ﬂ buildings

Article

Assessment of Vibration Impacts on Surrounding Buildings
Induced by Rock Foundation Construction

Tongxi Zhao "*, Daxing Zhou ? and Haifeng Guo >

W) Check for updates

Academic Editor: Tengyuan Zhao

Received: 1 June 2026

Revised: 26 June 2026

Accepted: 3 July 2026

Published: 7 July 2026

Copyright: © 2026 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 School of Civil and Hydraulic Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

2 China Railway Construction Group Co., Ltd., Beijing 100040, China

*  Correspondence: tongxi_zhao@hust.edu.cn

Abstract

To address the safety assessment challenges associated with repeated and continuous
excavation-induced vibrations in high-rise residential projects founded on hard rock, this
study proposes a novel multi-scale dual-control evaluation framework bridging macro-
scopic ground peak particle velocity (PPV) with microscopic structural principal ten-
sile stress. A geotechnical-structural decoupling approach was adopted. First, a two-
dimensional dynamic finite element model of the ground was developed to simulate
the propagation and attenuation characteristics of elastic waves under continuous exca-
vation impact loading. Subsequently, the acceleration time histories extracted from the
soil-structure interface were applied as base excitations in a three-dimensional structural
finite element model to systematically investigate the dynamic response characteristics. The
scientific novelty of this research lies in quantitatively decoupling the dynamic sensitivities
between primary load-bearing shear walls and secondary non-load-bearing walls, thereby
overcoming the inherent blind spots of conventional PPV-only macroscopic assessments.
The results indicate that in hard-rock foundations, vibration energy is dominated by ver-
tical attenuation characteristics. Compared with primary load-bearing structures mainly
governed by static self-weight effects, secondary non-load-bearing components with lower
stiffness exhibit significantly higher dynamic sensitivity and localized vulnerability to
continuous impact loading. Parametric analysis further reveals that while the number of
operating equipment shows a linear positive correlation with vibration amplitude, the
impact frequency dictates the system’s dynamic response. Notably, when the excitation
frequency approaches the dynamically sensitive frequency range of the foundation system,
a pronounced divergence in response characteristics is observed—manifested as a sharp
increase in local structural stress despite a reduction in ground macroscopic vibration inten-
sity. These findings provide a rigorous theoretical foundation and a refined methodology
for vibration impact assessment in urban hard-rock foundation construction.

Keywords: rock foundation; vibration response; safety assessment; parametric sensitivity analysis

1. Introduction

With the continuous expansion of urban underground space development and high-
density construction, the spatial separation between newly constructed projects and ex-
isting adjacent buildings has been substantially reduced. Consequently, environmental
vibration induced by construction activities has emerged as a critical technical challenge
restricting sustainable urban development. Ground vibrations generated by blasting, pile
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driving, and mechanical rock excavation may not only cause structural damage to nearby
residential buildings and deterioration of the living environment [1-9], but can also prop-
agate over long distances through geological media, thereby interfering with the normal
operation of highly sensitive scientific facilities located both on the ground surface and
underground [10]. This issue is particularly pronounced in hard-rock foundations such as
basalt formations, where the high elastic modulus and low damping characteristics of the
rock mass result in slow attenuation and long-range propagation of construction-induced
stress waves [11]. As a consequence, the potential impact of construction vibrations on sur-
rounding environments and vibration-sensitive targets is significantly amplified. Against
this background, increasingly stringent environmental protection requirements and engi-
neering safety regulations have imposed substantial restrictions on conventional blasting
excavation techniques characterized by high vibration intensity. In contrast, low-vibration
mechanical rock-breaking methods, represented by hydraulic breakers, have gradually
become a preferred solution for hard-rock excavation owing to their reduced environmental
disturbance and superior adaptability to complex urban construction conditions [12].

At present, peak particle velocity (PPV) has been widely adopted as a primary indica-
tor for assessing construction-induced vibration risks [2] and has been incorporated into
numerous international standards as a recommended vibration control criterion [13-16].
In the field of vibration propagation prediction, Charles H. Dowding and co-workers [17]
proposed a classical empirical attenuation model based on field monitoring data, account-
ing for both geometric spreading and material damping effects. Subsequently, Manoj
Khandelwal and T. N. Singh [18], as well as Mohammad Hajihassani and co-workers [19],
introduced data-driven approaches, including artificial neural networks, into PPV predic-
tion, significantly improving the accuracy of vibration response estimation under complex
engineering conditions. As research focus gradually shifted from predicting site vibration
intensity to evaluating its environmental impacts, Wang et al. [7] quantified the propagation
effects of excavation-induced vibrations on adjacent underground facilities. Building upon
this foundation, Guinchard et al. [8] further developed a refined assessment framework
that integrates source characterization, seismic vibration monitoring, and transfer function
analysis, enabling a comprehensive evaluation process from vibration source input to
target-site response.

In the field of building and foundation dynamic response assessment, research efforts
have gradually evolved from macroscopic vibration monitoring toward a more detailed
investigation of local structural responses. Ozturk and Coskun [20] derived closed-form
solutions for the free vibration of beams resting on elastic foundations with various bound-
ary conditions. Their study systematically quantified the influences of foundation stiffness,
axial loading, and support constraints on the natural frequencies, providing a theoret-
ical basis for understanding the dynamic behavior of foundation-supported structures.
With respect to structural responses induced by construction activities, Mark Svinkin [21]
systematically summarized the dynamic characteristics of construction vibration sources,
including pile driving and blasting operations, together with corresponding vibration miti-
gation measures. Subsequently, Wang and Zhu [1] established an impedance-theory-based
prediction model to quantify the propagation characteristics of vibrations generated by
mechanical rock excavation in rock foundations within building structures. Furthermore,
Wu et al. [22] and Shi et al. [23] revealed key dynamic response mechanisms of build-
ings subjected to tunnel boring machine (TBM) excavation and tunnel blasting, including
stress-wave transmission, elevation amplification, and the whip-lash effect. In addition, for
vibrations induced by railway operations, Jing et al. [24] and Zhang et al. [25] investigated
the propagation characteristics of long-duration micro-vibrations and the associated floor
amplification effects within soil-foundation—structure systems through field monitoring
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campaigns. These studies collectively indicate that structural dynamic responses are gov-
erned not only by vibration source intensity but also by vibration frequency characteristics,
structural dynamic properties, and the complex interactions between the foundation and
superstructure [26].

