforcement
mechanisms of anchor bolts and the influence of excava-
tion methods on the macroscopic and mesoscopic perspec-
tives within the anchorage layer must be characterized.

Several studies have aimed to characterize the reinforce-
ment mechanisms, bearing capacities, and mechanical
properties of anchorage layers. With respect to reinforce-
ment mechanisms, anchor bolts primarily stabilize weak
surrounding rock by suspending unstable rock masses
and preventing rockfalls or collapses (Elrawy et al., 2020;
Martin, 2012). Supporting this view, theoretical models
have been developed to determine the minimum anchor
bolt length required to effectively mobilize this suspension
effect (He et al., 2015). Beyond this fundamental function,
anchor bolts optimize the stress distribution within the
rock mass (Chen et al., 2016; Hyett et al., 1992), resulting
in stress arches and beam effects that collectively enhance
the overall stability of the surrounding rock (Hoek &
Brown, 1980; Lang, 1961; Singh et al., 2020;
Skrzypkowski et al., 2020; Yang et al., 2025). In addition,
anchor bolts impart confinement to the surrounding rock
mass (Sun et al., 2022; Wang et al., 2018), with the magni-
tude of this confinement influence intensifying with the
number of installed anchor bolts (Chen et al., 2018;
Deb & Das, 2011).

With regard to the bearing capacity and mechanical
properties of the anchorage layer, numerous studies have
demonstrated that anchor reinforcement enhances the
shear strength and bearing capacity of the surrounding
rock at the macroscopic scale, with these improvements
being strongly influenced by the length of the installed
anchor bolts (Chen et al., 2020; Dong & Wang, 2020;
Hoien et al., 2021). Variations in the anchor bolt diameter
and ambient temperature can significantly affect the failure
mechanisms of an anchoring system, thereby altering its
overall bearing performance (Hu et al., 2023; Liu et al.,
2023; Zuo et al., 2019). The confining pressure and interfa-
cial friction at the rock—anchor interface play a pivotal role
in modulating the anchorage performance and governing
the stress distribution along the anchor bolt (Ho et al.,
2019; Ma et al., 2019). From a mesoscopic perspective,
anchor-bolt reinforcement enhances the elastic modulus
and the cohesion of the surrounding rock (Srivastava &
Singh, 2015; Yu et al., 2023). With increasing anchor bolt
density, the uniaxial compressive, tensile, and biaxial com-
pressive strengths of the rock exhibit marked enhance-
ments, although their evolution does not conform to a
strictly linear trend (Li et al., 2017). Notably, larger cross-
ing angles between the jointed rock mass and anchor bolt
tend to yield more pronounced reinforcement effects (Jing
et al., 2014). Through homogenization, the anchor-rock
composite can be regarded as an equivalent continuum
material with improved and uniformly distributed mechan-

ical properties (Carranza-Torres, 2009). Despite the consid-
erable body of research dedicated to elucidating the
reinforcement mechanisms of anchor bolts and the bearing
capacity and mechanical properties of the anchoring layer,
several critical limitations persist.

(1) Existing studies generally characterize anchor-bolt
reinforcement as an increase in bearing capacity at
the macroscopic scale and improvements in stress
and mechanical properties at the mesoscopic scale.
However, the reinforcement mechanism has not been
comprehensively elucidated from the perspective of
rock mass integrity, nor has it been examined through
a unified framework that explicitly links macroscopic
bearing behavior with mesoscopic mechanical prop-
erties. To address this limitation, the present study
incorporates P-wave velocity measurements into
physical model experiments to quantitatively evaluate
rock mass integrity. By grounding the analysis in
rock integrity evolution, the reinforcement mecha-
nism of anchor bolts is systematically interpreted
across macroscopic and mesoscopic scales.

(2) Although previous research confirms that anchor-
bolt reinforcement enhances the mechanical proper-
ties of surrounding rock, the fundamental mecha-
nisms  driving these improvements remain
insufficiently explained. In this study, the reinforce-
ment mechanism is clarified through the lens of rock
integrity, tracing a continuous progression from
stress redistribution to integrity enhancement and,
ultimately, to the strengthening of mechanical
properties.

(3) With respect to the factors influencing the bearing
capacity and mechanical properties of the anchorage
layer, existing studies have predominantly focused on
parameters such as anchor bolt length, spacing, and
density, typically within the framework of a single
anchor bolt interacting with the surrounding rock.
However, the influence of excavation methods on
the macroscopic bearing capacity and mesoscopic
properties of the entire tunnel anchorage layer
remains insufficiently understood. Moreover, system-
atic guidance on selecting optimal excavation meth-
ods for different support conditions has yet to be
established. Accordingly, this study conducts experi-
ments on the entire tunnel anchorage layer, incorpo-
rating full-face and large-face excavation methods
commonly used in practice. The results elucidate the
influence of excavation methods on the macroscopic
bearing capacity and the mesoscopic mechanical
properties of the tunnel anchorage layer under vary-
ing support types, thereby offering practical guidance
for excavation strategies in tunnels constructed with
different support types.

To address these research gaps, the tunnel anchorage
layer is isolated as an independent structural system and
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subjected to a series of loading and failure experiments to
investigate its macroscopic bearing capacity and meso-
scopic mechanical properties. The experimental program
considers multiple excavation methods and support types
and employs advanced monitoring techniques, including
P-wave velocity measurement and particle image velocime-
try (PIV). Section 2 presents a detailed description of the
experimental setup, Sections 3 and 4 analyze the macro-
scopic and mesoscopic experimental results, respectively,
and Section 5 discusses the reinforcement mechanisms of
anchor bolts and the effects of excavation methods on the
anchorage layer.

2 Experimental setup
2.1 Similarity ratio and experimental system

2.1.1 Similarity ratio and tunnel cross-section

The fundamental similarity ratios employed in the
experiment encompass geometry C;, gravity C,, strain
C,, Poisson’s ratio C,, and P-wave velocity Cy;,. Among
these, the C; value is 45, while the C,, C;, C,, and Cy, val-
ues are maintained at 1. The remaining similarity parame-
ters are listed in Table 1.