Despite the substantial advances achieved in understanding construction-induced
vibration propagation and structural dynamic responses, several critical challenges remain
in the refined assessment of vibrations generated by continuous mechanical excavation
in hard-rock foundations. First, existing studies have predominantly focused on blasting-
induced vibrations or traffic-related microtremors, whereas the propagation and attenuation
mechanisms of vibrations generated by the continuous high-frequency impacts of hydraulic
breakers have not yet been fully elucidated. Second, current assessment frameworks gener-
ally evaluate structural safety based on the overall building response, without adequately
accounting for the differences in dynamic characteristics and vibration resistance between
load-bearing and non-load-bearing structural components. As a result, local vulnerable
zones that may be susceptible to high-frequency vibration effects cannot be accurately
identified. Furthermore, under conditions involving the simultaneous operation of mul-
tiple construction equipment units, the wave-field interference among vibration sources,
as well as local resonance amplification induced by variations in excitation frequency, re-
mains insufficiently investigated. These knowledge gaps limit the development of refined
methodologies for the prediction, assessment, and control of construction vibration risks.

To address the aforementioned research gaps, this study investigates a typical high-rise
residential project founded on Quaternary basalt formations. A decoupled geotechnical—-
structural dynamic analysis framework is adopted, in which a two-dimensional ground
vibration propagation model is integrated with a three-dimensional structural dynamic
response model to characterize the spatial attenuation behavior of vibrations induced
by continuous hydraulic-breaker impacts and the corresponding dynamic responses of
adjacent buildings. A dual-criterion safety assessment framework is established based
on both ground peak particle velocity (PPV) and the maximum principal tensile stress
within structural components. Particular emphasis is placed on decoupling the dynamic
sensitivities and spatial stress-gradient characteristics of primary load-bearing walls and
secondary non-load-bearing walls under combined static and dynamic loading conditions.
Furthermore, a series of parametric analyses considering the number of operating hydraulic
breakers and impact frequency are conducted to quantitatively investigate the spatial in-
terference and superposition mechanisms of multiple mechanical vibration sources, as
well as the nonlinear stress amplification effects associated with local resonance when the
excitation frequency approaches the natural frequency of the structure. The findings pro-
vide a theoretical basis for the risk assessment and vibration-control design of mechanical
excavation activities in hard-rock foundations.

2. Engineering Background and Safety Assessment Standards
2.1. Project Overview

This study is based on a typical multi-story residential project in Hainan, China, as
shown in Figure 1. The site strata mainly consist of Quaternary Pleistocene basalt, and
the rock mass exhibits good integrity and belongs to the hard rock category. Multiple
16-25-story high-rise buildings with reinforced concrete shear wall structures (supported
by raft foundations) are located within the site. Considering the hard rock geological
conditions, hydraulic breakers were adopted for mechanical rock excavation during foun-
dation pit construction. Since the construction area is located adjacent to existing buildings
(with the nearest building being approximately 25 m from the construction source), the
high-frequency impact vibrations generated by hydraulic breakers can easily propagate

https:/ /doi.org/10.3390/buildings16132693


https://doi.org/10.3390/buildings16132693

Buildings 2026, 16, 2693

4 0f22

outward through the hard bedrock, thereby inducing dynamic responses and even local
damage in surrounding structures. Therefore, it is necessary to systematically investigate
the propagation characteristics of mechanical construction-induced vibrations and their
safety impact mechanisms on adjacent buildings under such typical hard-rock founda-
tion conditions, and to provide a theoretical basis for construction vibration control and

safety assessment.
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Figure 1. Residential Community Rendering.

2.2. Vibration Source Characteristics Analysis

In hard-rock foundation excavation, the operation of hydraulic breakers exhibits typi-
cal transient impact characteristics and presents features such as high-frequency loading,
continuous energy input, and macroscopic quasi-periodicity. This continuous mechanical
impact can generate strong stress waves within the bedrock. From the perspective of the
dynamic mechanism, part of the energy input by the hydraulic breaker is consumed by
local plastic crushing of the bedrock, while the remaining part is converted into elastic
waves and radiates into the surrounding rock-soil medium. Since this study mainly fo-
cuses on the overall dynamic response of building structures in the medium- and far-field
regions, the local nonlinear energy dissipation process associated with source-region rock
fragmentation can be reasonably neglected, and the mechanical impact on the bedrock can
be equivalently represented as a series of periodic pulse dynamic loads applied to ground
surface nodes.

To accurately reproduce this excitation characteristic, a typical equivalent mechanical
model of the vibration source was established based on the mechanical performance
parameters of the actual construction equipment (SANY SHY140 hydraulic breaker; SANY
Heavy Industry Co., Ltd., Beijing, China). The peak value of a single impact force was set
to 40 kN, and the standard operating frequency was set to 400 bpm (corresponding to an
equivalent loading period of 0.15 s). In addition, considering the typical inclined posture of
the hydraulic breaker arm during actual excavation, the vector direction of the equivalent
nodal load was defined as 45° downward relative to the horizontal plane.

Considering that the vibration characteristics in practical engineering are affected by
multiple complex factors, such as equipment operating conditions (e.g., the number of
simultaneously operating equipment and impact frequency) and rock mass conditions, a
single reference working condition is insufficient to comprehensively reflect the vibration
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risk of structures. Therefore, based on the above equivalent model under the reference
working condition, a parametric analysis framework was further introduced to systemati-
cally investigate the sensitivity characteristics of building structural response and safety
under multidimensional variations in vibration source parameters.

2.3. Safety Assessment Criteria

To comprehensively evaluate the influence of rock foundation construction-induced
vibrations on surrounding building structures, a dual safety assessment criterion was
established in this study from the perspectives of structural response and vibration intensity.

(1) Safety criterion based on structural stress response

The structural damage under vibration essentially depends on whether the internal
peak tensile stress exceeds the ultimate tensile strength of the material. Therefore, the
maximum principal tensile stress is adopted as the assessment criterion:

Ot max < [ft] (1)

where 0t ;14x is the maximum principal tensile stress generated in structural components
under vibration loading (MPa); [f:] is the allowable tensile strength of the structural
material (MPa).

Considering the significant differences in material properties and load-bearing mecha-
nisms between primary structures (such as reinforced concrete shear walls) and secondary
structures (such as masonry infill walls), and in combination with the design characteristics
of this project, refined distinctions were made for their corresponding safety limits:

(a) Primary load-bearing structure: the concrete strength grade ranges from C30 to C40,
corresponding to a standard tensile strength value of concrete fy, = 2.01~2.39 (MPa) [27].

(b) Secondary non-load-bearing structure: aerated concrete blocks (A7.5) are adopted,
with a mortar strength grade of M5.0, an elastic modulus of E = 2300 MPa, and
wall thicknesses of 200 mm and 120 mm, respectively. The allowable value f; is
taken as the standard splitting tensile strength of the aerated concrete block wall, i.e.,
0.55 MPa [28].

(2) Safety criterion based on vibration intensity

In addition to structural response, vibration intensity itself is also an important indica-
tor for evaluating the influence of construction-induced vibration. Peak particle velocity
(PPV) is adopted as the evaluation parameter for vibration intensity, and the vibration
safety criterion at the foundation is given as:

vacalc < [va]ullow (2)

where PPV, is the maximum instantaneous vibration velocity of particles at the build-
ing foundation extracted from numerical simulation (mm/s); PPV, is the allowable
vibration velocity limit determined according to relevant standards and structural charac-
teristics (mm/'s).

The sensitivity of structures to vibration and their damage thresholds are highly
dependent on excitation frequency. Low-frequency vibrations (typically below 10 Hz)
are more likely to induce coupled resonance with the natural frequencies of buildings.
In this study, the fundamental frequency of the hydraulic breaker is approximately
5.83-8.33 Hz (350-500 bpm), which belongs to typical low-frequency mechanical vibration.
To scientifically evaluate the vibration risk of the present project, the allowable peak particle
velocity (PPV) limits at the foundations of residential buildings specified by mainstream
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domestic and international vibration control standards introduced in the Introduction
section were comprehensively compared, as shown in Table 1.

Table 1. Natural Frequencies and Effective Mass Participation Ratios of the Structure.

Allowable PPV Limit for
Country Standard Frequency Range (Hz) Residential Foundation (mm/s)
China GB 50868-2013 [29] 1-10 3
Germany DIN 4150-3:1999 1-10 5
UK BS 7385-2:1993 4-15 15-20
Switzerland VSS-5N640-312a 10-60 20

In summary, the comparison indicates that the limit value of 3.0 mm/s specified by
the Chinese standard [29] is the most stringent. To implement the principles of engineering
worst-case envelope and conservative assessment, the more stringent limit specified by the

Chinese standard was ultimately adopted in this study, and [PPV] = 3.0 mm/s was

allow
taken as the baseline threshold for vibration safety assessment.

3. Finite Element Analysis of Vibration Effects of Rock Foundation
Construction on Surrounding Buildings

To systematically investigate the vibration impact, a geotechnical-structural decou-
pling approach was adopted in this study. The overall analytical workflow consists of
three sequential stages. First, the physical impact of the hydraulic breaker is mathemat-
ically translated into an equivalent dynamic load. Second, a two-dimensional dynamic
ground model (Section 3.1) is established to simulate the propagation of elastic waves and
extract the acceleration time histories at the target soil-structure interface. Finally, these
extracted time histories are applied as base excitations in a three-dimensional structural
model (Section 3.2) to evaluate the dynamic responses of different building components. It
should be noted that this decoupled assumption intrinsically neglects the feedback effects
of structural inertia on the ground response (i.e., radiation damping). As highlighted by re-
cent advanced studies [30], a fully coupled soil-pile-structure interaction (SPSI) framework
is essential for accurately capturing energy transfer mechanisms and seismic demands,
particularly under large-deformation scenarios or highly nonlinear soil conditions (such
as liquefiable deposits). However, the decoupled method is highly appropriate for the
current serviceability-level vibration assessment in hard rock, where both the foundation
and the structure operate strictly within the linear elastic range with minimal displace-
ments. Furthermore, if a fully coupled framework were considered, the structural radiation
damping would dissipate additional energy back into the ground, slightly reducing the
structural response. Therefore, by neglecting this feedback mechanism, the decoupled
model intentionally yields moderately conservative structural responses, establishing a
more rigorous and robust safety envelope for the adjacent buildings.

3.1. Modeling of Ground Vibration Propagation

(1) Finite element analysis of the ground model

To investigate the propagation characteristics of impact waves in hard basalt, a dy-
namic finite element model was established based on MIDAS GTS NX. The ground con-
ditions are described in Section 2.1. During modeling, the silty clay layer with extremely
small thickness was neglected, and the moderately weathered basalt was simplified as a
homogeneous linear elastic continuum to characterize its dynamic response under small
deformation conditions. The geometric dimensions of the model were set as 150 m x 50 m.
To effectively absorb outgoing waves and minimize spurious reflection interference at the
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truncated boundaries, standard viscoelastic artificial boundaries (implemented as contin-
uous spring-dashpot systems) were adopted at the lateral sides and the bottom. These
boundary elements are formulated based on the dynamic properties of the surrounding
rock mass, which is a widely accepted approach in geotechnical dynamic analysis.

Considering that the objective of this study is to evaluate the vibration effects of hy-
draulic breaker excavation on adjacent residential buildings, the equivalent vibration source
was applied at the ground surface, and the nearest building was located approximately
25 m from the source according to the actual engineering layout. To investigate the spatial
attenuation characteristics of construction-induced vibrations, a series of monitoring points
were arranged at different propagation distances along the ground surface for extracting
vibration responses and evaluating the variation in peak particle velocity (PPV) with dis-
tance. The resulting numerical model, including the vibration source, building location,
monitoring points, and boundary conditions, is shown in Figure 2.

Model size:150m(L)x50m(H) Building location

Source 51 1 35m  45m  55m

Point
Sprin,
: / pring

150m

% Vibration source @ Monitoring point Viscoelastic artificial boundary
Figure 2. 2D Foundation Model.

The basic dynamic parameters of the rock mass, including unit weight, elastic modulus,
and Poisson’s ratio, were considered in the model to ensure that the vibration propagation
characteristics could be reasonably represented. The detailed parameters are listed in
Table 2. Additionally, the fixed damping ratio of the rock mass was set to 2.5% based on the
dynamic properties specified in the geotechnical site investigation report for this specific
project, ensuring that the baseline model aligns accurately with the actual intact, hard basalt
site conditions.

Table 2. Constitutive Model Parameters.