The experiment utilized a 350 km/h double-track rail-
way tunnel as the prototype cross-section, adhering to
the specifications outlined in the Chinese industrial stan-
dard TB 10621—2014 (National Railway Administration
of the People’s Republic of China, 2014) for high-speed rail
infrastructure. The tunnel features a cross-sectional profile
with a height of 12.54 m and a span of 14.86 m. To inves-
tigate the bearing capacity and mechanical properties of
the tunnel anchorage layer under conditions of full-face
excavation (including tunnel invert excavation) and large-
face excavation (excluding tunnel invert excavation), the
corresponding full-face and large-face tunnel cross-
sections were derived in accordance with the prescribed
geometric similarity ratio, as illustrated in Fig. 1. In the
experimental model, the tunnel span for the full-face
cross-section measures 0.33 m, with a height of 0.28 m,
and excludes the presence of a tunnel invert at the base,
as depicted in Fig. 1(a). The large-face cross-section,
derived from the full-face cross-section, incorporates a
0.06 m high tunnel invert at the base, as illustrated in
Fig. 1(b).

In practical tunnel engineering, the anchorage layer
typically consists of the surrounding rock and reinforcing
anchor bolts. To faithfully reproduce actual engineering

scenarios, the model tests employed similar materials to
represent both the surrounding rock and reinforcing
anchor bolts, in line with the established practice in pre-
vious experimental investigations of the anchorage layer
(Xiao et al., 2024; Yang et al., 2025). Morecover, the
selection of similar materials is governed by the pre-
scribed similarity ratios derived from the physical and
mechanical properties of the surrounding rock and
anchor bolts. This approach ensures that the anchorage
layer in the model test not only preserves fidelity to
actual tunnel engineering but also yields meaningful com-
parability in terms of both macroscopic bearing capacity
and mesoscopic mechanical properties. To quantitatively
assess the bearing capacity of the anchorage layer under
both full-face and large-face excavation strategies, a 0.09-
m-thick anchorage layer was delineated, corresponding to
the length of the anchor bolts employed in the experi-
ment. The surrounding rock within the anchorage layer
was infilled to simulate the in situ conditions. Beyond
the anchorage layer, rounded fine-grained yellow sand
was employed as the filling medium for two reasons.
First, its distinct color contrast with the surrounding
rock materials facilitates the clear visual identification
of anchorage layer phenomena, such as deformation,
rock detachment, and collapse, during loading. If the
exterior is filled with materials resembling the surround-
ing rock, the boundaries between the anchorage layer
and the host medium would become indistinct, compli-
cating the accurate evaluation of the bearing capacity
of the anchorage layer. Second, owing to its smooth sur-
face and high compactibility, the round fine-grained yel-
low sand effectively transmits the applied load to the
anchorage layer. Accordingly, in line with previous
research on anchorage layer model testing (Xiao et al.,
2024; Yang et al., 2025), this study adopted round,
fine-grained yellow sand as the external fill.

2.1.2 Experimental system

This experiment was designed as a plane strain test,
wherein longitudinal effects were neglected. The dimen-
sions of the model box measured 0.8 m x 1.1 m, as illus-
trated in Fig. 2. The model box was enclosed by steel
plates, and its front panel was constructed from transpar-
ent organic glass to facilitate observation. The experimen-
tal apparatus comprised two jacks: a laptop for data
acquisition, a spotlight for enhanced visibility, a high-
resolution camera for detailed documentation, and a
stress—strain gauge for precise measurements.

Table 1

Similarity ratio design.

Parameter Geometry  Stress Strain  Gravity  P-wave velocity  Elastic modulus ~ Poisson’s ratio  Friction angle =~ Cohesion
Similarity ratio 1:45 1:45 1:1 1:1 1:1 1:45 1:1 1:1 1:45
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Fig. 3. Surrounding rock. (a) Deformation parameter, and (b) strength parameter.

2.2 Similarity materials

2.2.1 Surrounding rock

Building on the research of Tang et al. (2023), similar
materials replicating the surrounding rock were formulated
by blending fly ash, river sand, and oil in a controlled ratio
to ensure consistency and stability. The deformation and
strength parameters were determined through triaxial and
direct shear tests, as shown in Fig. 3. Following an iterative
refinement process, the optimal mixing ratio for the sur-
rounding rock material was determined as fly ash:river
sand:oil = 4.8:4.2:1. The corresponding mechanical param-
eters are listed in Table 2. 7 and ¢ are the shear stress and
axial stress, respectively. ¢ and ¢ are the cohesion and fric-
tion angle of the surrounding rock similarity material,
respectively.

2.2.2 Bolt

In the experiment, a threaded rod was employed to sim-
ulate the anchor bolt, ensuring appropriate stiffness con-
trast with the surrounding rock. The simulation and
installation procedures for the anchor bolts are shown in
Fig. 4. Prestressing was introduced through a combination
of gaskets, springs, and strip caps, with a pre-embedded
installation method adopted to enhance structural integ-
rity. To increase frictional resistance, the surface of the
anchor bolt was coated with quartz sand. The anchor bolt
had a diameter of 1.8 mm and was arranged at a spacing of
0.033 m. The total length of the threaded rod measures
0.13 m, with 0.09 m representing the embedded portion

that simulates the anchor bolt, while the remaining
0.04 m is designated for the application of prestress.

2.2.3 Sand

In the experiment, sand primarily served as a medium
for load transfer. To ensure uniformity and reliability, nat-
urally rounded fine sand was selected and meticulously
sieved using a 2 mm aperture. The deformation and
strength parameters of sand were determined through tri-
axial and direct shear tests, and the results are presented
in Fig. 5 and Table 3.

2.3 Monitoring plan

2.3.1 Stress—strain

The stress distribution within the surrounding rock was
monitored using soil pressure cells strategically positioned
at critical locations, including the tunnel crown, shoulder,
hance, and foot, with 21 measurement points, as illustrated
in Fig. 6. TC-1 denotes the measurement point along the
tunnel crown contour, and TC-3 corresponds to the moni-
toring point at the interface between the surrounding rock
and the anchorage layer of the tunnel crown.

2.3.2 P-wave velocity

To capture the mesoscopic mechanical properties of the
anchorage layer, a P-wave velocity monitoring system was
integrated into the experiment to assess the integrity of the
surrounding rock, as shown in Fig. 7. Initially, five trans-
ducers, referred to as pre-embedded transducers, were

Elastic modulus (GPa)

Possion’s ratio Cohesion (kPa) Friction angle (°)

Table 2

Mechanical parameters of the surrounding rock similarity material.

Ttem Density (kg/m?)

Surrounding rock Model test 2010 0.057
Prototype 2100 2

Similarity ratio 1.04 35.09

0.34 12.27 25.3
0.35 585 25
1.03 47.68 0.99
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Fig. 5. Sand. (a) Deformation parameter, and (b) strength parameter.

Table 3
Mechanical parameters of sand similarity material.
Ttem Density (kg/m?) Elastic modulus (GPa) Possion’s ratio Cohesion (kPa) Friction angle (°)
Sand Model test 1780 0.011 0.35 0 36
Prototype 1800 0.015 0.34 0 35
Similarity ratio 1.01 1.36 0.97 45 0.97

strategically positioned within the tunnel crown, shoulder,
and hance. During testing, a moving transducer, in con-
junction with a digital measurement instrument and pre-
embedded transducers, was employed to accurately deter-
mine the P-wave velocity of the surrounding rock. A com-
pact rock specimen with a length of 10 cm was prepared to
determine the intrinsic P-wave velocity of the surrounding
rock, as illustrated in Fig. 8. The measured value of the P-
wave velocity Vo was 2137 m/s. Based on Eq. (1), the
integrity index K, of the surrounding rock was calculated.

where V/, is the P-wave velocity of the surrounding rock,
Vo is the P-wave velocity of the intrinsic surrounding rock,
and K, is the integrity of the surrounding rock.

2.3.3 Displacement

To capture the displacement of the surrounding rock
with high precision, a noncontact particle image velocime-
try (PIV) technique was employed. PIV is a displacement
measurement technique based on optical imaging and
image correlation analysis. Its underlying principle involves
capturing sequential images embedded with tracer particles
or natural surface textures and applying cross-correlation
algorithms to resolve the collective translation of particle
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Fig. 7. P-wave velocity monitoring.

ensembles between successive frames, thereby deriving noncontact characterization of structural or material
local displacement vectors. By integrating these vectors deformation. The PIV system comprised spotlights, cam-
through full-field reconstruction, a continuous displace-  eras, and model boxes, as shown in Fig. 9. The optical cen-
ment distribution is obtained, enabling high-resolution,  ter of the camera was aligned horizontally with the
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Fig. 8. Measurement of V7.

Fig. 9. Displacement monitoring.

midpoint of the tunnel section, and the spotlight was posi-
tioned at a 45° angle to ensure uniform illumination. High-
resolution images of the surrounding rock were captured
using the camera and subsequently processed using the
open-source platform PIVlab (Thielicke & Stambhuis,
2014), enabling the extraction of displacement fields with
high accuracy.

2.4 Work conditions and test procedure

To investigate the evolution of both the macroscopic
bearing capacity and microscopic mechanical properties

of the tunnel anchorage layer under full-face and large-
face excavations, accounting for variations in the support
types and excavation methods, six distinct test conditions
were established, as summarized in Table 4.

The test procedure comprises the following five sequen-
tial steps:

(1) Establish connections between the laptop and various
sensors, including soil pressure cells and static strain
gauges, to ensure data acquisition and monitoring.

(2) Fill the model box with the designated similar mate-
rials, ensuring adherence to the excavation condi-
tions; for the full-face excavation, the tunnel invert
was omitted, whereas for the large-face excavation,
it was retained. Concurrently, pre-embed soil pres-
sure cells, P-wave velocity transducers, and anchor
bolts at their designated monitoring points to facili-
tate precise data acquisition. Given the experimental
isolation of the anchorage layer, a support lining
must be incorporated during the filling process to pre-
vent structural collapse and maintain the integrity of
the anchorage layer.

(3) Position the camera and spotlight in accordance with
the predefined configuration of the PIV system.

(4) Carefully remove the support lining and proceed with
the installation of the spring, gasket, and strip cap to
effectively apply the prestress to the anchor bolt.

(5) Pretesting indicated that the anchorage layer typically
underwent deformation, rock detachment, and even-
tual stabilization within approximately 15 min of
each load application. Accordingly, loads were

Table 4

Work conditions.

Test No. Support type Excavation method Remark

1 - Full-face Surrounding rock layer with full-face excavation (SRL-F)

2 Anchor bolt Full-face Anchorage layer with full-face excavation (AL-F)

3 Prestressed anchor bolt Full-face Prestressed anchorage layer with full-face excavation (PAL-F)
4 - Large-face Surrounding rock layer with large-face excavation (SRL-L)

S Anchor bolt Large-face Anchorage layer with large-face excavation (AL-L)

6 Prestressed anchor bolt Large-face Prestressed anchorage layer with large-face excavation (PAL-L)
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applied to the tunnel anchorage layer at 20-min inter-
vals, with increments of 20 kPa per step, until anchor-
age layer failure occurred.

2.5 Numerical validation

2.5.1 Model establishment

To validate the experimental findings, numerical models
were constructed using FLAC2D, with the experimental
conditions PAL-F and PAL-L selected as representative
cases, as illustrated in Fig. 10. The numerical model was
assigned material mechanical properties, boundary condi-
tions, geometric dimensions, and loading schemes consis-
tent with those of the physical experiments. The base of
the model was constrained as fixed, the top surface was
treated as free, and the remaining boundaries were sub-
jected to normal constraints. In alignment with the experi-
mental test, each loading step was set at 20 kPa. Given the
inability of finite element analysis to reproduce rockfall, the
ultimate applied loads were defined as 100 kPa for both
PAL-F and PAL-L, corresponding to their respective fail-
ure load oy. In the numerical model, both the sand and sur-
rounding rock were characterized using the Mohr-
Coulomb failure criterion and modeled using zone ele-
ments in FLAC. Prestressed anchor bolts were represented
through cable elements. The simulation was performed in
four stages: initial stress equilibrium, tunnel excavation,
installation of prestressed anchor bolts, and subsequent
loading.