Unit Elastic . , . . .
Weight/(kN/m?3) Modulus/(kN/m?2) Poisson’s Ratio Damping Ratio
30 100,000,000 0.2 0.025

In terms of geometric dimension selection, a two-dimensional plane strain model was
adopted in this study. It should be acknowledged that stress-wave radiation and geometric
attenuation are inherently three-dimensional in reality. For the simulation of point-source
vibration, the rationality of this 2D assumption lies in the following aspects: on the one
hand, the two-dimensional model essentially treats the vibration source as a line source with
infinite out-of-plane extension, which can effectively envelop the worst-case interference
condition of multiple hydraulic breakers operating simultaneously along the excavation
line; on the other hand, because the two-dimensional model restricts the spatial spreading
of waves in the third dimension, the calculated vibration amplitudes in the medium- and
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far-field regions are systematically higher than the actual 3D attenuation values. This
inherent overestimation has been confirmed through the multi-point validation (comparing
simulated and measured responses at 15 m, 25 m, and 35 m) presented in Section 3.3.
Therefore, the assessment results derived from this simplified model intentionally constitute
a conservative safety envelope. Because the structural integrity is verified against these
systematically overestimated vibration levels, it provides an additional and robust safety
margin for the adjacent buildings in practical engineering.

(2) Equivalent input of vibration loading and multi-source superposition model

(a) Loading time-history pattern and input validation.

To reproduce the actual mechanical performance, a symmetric triangular pulse was
adopted to represent a single impact load, as shown in Figure 3b. While actual contact
force-time histories from breaker operations may exhibit more complex, irregular high-
frequency oscillations due to local rock fragmentation, the symmetric triangular pulse
effectively captures the macroscopic fundamental energy input characteristics (i.e., peak
force and effective action duration). The reliability of this equivalent simplified loading is
justified by the field validation presented later in Section 3.3, where the simulated ground
responses excited by this triangular pulse show a high degree of consistency with the
measured field data in both the time domain (amplitude attenuation) and frequency domain
(dominant frequencies).

Source parameters

1 ]
1 1
. Hydraulic Peak force: 40kN 1
1 1
! breaker Frequency: 400bpm !
! Inclination angle: 45° )
e e e e e e e e e e === ——————————————— 1
(a
JE— Ay
o o% R 30
(b) ()

Figure 3. Equivalent vibration source model. (a) Hydraulic breaker and source parameters.
(b) Equivalent load time-history function. (c) Location and Direction of Applied Nodal Load.

The resultant time-history load function of a single impact, F(t), can be expressed as:

Tt (0 <t <0.075)

F(t) =
40 — 50=(t — 0.075) (0.075 < t < 0.15)

)

Combining the excitation frequency of 400 bpm, the duration of a single excitation
cycle was set as 0.15 s (with loading /unloading durations of 0.075 s), and the peak value of
the resultant force was set as 40 kN. Based on the actual operating posture of the equipment,
the load was applied to the ground surface at an inclination angle of 45° downward
(Figure 3c), and was orthogonally decomposed into independent horizontal and vertical
time histories in the two-dimensional model (with a peak value of approximately 28.3 kN
in each direction). Through comparison and validation against field monitoring data
(Section 3.3), it was verified that the adopted time-history input and equivalent parameters
can reasonably represent the energy diffusion characteristics of wave sources in rock media.
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(b) Synchronous superposition and conservative boundary

For the case of multiple equipment operating simultaneously, although the actual
physical process involves asynchronous random interference among multiple vibration
sources (where phase cancelation may occur), a fully synchronous operation assumption
with identical frequency and phase (Synchronous operation) was uniformly adopted in this
study based on the principle of safety assessment. This condition enforces the maximum
spatial coherent superposition, and the resulting structural dynamic response constitutes
the most unfavorable safety envelope for the effects of actual construction activities.

3.2. Finite Element Analysis of Building

To analyze the dynamic response characteristics of building structures under rock
foundation construction-induced vibration, the shear wall residential building closest to
the construction source (25 m) was selected, and a three-dimensional shell-beam element
dynamic model was established using ETABS (with a modal damping ratio of 0.05), as
shown in Figure 4.

Input :acceleration time histories
(at the building foundation)

10 — Honsontl scsertion

Figure 4. 3D Structural Dynamic Response Model.

In the model, the primary shear walls and floor slabs were simulated using shell
elements (Shell), while the frame beams were simulated using beam elements (Beam). The
characteristic acceleration time histories obtained from the previously established ground
model were used as base excitations, and dynamic time-history analyses were conducted
under the conditions of “vibration loading” and “dead load + vibration loading”, provid-
ing reliable input for the subsequent stress safety assessment of primary and secondary
structural components. (Dead load: a floor dead load of 4 kPa was adopted, including
floor finishing and partition wall loads; Live load: 2.0 kPa for residential areas and 2.5 kPa
for balconies.).

3.3. Validation of Ground Vibration Model

To verify the rationality and accuracy of the established numerical model based on
“equivalent loading-two-dimensional ground wave propagation”, a validation strategy
combining “single-point time-history characteristics” and “multi-point spatial attenuation”
was adopted, and comparisons with field monitoring data were carried out.

(1) Validation of time-history characteristics at a typical monitoring point

A reference point located 25 m away from the construction source was selected as the
benchmark point. The comparison results show (see Figure 5) that the simulated velocity
time history exhibits obvious periodic pulse characteristics, and its dominant frequency
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is highly consistent with the impact frequency of the hydraulic breaker (400 bpm). In
terms of amplitude, the simulated PPV values in the vertical and horizontal directions
(0.056 mm/s and 0.022 mm/s) are slightly higher than the measured values (0.048 mm/s
and 0.019 mm/s), with the errors controlled within 15-17%, demonstrating the reliability
of the equivalent loading approach.

Simulated velocity ——— Simulated velocity
0.03F —=== Measured velocity —=== Measured velocity
-=== Measured PPV 0.06 L -=== Measured PPV
£ oo ] % ol ||| (N \A”‘ W |
e Thh T i 4 : il 1 i
2 L ) . n | EIW Y Y
2 TRV A8 BRI AL BTG g [ 661
E 1YL LR P LB )l L 3 HHEERE
5 ook R4 RELET L ER TRV R AR R E o (At
£ RN REE RN RE N TS i AL
5 ooriy [ (VY1 HRE B LB Wl g A
e A A W g /‘f]'."::'\:.
| | UV
e | e Y i [ e e
1 1 1 1 1 —0.06 1 1 1 1 i &
0.0 0.5 1.0 L5 2.0 2.5 3.0 0.0 0.5 1.0 L5 2.0 2.5 3.0
Time (s) Time (s)
(a) Horizontal velocity time history (b) Vertical velocity time history
Figure 5. Simulated and measured velocity time histories at 25 m from the vibration source.

The monitoring point located 25 m from the vibration source was selected as the
benchmark for model validation. Comparisons between the simulated and measured
velocity time histories and amplitude spectra are presented in Figures 5 and 6, respectively.
The time-history responses exhibit pronounced periodic impulsive characteristics, and the
overall waveform evolution shows good agreement between the simulated and measured
results. In terms of peak response, the simulated horizontal and vertical peak particle
velocities (PPVs) are 0.022 mm/s and 0.056 mm /s, respectively, while the corresponding
measured values are 0.019 mm/s and 0.048 mm/s, resulting in relative errors of 15.8% and
16.7%. The simulated responses are consistently higher than the measured values, indicat-
ing a conservative prediction and demonstrating that the equivalent loading model can
reasonably reproduce the time-domain characteristics of construction-induced vibrations.

0.0175 F
——— Simulated spectrum *~_ ——— Simulated spectrum
o eer —=== Measured spectrum 3 —=== Measured spectrum
00150 0.04
001251 .
] £ 003
é 0.0100 - é
3 3
2 00075 I’F 2 002 6.00 Hz
£ ‘ £
gOOOSO- :" i g
a 1
l: 0.01
0.0025 | i
\/“w"\\_/' L /\,-/’I‘\ SN /h\ /‘\
0.0000 1 1 1 1 1 L 1 1 1 1 - 1 " 7
0 5 10 15 20 25 30 0 ] 10 15 20 25 30
Frequency (Hz) Frequency (Hz)
(a) Horizontal velocity amplitude spectrum (b) Vertical velocity amplitude spectrum

Figure 6. Simulated and measured velocity amplitude spectra at 25 m from the vibration source.

From the frequency-domain perspective, the simulated responses in both horizontal
and vertical directions exhibit a dominant frequency of 6.67 Hz, which agrees well with the
theoretical excitation frequency corresponding to the breaker impact rate (400 bpm). The
measured dominant frequencies are 5.67 Hz and 6.00 Hz, respectively, which are slightly
lower than the simulated values; however, the vibration energy remains primarily concen-
trated within the 5-7 Hz frequency band. In addition, several secondary spectral peaks
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are observed in the measured spectra, indicating a certain degree of frequency dispersion.
This phenomenon can be attributed to fluctuations in excitation forces during construction,
wave scattering attenuation during propagation, and the inherent heterogeneity of the
ground medium. Although slight deviations exist in the dominant frequencies, both the
simulated and measured results indicate that the vibration energy is concentrated within a
comparable frequency range.

Overall, the comparison of the time-domain waveforms and dominant frequency
characteristics demonstrates that the proposed vibration analysis model possesses satis-
factory engineering applicability and can be reliably employed for subsequent parametric
sensitivity analyses and vibration impact assessments of adjacent structures.

(2) Multi-point validation of spatial attenuation trends

After confirming the rationality of the single-point waveform characteristics, multiple
monitoring points at 15 m, 25 m, and 35 m were selected to analyze the spatial propagation
characteristics of waves. The relative errors between the calculated PPV values and the
measured values at each monitoring point range from 13.2% to 21.4%. The comparison
results are shown in Figure 7. Significant physical characteristics indicate that the simulated
values at all monitoring points are consistently greater than the measured values, and the
error tends to increase with increasing distance. This phenomenon also verifies the theory
described in Section 3.1, namely that the two-dimensional model overestimates the far-field
response due to its restriction on out-of-plane geometric spreading, thereby providing a
conservative safety envelope for engineering safety assessment.

0.030 I Simulated PPV [T Simulated PPV
[ Measured PPV 430 0.07F [ Measured PPV | 25
0.025 —— Relative error 0.060 —&— Relative error

0.025 25.0% 0.06 - 0.056 elav
@ 0.022 0.022 125 0.053
E 0,020 = g L 0048 = 10 <
£ 0020} 0019 £ g 005 g
g 4205 E 0.042 5
2 0.016 5 Z 0.04f 415 5
5 0015 Jis & 2 2
g 5 Som} g
N o £ 7}
= % 8 110 &
S 0.010F 4105 2

0.02
L -5
0.005 45 001 -
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Figure 7. Numerical Model Validation under Multiple Monitoring Points.

In summary, the numerical simulation results not only accurately capture the time-
domain characteristics and spatial attenuation patterns of impact waves, but also provide
an appropriate safety margin for surrounding buildings while ensuring the accuracy of the
mechanical mechanisms, demonstrating a certain degree of engineering applicability.

4. Vibration Propagation, Structural Response, and Safety Assessment
4.1. Vibration Attenuation Characteristics and Safety Assessment in Hard-Rock Foundations

Based on the two-dimensional ground model, the horizontal and vertical peak particle
velocities (PPV) at surface monitoring points located at different horizontal distances
(545 m) from a single hydraulic breaker were extracted. To characterize the attenuation
characteristics of vibrations in different directions with propagation distance, a power
function model and an exponential function model were adopted to fit the horizontal
and vertical PPV values, respectively. The horizontal PPV was fitted using a power-law
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attenuation form under logarithmic coordinates, while the vertical PPV was fitted using an
exponential attenuation form under semi-logarithmic coordinates. As shown in Figure §,
both the horizontal and vertical PPV values gradually decrease with increasing propagation
distance. However, at all monitoring points, the vertical PPV is significantly greater than
the horizontal PPV, approximately 2-2.5 times that of the latter, indicating that the vibration
response in hard-rock foundations under mechanical impact loading is dominated by the
vertical propagation component.

@®  Horizontal PPV Vertical PPV

3x10 2 = PPV, =0.0479R 024 R?=0.964 PPV, =0.0678¢~E0x1079K ' g2 =(.992
x

=N
X
=5

Horizontal PPV (mm/s)
Vertical PPV (mm/s)

2x10° 5%107°

1 1 1 1 1 1 1 1 1 1
10' 5 10 15 20 25 30 35 40 45

Distance from source (m) Distance from source (m)

(a) Horizontal PPV: log-log power-law fitting (b) Vertical PPV: semi-log exponential fitting

Figure 8. Attenuation Characteristics of Horizontal and Vertical PPV with Propagation Distance
(PPV,,—Peak particle velocity in horizontal direction; PPVy—Peak particle velocity in vertical
direction; R—Propagation distance from source; The horizontal follows a power-law attenuation:
PPV}, = k- R™"; The vertical PPV follows an exponential attenuation: PPV, = PPV} - e~ *K),

To investigate the attenuation characteristics of hydraulic breaker-induced vibrations
in rock foundations, differentiated mathematical fitting methods were adopted for the two
directional datasets because the dissipation mechanisms of different wave types in the
two-dimensional ground model are fundamentally different.