2.5.2 Results validation

As exemplified by TC-2, the evolution of radial stress for
PAL-F and PAL-L, obtained from both the numerical sim-
ulations and physical model experiments, is presented in
Fig. 11(a) and (b), and the corresponding radial stress dis-
tributions are illustrated in Fig. 11(c) and (d). As loading
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progressed, the radial stress exhibited a steady increase.
Numerical simulations and model experiments demon-
strated strong concordance in both the evolutionary trends
and magnitudes of the measured values. At a loading level
of ¢ = 100 kPa, the numerical radial stress at TC-2 for
PAL-F was 35.4 kPa, compared with an experimental value
of 39.8 kPa, yielding a deviation of 12.4%. For PAL-L, the
numerical result was 40.1 kPa, while the experimental value
was 41.2 kPa, corresponding to an error of only 2.7%.
These results confirm the reliability and validity of the
experimental model.

3 Macroscopic experimental results
3.1 Failure process

The failure process of the SRL under both the full-face
and large-face excavations is illustrated in Fig. 12. In the
SRL-F configuration, a rockfall of 3.8 cm x 1.2 cm was
observed at the left tunnel shoulder, while a larger rockfall
of 6.2 cm X 1.8 cm occurred at the right tunnel shoulder
when subjected to a load of ¢ = 20 kPa. In contrast, the
SRL-L configuration exhibited a rockfall of 6.5 cm x 1.4
cm at the left tunnel shoulder under ¢ = 40 kPa. These
observations indicate that structural failure in the SRL-F
case was initiated at 20 kPa, whereas in the SRL-L case,
failure commenced at 40 kPa. As the applied load
increased, the failure progress in both SRL-F and SRL-L
extended toward the tunnel crown. Under ¢ = 40 kPa,
SRL-F exhibited a rockfall of 10.2 cm X 3.4 cm at the tun-
nel crown, whereas SRL-L experienced a comparatively
smaller rockfall of 4.8 cm X 2.9 cm at ¢ = 60 kPa. Subse-
quently, structural failure in both cases propagated later-
ally along the tunnel profile. At ¢ = 60 kPa, SRL-F
underwent further rockfalls of 11.6 cm X 2.2 cm at the left
tunnel shoulder, 8.8 cm X 1.1 cm at the right tunnel
shoulder, and 8.6 cm X 1.5 cm at the right tunnel hance.
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Fig. 10. Numerical model. (a) PAL-F, and (b) PAL-L.



H. Yang et al. | Underground Space 27 (2026) 278-300

50
Experimental test
404" °" -Numerical simulation
=
A 2
) e
% 30+ e o
@ ;o’ :
= 20+ T
'g o el
& 4
104 S
_ D
= Full-face
O T T T T
0 20 40 60 80
Load (kPa)

o

=0

kPa (SRL-L)

oy b oy
&

=40 kPa (SRL-L)

100

¢

0=60 kPa (SRL-L)

(b)

50
Experimental test
Pl el Numerical simulation A
- 7
z _uP
g -
=30- ="
§ ; -
d‘z 5 o
S 20+ g
_8 & o
& o
10+ x”
= (=]
— Large-face
0 ' J ! Y
0 20 40 60 80 100

7

Load (kPa)
(b)

ey ‘&.0 cm

@
)

0=80 kPa (SRL-L)

Fig. 12. Failure process of SRL. (a) SRL-F, and (b) SRL-L.

=100kPa §

9.00E+04
8.00E+04
7.00E+04
6.00E+04
5.00E+04
4.00E+04
3.00E+04
2.00E+04
1.00E+04
0.00E+00

»fI

9.00E+04
8.00E+04
7.00E+04
6.00E+04
5.00E+04
4.00E+04
3.00E+04
2.00E+04
1.00E+04
0.00E+00

Zone Extra 1
Calculated by: Constant

Zone Extra 1
Calculated by: Constant

() ssoxs [eipey|

(e ) ssons ppmy

287



288 H. Yang et al. | Underground Space 27 (2026) 278-300

In contrast, at ¢ = 80 kPa, SRL-L exhibited rockfalls of 5.
9 cm x 1.8 cm at the left tunnel hance and 4.1 cm X 1.0 cm
at the right tunnel shoulder. The ultimate failure of the
SRL manifested as a collapse at the tunnel crown. In the
SRL-F configuration, structural failure occurred under a
load of 80 kPa, with a collapse width of 17.8 cm. In con-
trast, SRL-L withstood a higher load of 120 kPa before
succumbing to failure, exhibiting a significantly narrower
collapse width of 5.8 cm. Despite the disparity in the
failure-inducing loads between SRL-F and SRL-L, their
failure modes remain fundamentally consistent. Progres-
sive failure followed a characteristic sequence: initial rock-
fall from the tunnel shoulders, followed by rockfall at the
tunnel crown, and subsequent rockfall from either the tun-
nel shoulders or hance, culminating in the ultimate collapse
of the tunnel crown.

The failure progress of the AL under both full- and
large-face excavations is shown in Fig. 13. At
o = 60 kPa, AL-F exhibited a localized rockfall of 0.9 ¢
m X 0.5 cm at the tunnel crown. At load ¢ = 80 kPa, a
more pronounced rockfall of 5.2 cm X 2.2 cm emerged at
the tunnel crown of the AL-L. This trend suggests that
the failure threshold for AL-F occurred at an applied load
of 60 kPa, whereas AL-L withstood up to 80 kPa before
failure occurred. With the progressive increase in load,
the failure of the AL propagates laterally along the tunnel
profile. At ¢ = 120 kPa, AL-F exhibited substantial defor-
mation, with a rockfall of 14.5 cm X 4.6 cm at the left tun-
nel hance and a more extensive collapse of 21.2 cm X 4.
9 cm spanning the right tunnel shoulder and right tunnel
hance. In contrast, AL-L experienced comparatively less
pronounced failure, with measured rockfalls of 8.7 cm X 1.
9 cm at the left tunnel hance and 8.5 cm X 1.8 cm at the
right tunnel hance. As the applied load escalated to
o = 160 kPa, the progressive failure of the AL propagated
back to the tunnel crown, culminating in rockfalls of 16.7
cm X 3.2 cm for AL-F and 13.4 cm X 4.7 cm for AL-L.
Ultimately, structural collapse commenced at the tunnel
crown, with AL-F falling at a critical load of

-'.4.6 cm

o = 180 kPa, resulting in a collapse width of 18.1 cm, while
AL-L withstood a higher threshold of ¢ = 200 kPa before
failing, exhibiting a narrower collapse width of 11.2 cm.
The failure mode of AL-F and AL-L followed a consistent
pattern: initial crown rockfall, subsequent rockfall at the
tunnel shoulder or hance, renewed crown deterioration,
and final crown collapse.