(1) Horizontal vibration is dominated by body waves and exhibits a significant in-plane
geometric spreading effect; therefore, a power function model was adopted for fitting:

PP, =k-R" (4)

where k is the attenuation coefficient, R is the propagation distance, and 7 is the
attenuation exponent.

The fitted function is expressed as follows (with a coefficient of determination of 0.964):
PPV;, = 0.0479 - R~0-246 (5)

(2) Vertical vibration is mainly governed by surface waves (Rayleigh waves). Under
the assumption of two-dimensional plane strain, surface waves lack out-of-plane
geometric spreading space for energy dissipation, and their attenuation is almost
completely dominated by material damping. Therefore, an exponential function
model was adopted for fitting:

PPV, = PPV, - e R (6)

where PPVj is the equivalent vibration source energy (reflecting the initial energy level
input into the foundation by a single impact of the hydraulic breaker), R is the propagation
distance, and « is the material damping absorption coefficient (representing the capability
of the rock medium to dissipate elastic wave energy through internal friction).
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The fitted function is expressed as follows (with a coefficient of determination of 0.992):
PPV, = 0.06784¢0-008R )

The fitted attenuation models in different directions indicate that, under the strong
impact loading of hydraulic breakers, horizontal vibration in hard-rock foundations un-
dergoes significant spatial geometric spreading with wavefront propagation, exhibiting
a typical power-law attenuation pattern. In contrast, due to the limitation of geometric
dissipation, the energy attenuation of vertical vibration is almost completely dominated by
material damping. It can be observed that, because the high-modulus and dense hard basalt
exhibits very weak internal absorption of elastic waves, this difference in mechanism—
where horizontal vibration is governed by geometric spreading and vertical vibration is
governed by low-damping dissipation—allows vertical vibration to maintain a relatively
high energy density even in medium- and far-field regions. Based on the principle of
engineering worst-case envelope assessment, the vertical PPV was established as the core
control index in this study.

In summary, at the boundary of the adjacent building located 25 m away, the calculated
vertical PPV is 0.056 mm/s. This value is far below the low-frequency vibration control
threshold (3.0 mm/s) determined in Section 2.3. Therefore, in terms of vibration intensity,
the current construction condition will not cause damage to the overall building structure,
and the site impact remains within a safe range.

4.2. Stress Response and Safety Assessment of Structural Walls

To analyze the influence of construction vibration input on the stress response of
structural walls, the most unfavorable acceleration time history at the ground surface
located 25 m away (see Figure 9, exhibiting pulse-type characteristics, with the vertical
amplitude being significantly greater than the horizontal amplitude) was extracted and
applied to the base of the three-dimensional structural model. The combination condition
of “1.0 dead load + 1.0 vibration loading” was considered, and the maximum principal
tensile stress of walls throughout the entire structure was evaluated.
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& 2r
2
i )
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2
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5
i g
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L
> Lk
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s) Time (s)
(a) Horizontal direction (b) Vertical direction

Figure 9. Acceleration Time-History Curves at the 25 m Monitoring Point.

(1) Stress condition and safety assessment of primary structural walls

The calculation results indicate that the tensile stress of the primary load-bearing shear
walls is mainly concentrated at the bottom wall limbs (see Figure 10), and the maximum
tensile stress is only 0.87 MPa. This value is mainly induced by the self-weight dead load
and remains far below the standard tensile strength of concrete (2.01-2.39 MPa). This
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indicates that the primary structural framework is subjected to a uniformly distributed
stress state and remains in a fully elastic working condition, with no risk of cracking.

(a)Overall normalized stress distribution (b)Enlarged view of the maximum stress face

Low
(0.00-0.25)

Moderate
(0.25-0.54)

Iligh
(0.54-1.00)

Detailed view of circled region
Stress Colorbar(Mpa) (normalized stress)

0.25 0.38 0.54 0.69 0.85 1.00

Figure 10. Tensile Stress Contour of the Main Structural Wall at a Typical Floor.

(2) Stress condition and safety assessment of secondary structural walls

For secondary infill walls with relatively weak tensile resistance, local stress concentra-
tion is likely to occur at the wall-frame connection interface, while the maximum principal
tensile stress forms a continuous tensile stress concentration zone along the middle part of
the wall, with a peak value reaching 0.017 MPa (see Figure 11). Although these components
have relatively low stiffness and are more susceptible to excitation effects, their maximum
principal tensile stress remains far below the standard splitting tensile strength of aerated
concrete blocks (0.55 MPa), accounting for only approximately 3.1% of the allowable value,
thus satisfying the crack resistance requirement.

(a) Wall layout of the secondary structure (b) Wall layout of the secondary structure

[ Primary walls
B Secondary walls

Zoomed view of the selected facei
(maximum stree face)

. DR

~
Maximum
stree
region
Stress Colorbar (Mpa)
| I . <1073
0.0 1.5 3.1 6.2 9.2 12.3 16.9 20.0

Figure 11. Tensile Stress Contours of the Secondary Structural Wall on a Typical Floor.

4.3. Comparative Dynamic Response of Primary and Secondary Structural Walls

To investigate the influence mechanism of construction-induced vibration on com-
ponents with different structural characteristics, the tensile stress data of primary and
secondary structural walls within a distance range of 5-45 m from the vibration source
were extracted in this section. By introducing two loading conditions, namely “vibration
only” and “dead load + vibration”, for comparison (see Figure 12), the overall structural
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safety was verified and the differences in dynamic sensitivity between the two types of
walls were revealed.
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Figure 12. Variation in wall stress with distance under different loading conditions.

(1) Crack resistance safety assessment of primary and secondary structural walls

The calculation results indicate that under the most unfavorable “dead load + vibra-
tion” loading condition, no structural damage occurred within all investigated distances
(545 m). Among them, the peak total tensile stress of the primary shear walls is ap-
proximately 0.86 MPa, which is far lower than the standard tensile strength of concrete
(2.01 MPa); the peak tensile stress of the secondary infill walls is approximately 0.017 MPa,
which is also strictly controlled within the tensile strength limit of masonry (0.06 MPa).
The above magnitude comparison clearly demonstrates that under the current level of
mechanical excavation-induced vibration, both the primary load-bearing structures and
the secondary non-load-bearing structures remain in a fully elastic working state, far from
reaching their respective tensile failure thresholds. This verified damage-free state confirms
that the linear elastic constitutive models adopted in this study are sufficient and reliable
for the current serviceability-level assessment.