The failure progress of the PAL under full- and large-
face excavations is shown in Fig. 14. At an applied load
of ¢ = 100 kPa, both PAL-F and PAL-L exhibited local-
ized rockfall at the tunnel crown, with PAL-F sustaining
a fragment of approximately 8.9 cm x 1.8 cm, while
PAL-L experienced a comparatively smaller detachment
of 3.8 cm x 1.7 cm. These observations suggest that the
critical load threshold for the onset of failure in both
PAL-F and PAL-L is ¢ = 100 kPa. With increasing load,
the failure of PAL propagates laterally across the tunnel
profile. At ¢ = 140 kPa, PAL-F exhibited a rockfall of
approximately 6.5 cm X 2.2 cm at the left tunnel shoulder,
whereas PAL-L experienced a more pronounced drop of
19.2 cm X 5.8 cm at the right tunnel shoulder. As failure
progressed, the damage extended upward toward the tun-
nel crown. At ¢ = 260 kPa, PAL-F sustained a rockfall
of 6.8 cm x 2.7 cm at the tunnel crown, while PAL-L exhib-
ited a rockfall of 4.7 cm X 2.9 cm in the same region. At
o = 340 kPa, both PAL-F and PAL-L succumbed to struc-
tural failure at the tunnel crown, with collapse widths of
approximately 18.9 cm and 7.7 cm, respectively. The failure
mode of PAL-F and PAL-L followed a consistent pattern,
characterized by initial tunnel crown rockfall, subsequent
rockfall at the tunnel shoulder or hance, further deteriora-
tion at the tunnel crown, and ultimately, complete struc-
tural collapse at the tunnel crown.

The failure modes of the surrounding rock under vari-
ous working conditions are shown in Fig. 15. Notably,
the excavation method, whether full-face or large-face,
exerted no discernible influence on the failure mode of
the anchorage layer. For identical support types, the failure
mode remained consistent, regardless of the excavation
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Fig. 13. Failure process of AL. (a) AL-F, and (b) AL-L.
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Fig. 15. Failure mode. (a) SRL-F or SRL-L, and (b) AL-F or AL-L or PAL-F or PAL-L.

approach. However, variations in the support type alter the
failure modes of the anchorage layer, whereas the presence
or absence of prestressing in the anchor bolts does not fun-
damentally alter the failure mode. The failure mode of
SRL-F and SRL-L unfolded through a sequential pattern
of tunnel shoulder rockfall, tunnel crown rockfall, and sub-
sequent rockfall at the tunnel shoulder and hance, culmi-
nating in the ultimate collapse of the tunnel crown.
However, the failure modes observed in AL-F, AL-L,
PAL-F, and PAL-L followed a distinct trajectory charac-
terized by initial tunnel crown rockfall, followed by rock-
fall at the tunnel shoulder and hance, leading to recurrent
tunnel crown instability and eventual structural failure.

3.2 Displacement

As the anchorage layer undergoes failure, the particle
velocity of the surrounding rock exhibits a sudden escala-

tion, potentially introducing distortions in the PIV results.
Consequently, PIV analysis of the displacement field was
primarily confined to the period preceding the onset of
the first rockfall. The displacement fields of SRL, AL,
and PAL in the pre-failure stage are illustrated in
Fig. 16. With the progressive increase in load, the displace-
ment of the surrounding rock exhibited a gradual escala-
tion until it reached the critical failure displacement ug, at
which point rockfall commenced. For SRL-F and SRL-
L, the maximum displacement u,,, of SRL-F at
o = 20 kPa was approximately 2.31 mm at the left and right
tunnel shoulders, coinciding with the onset of rockfall.
SRL-L attained a u,,, of approximately 2.98 mm at the
left tunnel shoulder at ¢ = 40 kPa, likewise accompanied
by rockfall. Hence, the u values of SRL-F and SRL-L were
determined to be 2.31 mm and 2.98 mm, respectively. For
AL-F and AL-L, the failure displacement u; occurred at the
tunnel crown, measuring 4.33 mm at ¢ = 60 kPa for AL-F
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Fig. 16. Displacement field. (a) SRL, (b) AL, and (c) PAL.

and 5.88 mm at ¢ = 80 kPa for AL-L. In the case of PAL-F
and PAL-L, the surrounding rock exhibited failure at the
tunnel crown at ¢ = 100 kPa, with u; values of 7.34 mm
and 7.38 mm, respectively.

The variations in uy,,x and up under different loading and
work conditions are illustrated in Fig. 17. Regarding the
support types, for a given load, uy,,, within the anchorage
layer decreased progressively as the support system was
reinforced. At ¢ = 40 kPa, u,,,, for SRL-L, AL-L, and
PAL-L measured 2.98 mm, 1.65 mm, and 0.98 mm, respec-
tively, representing reductions of approximately 67.1% and
40.6% for PAL-L compared to SRL-L and AL-L. More-
over, as the support system was strengthened, the wu; of

the anchorage layer exhibited a gradual increase. The val-
ues of uy for SRL-L, AL-L, and PAL-L were 2.98 mm,
5.88 mm, and 7.38 mm, respectively, with PAL-L exhibit-
ing an increase of approximately 147.7% and 25.5% relative
to SRL-L and AL-L. This trend underscores the efficacy of
anchor bolts in enhancing the ductility of the anchorage
layer, thereby mitigating premature failure, whereas the
application of prestress further amplifies this reinforcement
effect. With regard to excavation methods, large-face exca-
vation markedly enhanced the ductility of the surrounding
rock in comparison to full-face excavation, particularly in
cases where anchor support is absent or applied without
prestress. The u; values for SRL-F and SRL-L were
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2.31 mm and 2.98 mm, respectively, indicating an approx-
imate 29.1% increase in uy for SRL-L relative to SRL-F.
Similarly, for AL-F and AL-L, the corresponding values
of up were 4.33 mm and 5.88 mm, with AL-L exhibiting a
35.8% increase over AL-F. However, when a prestressed
anchor bolt support was employed, variations in the exca-
vation method had negligible effects on the ductility of the
surrounding rock. The u; values of PAL-F and PAL-L were
7.34 mm and 7.38 mm, respectively, demonstrating an
essentially identical response irrespective of the excavation
approach.

3.3 Bearing capacity

To quantify the bearing capacity of the anchorage layer
and assess the influence of support types and excavation
methods, two critical parameters are defined: the failure
load o¢ and the ultimate load o,. The experimental results
revealed that rockfalls within the anchorage layer were typ-
ically accompanied by a pronounced concentration of dis-
placement at the failure position, manifesting as abrupt
discontinuities in the displacement field. Taking the SRL-
L results as an illustrative case (see Fig. 18), when the
applied load increased from 20 kPa to 40 kPa, the displace-
ment field exhibited pronounced concentration at the left
tunnel shoulder, reaching 2.98 mm and accompanied by
an abrupt discontinuity. At this stage, a rockfall was simi-
larly observed in the left tunnel shoulder. Accordingly,
drawing upon existing research (Xiao et al., 2024; Yang
et al., 2025) and incorporating the observed transforma-
tions in the displacement field, the oy of the anchorage layer
is herein defined as the concurrence of the rockfall and
abrupt displacement field variation. The o, is defined as
the load that causes the anchorage layer to undergo its final
collapse.

The variations in or and ¢, under different work condi-
tions are illustrated in Fig. 19. As the level of support type
increased, the bearing capacity of the anchorage layer

exhibited a corresponding enhancement. Specifically, the
or value of PAL-F peaked at 100 kPa, representing a 5
times and 1.7 times increase compared to SRL-F and
AL-F, respectively, while achieving a o, value of
340 kPa—4.3 times and 1.9 times greater than those of
SRL-F and AL-F. These findings underscore the substan-
tial role of anchor bolts in fortifying the anchorage layer,
and the application of prestress further amplified this rein-
forcement effect. Regarding excavation methods, the oy and
o, of SRL-L were 2 times and 1.5 times those of SRL-F,
respectively, whereas for AL-L, these values were 1.3 times
and 1.1 times those of AL-F. Notably, the ¢; and o, of
PAL-L remained identical to those of PAL-F. These results
suggest that in the absence of an anchor bolt support,
large-face excavation markedly enhanced the bearing
capacity relative to full-face excavation, yielding an
increase of approximately 50% to 100%. When an anchor
bolt support was employed without prestressing, large-
face excavation contributed to a moderate improvement
in the bearing capacity, ranging from 10% to 30%. How-
ever, when a prestressed anchor bolt support was imple-
mented, variations in the excavation methods exerted no
discernible influence on the bearing capacity of the anchor-
age layer.

3.4 Macroscopic influence of excavation method

Drawing upon macroscopic experimental results, in the
absence of an anchor bolt support or when anchor bolts
were employed without prestress, large-face excavation
markedly enhanced the ductility of the surrounding rock,
prolonged its resistance to failure, and consequently aug-
mented its bearing capacity. In the absence of support,
large-face excavation enhanced the ductility of the sur-
rounding rock by approximately 29.1% and increased its
bearing capacity by approximately 50%—100% relative to
full-face excavation. Under non-prestressed anchor bolt
support, large-face excavation augmented ductility by
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approximately 35.8% and improved bearing capacity by
approximately 10%-30% compared with the full-face
method. However, when the surrounding rock was rein-
forced with prestressed anchor bolts, variations in the exca-
vation method had a negligible impact on both ductility
and bearing capacity.

4 Mesoscopic experimental results
4.1 Radial stress

Taking the case of ¢ = 0 as a representative example, the
influence of support type and excavation method on the
distribution of radial stress o, across the tunnel cross-
section is elucidated in Fig. 20. With respect to support
type, a progressive enhancement in g, is observed at iden-
tical measurement locations as the support system is forti-
fied. At the TC-2 monitoring point, the o, for SRL-F, AL-
F, and PAL-F were recorded as 1.10, 1.89, and 3.80 kPa,
respectively—representing increases of approximately
71.8% and 245.5% for AL-F and PAL-F relative to SRL-
F. These findings indicate that the installation of anchor-

bolt reinforcement substantially augments the stress distri-
bution within the surrounding rock, with prestressed
anchor bolts delivering a notably superior enhancement
effect. With regard to excavation methods, the adoption
of large-face excavation in both SRL and AL schemes
yielded elevated o, levels in the surrounding rock compared
to full-face excavation. At the TC-2 measurement point,
the o, for SRL-L reached 1.51 kPa, approximately 37.3%
higher than the 1.10 kPa recorded for SRL-F. Similarly,
AL-L exhibited a g, of 2.12 kPa, surpassing that of AL-F
by approximately 12.2%. In contrast, for the PAL configu-
ration, the o, value remained effectively unchanged
between the two excavation methods, with PAL-F and
PAL-L recording values of 3.80 and 3.99 kPa, respec-
tively—a marginal difference of 5%. This observation sug-
gests that in the absence of support or when employing
non-prestressed anchor-bolt reinforcement, large-face
excavation enhances the stress distribution within the sur-
rounding rock relative to full-face excavation. However,
when prestressed anchor bolts are used, the influence of
the excavation method on the stress distribution becomes
negligible.
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Taking measuring point TC-2 as a representative exam-
ple, the time-history curves of ¢, under varying loading
conditions across different work conditions are depicted
in Fig. 21. Across varying load conditions, the ¢, values
of SRL-L and AL-L consistently exceed those observed
in SRL-F and AL-F, respectively. In contrast, the time-
history curves of g, for PAL-F and PAL-L exhibit near-
identical trends, indicating minimal sensitivity to the exca-
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Fig. 21. o, at TC-2 under different o.

vation method under prestressed anchorage. Moreover, the
evolution of o, reveals distinct patterns among the support
types. For both SRL and AL, ¢, exhibits an initial increase
followed by a subsequent decline, whereas in the case of
PAL, the stress rises, plateaus, and then diminishes. Specif-
ically, for AL-F, o, progressively ascends from ¢ = 0 kPa
to o = 80 kPa, reaching a peak of 13.70 kPa, before declin-
ing to 5.10 kPa as localized rockfall ensues between 80 and
160 kPa. In contrast, PAL-F displays a more resilient
response: o, climbs steadily to 52.80 kPa over the
0-140 kPa range, remains relatively stable from 140 to
200 kPa, and only begins to recede—eventually falling to
247 kPa—once failure initiates between 200 and
260 kPa. The presence of a stable stress phase in the
PAL further attests to the enhanced ductility of the sur-
rounding rock conferred by the application of prestressed
anchor bolts.