(2) Decoupling of dynamic and static effects and mechanism of sensitivity differences

Although both the primary and secondary structures remain within the safe
range in terms of absolute magnitude, significant differences exist in their dynamic
response mechanisms.

By decoupling the “vibration only” condition, it was found that the pure dynamic
additional stresses of both types of walls exhibit a substantial attenuation of approximately
70% with increasing distance, indicating that the vibration waves in the foundation have
similar input and dissipation trends within the structures. However, under the actual
“dead load + vibration” combined condition, their spatial evolution characteristics show
considerable differences:

For primary structural walls, due to the relatively large static self-weight load, the
dynamic additional stress only constitutes a minor disturbance, and the variation rate
of total stress with distance is less than 0.1%, indicating that the internal force state is
absolutely dominated by self-weight. In contrast, for secondary structural walls, the static
stress baseline is very low, and the same level of dynamic disturbance causes the spatial
variation rate of total tensile stress to reach 3% (approximately 30 times that of the primary
structure). This comparison quantitatively reveals that secondary structures exhibit higher
dynamic sensitivity to the propagation and evolution of vibration waves compared with
primary structures.
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In summary, secondary structural walls not only exhibit attenuation characteristics
similar to those of primary structural walls under vibration loading, but also maintain a
certain response capability to changes in vibration input under combined loading condi-
tions, indicating that they are more sensitive to construction-induced vibration and should
receive particular attention in engineering practice.

5. Parametric Sensitivity Analysis

To further reveal the controlling mechanisms of construction parameter variations
on the wave field in hard-rock foundations and the dynamic responses of surrounding
buildings, a characteristic observation point located 25 m away from the vibration source (at
the boundary of the adjacent building) was selected in this section. Taking the condition of
a single operating hydraulic breaker with an impact frequency of 400 bpm as the reference
case, a systematic parametric sensitivity analysis was conducted to evaluate the influence
of various parameters on structural safety.

The selection of key analysis parameters and their corresponding ranges was strictly
based on actual construction scenarios and the physical performance specifications of
the equipment:

(1) Operating scale: Considering the common multi-machine cluster operation adopted
in hard-rock foundation pit excavation, the number of hydraulic breakers operating
synchronously was set to 1-6 units, with the objective of quantifying the spatial
coherent superposition effect of multiple vibration sources and identifying the most
unfavorable safety boundary.

(2) Dynamic input: Based on the rated operating performance of the SANY SHY140
hydraulic breaker used in this project, the variation range of impact frequency was
defined as 350-500 bpm, in order to investigate the influence of shifts in the actual
excitation spectrum on the frequency-domain coupling and resonance amplification
mechanisms of structural response.

Through the decoupled analysis of the above parameters with clear engineer-
ing significance, this study aims to quantitatively evaluate the driving mechanisms
and relative influence of each parameter on site vibration intensity and the safety of
structural components.

5.1. Influence of the Number of Operating Equipment on Vibration Intensity and Structural Stress
(1) Vibration intensity (PPV):

With the increase in the number of operating equipment, both horizontal and vertical
PPV exhibit a significant linear increase (see Figure 13). Among them, the vertical PPV
increases from 0.056 mm/s to 0.338 mm/s, indicating that multi-equipment operation
induces spatial coherent superposition of vibration energy. Through linear fitting of the
vertical PPV, PPV = 0.0563 - N (where N is the number of operating equipment), and
extrapolation based on the code limit value (3.0 mm/s), the critical number of operating
equipment is predicted to be approximately 54. Considering the limitations of the working
space in elongated foundation pits and the typical conditions encountered in practical
construction, such a scale of equipment deployment is not realistic in engineering practice.
This confirms that the multi-machine coordinated rock-breaking mode currently adopted
in this project (<6 units).

The stresses of both types of walls also exhibit a linear increase with the increase in the
number of operating equipment (see Figure 14), but significant differences in sensitivity are
observed. The stress variation rate of primary structural walls is less than 0.5%, indicating
that their stress state is absolutely dominated by self-weight; in contrast, due to the rela-
tively low stiffness and low stress baseline, the relative stress variation rate of secondary
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structural walls reaches 5%, exhibiting higher sensitivity to the linear superposition of
vibration energy.

0.40

[~ ——— Horizontal fit: V=0.022N, R* = 1.000
= == Vertical fit: V=0.056N, R*>=1.000

035}k I Horizontal PPV

[ Vertical PPV

o
W
=}

0.25

0.20

Peak particle velocity (mm/s)
=3

e
—
=

0.05

0.00

Number of hydraulic breakers (-)

Figure 13. PPV under Different Operating Numbers in a Typical Condition.

(2) Structural stress response:
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Figure 14. Stress Responses of Main and Secondary Structural Walls under Different Operating
Numbers in a Typical Condition.

5.2. Influence of Impact Frequency on Vibration Intensity and Structural Stress
(1) Vibration intensity (PPV):

The influence of frequency variation on PPV exhibits significant nonlinear and di-
rectional differences (see Figure 15). The horizontal PPV shows an increasing trend with

increasing frequency (increasing from 0.015 mm/s to 0.102 mm/s), whereas the vertical
PPV reaches a peak value (0.136 mm/s) at 450 bpm and then decreases at 500 bpm.
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Figure 15. PPV under Different Impact Frequencies in a Typical Condition.

Combined with Table 3, the observed differences are strongly associated with
the modal characteristics of the hard-rock foundation system. The first-order mode
(8.06 Hz /484 bpm) mainly exhibits vertical vibration participation, whereas the second-
order mode (9.06 Hz /543 bpm) mainly exhibits horizontal vibration participation. There-
fore, within the current impact frequency range, the vertical excitation frequency gradually
approaches the first-order dynamic sensitive frequency band, while the horizontal exci-
tation frequency has not yet entered its primary sensitive range, resulting in different
variation trends of PPV in the two directions. Although 500 bpm is theoretically closer
to the first-order modal frequency, the vertical PPV reaches its peak at 450 bpm and then
decreases. This indicates that the dynamic response of hard-rock foundations is jointly in-
fluenced by material damping, wave propagation characteristics, and boundary conditions,
and the vibration amplification does not occur only at a single frequency point but exhibits
relatively high sensitivity within a certain frequency range. Meanwhile, under the 450 bpm
condition, the relatively longer impact interval allows more sufficient propagation and
reflection of stress waves, making it easier to generate larger instantaneous peak values. In
contrast, under the 500 bpm condition, the shortened impact interval enhances wave phase
interference, resulting in a reduction in the time-domain PPV peak value.