4.2 Integrity

To elucidate the evolution of P-wave velocity V, and the
integrity K, of the surrounding rock, and to identify the
critical thresholds marking rock failure, the variations of
V» and K, under differing ¢ are depicted in Fig. 22 and
Fig. 23. The K, value was derived from Eq. (1). Both ¥,
and K, exhibit a declining trend at the tunnel crown and
shoulders, accompanied by a gradual increase at the tunnel
hance, as the external load ¢ intensifies along the tunnel
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Fig. 22. P-wave velocity field. (a) SRL, (b) AL, and (c) PAL.

cross-section. Taking SRL-L as a representative case, at
o = 0, the V, and K, values at the tunnel crown were
1448 m/s and 0.46, respectively. Upon increasing the load
to ¢ = 40 kPa, these values diminish to 1305 m/s and
0.37, reflecting reductions of approximately 9.9% and
19.6%, respectively. Conversely, the tunnel height increased
by approximately 7.1% in V, and 14.6% in K. This spatial
redistribution suggests progressive loosening of the rock
mass at the tunnel crown and shoulders under loading,
thereby rendering these regions increasingly susceptible to
rockfalls and failures. At the critical load of ¢ = 40 kPa
in the SRL-L configuration, rockfall was observed at the
left tunnel shoulder. At this point, the corresponding V),
and K, values were 1361 m/s and 0.41, respectively. These
values were identified as the failure threshold parameters,
denoted as the failure P-wave velocity V., = 1361 m/s
and failure integrity K,r = 0.41. Similarly, the V,; and
K, values for SRL-F were determined to be 1375 m/s
and 0.41, respectively. For AL-F and AL-L, the corre-
sponding ¥, values were 1289 and 1290 m/s, respectively,

with both exhibiting a K¢ of 0.36. In the case of PAL-F
and PAL-L, the V¢ value was measured at 1269 and
1275 m/s, with corresponding K¢ values of 0.35 and 0.36,
respectively.

Taking the tunnel crown as a representative location,
the variations in V, and K, under different loading condi-
tions are depicted in Fig. 24, clucidating the influence of
the excavation methods and support types on the V, and
K, of the surrounding rock. In terms of the excavation
method, both the V,, and K, of SRL-L and AL-L consis-
tently exceeded those of their full-face excavations, SRL-
F and AL-F, across varying load levels. In contrast,
PAL-F and PAL-L exhibited nearly identical V}, and K.
For instance, at ¢ = 20 kPa, the V}, and K, of SRL-L sur-
pass those of SRL-F by approximately 3.4% and 7.7%,
respectively, while AL-L shows respective increases of
1.4% and 2.2% over AL-F. Conversely, the discrepancy
between PAL-F and PAL-L is negligible, with a mere
0.2% variation in V/, and identical K. These observations
underscore that in the absence of prestressed anchor bolts,
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large-face excavation can enhance the V}, and K, of the sur-  are employed, making the influence of the excavation
rounding rock relative to full-face excavation. However, = method marginal. With respect to the support types, the
this advantage diminishes when prestressed anchor bolts  incorporation of prestressed anchor bolts markedly
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enhanced both ¥V, and K, of the surrounding rock. At a
confining pressure of ¢ = 20 kPa, the V,, of PAL-L
exceeded that of AL-L and SRL-L by 2.3% and 7.8%,
respectively, while its K, was elevated by 4.3% and 14.3%.

4.3 Mechanical properties

To further elucidate the influence of the excavation
method on the mechanical properties of the surrounding
rock from a mesoscopic perspective, the elastic modulus
E and cohesion ¢ were derived from the P-wave velocity
through the established conversion relationships. These
derivations, grounded in the elastic wave equation and
informed by Zhang et al. (2024), are presented in Egs. (2)
and (3). Figure 25 illustrates the spatial distribution and
evolutionary trend of E within the surrounding rock under
various load conditions. With an increasing load, E at the
tunnel crown and shoulder exhibited a progressive decline,
whereas E at the tunnel height showed a gradual enhance-
ment. For instance, under the SRL-L condition, as the load
increased from 0 to 40 kPa, the E at the tunnel crown

g B
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declined from 60.85 MPa to 49.42 MPa, representing a
reduction of approximately 18.8%. In contrast, E at the
tunnel hance rose from 63.48 MPa to 72.81 MPa, corre-
sponding to an increase of about 14.7%. Likewise, ¢ of
the surrounding rock exhibits the following trend: it
increases progressively with increasing load at the tunnel
crown and shoulder, whereas at the tunnel height, ¢ dimin-
ishes as the load intensifies, as shown in Fig. 26. In the case
of SRL-L, as the load rises from 0 to 40 kPa, the ¢ at the
tunnel crown declines from 11.52 kPa to 10.31 kPa, repre-
senting a reduction of approximately 10.5%. By contrast, at
the tunnel hance, ¢ increases from 11.85 kPa to about
13.19 kPa, corresponding to an enhancement of roughly
11.3%.

p(1+0)(1-20) ,Cr
E 1—v Vp CE ( )
¢ = —2937412 £ 3374 1 855, (3)

where v and p are the Poisson’s ratio and density of the sur-
rounding rock, respectively.
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Using the tunnel crown as a representative case, we
examined the impact of the excavation methods and sup-
port types on E and ¢ of the surrounding rock, as depicted
in Fig. 27. Regarding the excavation methods, the £ and ¢
values of SRL-L and AL-L exceeded those of SRL-F and
AL-F, respectively, whereas PAL-F and PAL-L exhibited
negligible differences. This suggests that large-face excava-
tion without prestressed anchor bolts enhances the
mechanical properties of the surrounding rock compared
with full-face excavation, whereas the distinction between
the two methods diminishes when prestressed anchor bolts
are employed. At 20 kPa, the ratios of £ and ¢ for SRL-L
relative to SRL-F were approximately 6.9% and 3.4%,
respectively, whereas the corresponding ratios for AL-L
compared with AL-F were 2.8% and 1.8%, respectively.
In contrast, PAL-F and PAL-L demonstrated virtually
identical performance. Regarding the support types, the
installation of anchor bolts enhanced the mechanical prop-
erties of the surrounding rock, with prestressed anchor
bolts exhibiting a more pronounced reinforcing effect. At

a pressure of 20 kPa, E for PAL-L demonstrated increases
of 4.6% and 16.3% relative to AL-L and SRL-L, respec-
tively, while the corresponding improvements in ¢ were
approximately 3.1% and 9.8%, respectively.