Table 3. Natural Frequencies and Effective Mass Participation Ratios of the Hard-Rock Foundation System.

Effective Mass Effective Mass
Mode No. Frequency (Hz) Ratio 00 (%) Ratio (Y) (%)
1 8.06 0 91.26
2 9.06 87.53 0
3 12.9 11.32 0
4 18.05 0 8.09
5 22.52 0 0.25
6 26 0.67 0
7 35.5 0 0.28
8 394 0.14 0
9 39.8 0.23 0
10 48.2 0 0.02

(2) Structural stress response:

The wall stress exhibits obvious stage-wise characteristics with increasing frequency:
it increases gradually within the range of 350450 bpm, but shows an abnormally sharp
increase within the range of 450-500 bpm (see Figure 16).
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Figure 16. Stress Responses of Main and Secondary Structural Walls under Different Impact Frequen-

cies in a Typical Condition.

Unlike the decrease in PPV, the wall stress continues to increase and reaches its peak
at 500 bpm. This divergence indicates that the stress response is not completely synchro-
nized with changes in vibration amplitude, as it is controlled not only by the macroscopic
vibration amplitude but is also closely related to the dynamic transmission characteristics
of the ground-structure system. As the impact frequency gradually approaches the dynam-
ically sensitive frequency range of the hard-rock foundation system, the vibration input
transmitted to the building foundation is amplified, thereby enhancing the stress response
of upper structural components. Therefore, even though the ground-surface PPV decreases
under the 500 bpm condition due to wave interference effects, the internal structural stress
may continue to increase.

This result indicates that the peak value of ground-surface PPV cannot fully reflect
the internal stress state of structures. Relying solely on PPV for safety assessment may
underestimate the dynamic risk of local structural components; therefore, it is necessary to
conduct comprehensive safety assessments in combination with structural stress indicators.

6. Conclusions

For the influence of mechanical excavation in hard-rock foundations on surrounding
high-rise buildings, this study carried out a systematic investigation from site attenuation
characteristics to structural component responses. The main conclusions are as follows:

(1) According to the engineering characteristics of hard-rock foundations and the high-
frequency impact characteristics of hydraulic breakers, a dual safety assessment frame-
work based on peak particle velocity (PPV) and maximum principal tensile stress of
structural components was established. Differentiated safety assessment criteria and
corresponding limit values were further defined for primary load-bearing structures
and secondary non-load-bearing structures.

(2) The vibration attenuation characteristics of hard-rock foundations exhibit significant
directional differences, with the vertical component being dominant and showing a rel-
atively slower attenuation rate. The decoupling analysis of dynamic and static loading
confirms that the internal force state of the primary structure is absolutely dominated
by self-weight (stress variation rate < 0.1%), whereas the dynamic sensitivity of sec-
ondary structural walls is approximately 30 times that of the primary structure due
to their lower stress baseline and lower stiffness, indicating that particular attention
should be paid to such components.
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(3) Through parametric sensitivity analysis of construction parameters, it was found
that the number of operating equipment controls the energy input level of vibration,
and both vibration intensity and structural stress increase approximately linearly
with increasing equipment quantity. In contrast, impact frequency significantly af-
fects the dynamic response characteristics of the ground-structure system, resulting
in a divergence between ground-surface PPV (reaching a peak at 450 bpm) and
structural stress (continuing to increase at 500 bpm). This indicates that ground
vibration intensity alone cannot fully reflect the internal stress state of structures.
Therefore, in practical construction, not only should the scale of mechanical oper-
ation be restricted, but construction frequencies close to the dynamically sensitive
frequency range of the hard-rock foundation system (450-500 bpm) should also be
avoided as much as possible to reduce the risk of enhanced dynamic responses in local
structural components.

In summary, the primary scientific gain of this research lies in advancing the paradigm
of construction vibration assessment from conventional macroscopic “PPV-only” evalua-
tions to a refined, multi-scale “geotechnical-structural decoupled” framework. By quan-
titatively demonstrating that local structural stress responses can severely diverge from
ground surface vibration intensities—particularly when excitation approaches the foun-
dation’s dynamically sensitive frequency bands—this study overcomes the inherent blind
spots of traditional assessment criteria. Furthermore, the explicit decoupling of dynamic
sensitivities between primary load-bearing and secondary non-load-bearing components
provides a robust theoretical basis for identifying highly localized, non-obvious structural
vulnerabilities. Ultimately, these findings contribute a rigorous analytical methodology for
the sustainable and safe development of high-density urban spaces in complex hard-rock
geological settings.

Although this study systematically evaluated the vibration responses of surround-
ing buildings induced by mechanical excavation in hard-rock foundations and innova-
tively proposed a dual-control framework based on macroscopic PPV and microscopic
tensile stress, several limitations still exist due to computational scale and physical
modeling assumptions:

(1) The two-dimensional plane model and the assumption of a homogeneous continu-
ous rock mass cannot fully represent the three-dimensional spatial propagation and
dissipation mechanisms of high-frequency stress waves in naturally fractured rock
masses.

(2) The assumption of fully synchronous excitation does not consider the complex wave-
field interference effects caused by asynchronous operation of multiple machines in
practical engineering. In reality, phase differences between operating equipment may
significantly alter interference patterns, often leading to partial phase cancelation and
reduced overall vibration intensity. While our current synchronous assumption effec-
tively establishes a conservative safety envelope, future studies should incorporate
sensitivity analyses considering random asynchronous loading scenarios to provide a
more precise probabilistic assessment.

(38) The current assessment is limited to a typical reinforced concrete shear wall structure.

Therefore, future research will focus on developing a more refined three-dimensional
dynamic coupling model incorporating multi-source asynchronous excitation, fractured
heterogeneous rock masses, and complex building structures. Particular attention will
be paid to investigating the influence mechanism of random phase differences among
multiple vibration sources on far-field vibration intensity, as well as the differences in dy-
namic sensitivity among various structural systems, thereby providing a more universally
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applicable safety-control theory for mechanical rock-breaking construction under complex
urban geological conditions.
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