4.4 Mesoscopic influence of excavation method

Drawing on mesoscopic experimental analyses, in the
absence of prestressed anchor bolts, large-face excavation
optimizes the stress distribution and improves the integrity
relative to full-face excavation, thereby enhancing the
mechanical properties of the surrounding rock. In the
absence of support, the large-face excavation enhanced
the surrounding rock stress by approximately 37.3%, ele-
vated the integrity by approximately 7.7%, and improved
the mechanical properties by approximately 6.9% relative
to the full-face excavation. Under a non-prestressed anchor
bolt support, large-face excavation further increases rock
stress by approximately 12.2% while enhancing integrity
by approximately 2.2% and mechanical properties by
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approximately 2.8% when compared to the full-face
method. Conversely, when prestressed anchor bolts are
employed, the disparities in stress distribution, integrity,
and mechanical properties between the large-face and
full-face excavation methods become statistically
negligible.

5 Discussion

The experimental findings underscore the pronounced
efficacy of prestressed anchor bolts in enhancing the behav-
ior of the surrounding rock from both mesoscopic and
macroscopic perspectives. From a mesoscopic perspective,

the application of a prestressed anchor bolt markedly ele-
vated the radial stress, integrity, and mechanical properties,
registering improvements of approximately 245.5%, 14.3%,
and 9.8%, respectively, compared with the unsupported
condition. Macroscopically, the use of the prestressed
anchor bolt yielded substantial gains in both ductility and
bearing capacity, with increases of approximately 147.7%
and 500%, respectively, compared with scenarios lacking
support. The reinforcement mechanism of prestressed
anchor bolts may be delineated as a progressive multiscale
enhancement process. Initially, they elevate the stress state
of the surrounding rock; subsequently, they promote integ-
rity and augment mechanical properties, such as elastic
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modulus and cohesion, which ultimately coalesce to sub-
stantially enhance the ductility and bearing capacity of
the rock mass at the macroscopic scale.

With respect to the excavation methods, in the absence
of prestressed anchor-bolt reinforcement, large-face exca-
vation enhanced the stress distribution, integrity, mechan-
ical properties, ductility, and bearing capacity of the
surrounding rock relative to full-face excavation by
approximately 12.2%, 37.3%, 2.2% to 7.7%, 2.8%, 6.9%,
29.1%, 35.8%, and 50% to 100%, respectively. However,
when prestressed anchor bolts were employed, the influence
of the excavation method on these parameters became neg-
ligible. This phenomenon can be attributed to the internal
redistribution of stress within the surrounding rock follow-
ing tunnel excavation, which naturally gives rise to an arch
structure that contributes to overall stability. In cases lack-
ing support or employing anchor bolts, large-face excava-
tion preserves the tunnel invert and effectively extends the
range of the arch structure. This configuration offered
enhanced stress support to the overlying rock mass,
thereby improving the stress, integrity, mechanical proper-
ties, ductility, and bearing capacity, as illustrated in Fig. 28
(a) and (b). However, when prestressed anchor bolts were
employed, the additional stress support of the tunnel invert
became negligible. Consequently, the mesoscopic and
macroscopic characteristics of the surrounding rock
remained largely unchanged, as shown in Fig. 28(c).

Based on the experimental findings, we recommend that
tunnel construction adopt anchor bolts, preferably in their
prestressed form, for the reinforcement of the surrounding
rock. Such measures markedly enhance the bearing capac-
ity while ensuring stability. Under unsupported conditions,
or when employing conventional anchor bolt supports, a
large-face excavation method is recommended for tunnel
construction. However, when prestressed anchor bolt sup-
port systems are utilized, a full-face excavation approach is
preferred.

6 Conclusions

This study investigated the influence of two excavation
methods—full-face and large-face—through a series of
loading and failure experiments aimed at elucidating both
the macroscopic bearing capacity and microscopic mechan-
ical properties of the anchorage layer. The principal find-
ings are summarized as follows.

(1) The excavation method did not alter the failure mode
of the anchorage layer. Both full- and large-face exca-
vations exhibited consistent failure modes under
identical support conditions. In contrast, the support
type significantly affected the failure mode. In the
absence of supports, failure typically initiates at the
tunnel shoulder, whereas the presence of conven-
tional or prestressed anchor bolts shifts the initial
failure locus to the tunnel crown.

(2) The reinforcement of the surrounding rock using pre-
stressed anchor bolts unfolds as a progressive
enhancement process, beginning with the improve-
ment in stress, followed by an increase in integrity
and mechanical properties, culminating in a pro-
nounced enhancement of ductility and bearing capac-
ity from a macroscopic perspective. Compared to the
unsupported conditions, the application of pre-
stressed anchor bolts yielded substantial gains:
approximately 245.5% in stress, 14.3% in integrity,
9.8% in mechanical properties, 147.7% in ductility,
and a remarkable overall bearing capacity.

(3) In the absence of prestressed anchor bolts, large-face
excavation significantly enhanced the performance of
the anchorage layer relative to full-face excavation by
12.2%-37.3%, integrity by 2.2%-7.7%, mechanical
properties by 2.8%-6.9%, ductility by 29.1%-35.8%,
and bearing capacity by 50%-100%. However, when
the prestressed anchor bolts were employed, the dif-
ferences between the two excavation methods became
negligible.

(4) For tunnels lacking support or employing anchor
bolts, a large-face excavation is preferable. Con-
versely, a full-face excavation is advised under the
reinforcement of prestressed anchor bolts.
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