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Abstract

Deep underground excavations — whether ultra-deep gold mines in South Africa’s Witwatersrand Basin
or seismically active tunnels along Peru’s Andean margin — face recurrent damage from dynamic shock
waves generated by mining-induced rockbursts and tectonic subduction earthquakes. Conventional
support systems (shotcrete, steel sets, resin-grouted bolts) provide limited broadband energy
dissipation. This manuscript presents a documentary and comparative-analytical study that (i)
synthesises the DOIl-verified literature on 3D-printed acoustic and mechanical metamaterials with auxetic
and locally resonant unit cells, (ii) builds a quantitative comparison matrix of the attenuation
mechanisms and manufacturing routes reported in that literature, (iii) specifies the materials, additive-
manufacturing machinery, underground installation equipment, and human-capital competencies
required to fabricate and deploy such liners at industrial scale, and (iv) develops a technology-transfer
framework adapting South Africa’s deep-mining seismic experience to Peru’s public-space and mining-
tunnel infrastructure, benchmarked against seismic-mitigation solutions already implemented in
developed countries. As a documentary synthesis, the study does not report new physical experiments;
its contribution is the integration of dispersed engineering evidence into a reproducible design,
procurement, and workforce-training roadmap, together with an explicit identification of the low-
frequency (< 50 Hz) attenuation gap that future field-scale prototypes must close.

1. Introduction

Peru lies on the convergent margin between the Nazca and South American plates, a setting that
generates frequent subduction-zone earthquakes and sustains one of the highest probabilistic seismic
hazard levels in South America [5]. Underground public infrastructure (metro tunnels, pedestrian
underpasses, ventilation shafts) and the country’s deep and expanding mining sector are both exposed
to this hazard, yet neither sector currently specifies dynamic-energy-absorbing liners in its design codes.
In parallel, South Africa’s Witwatersrand Basin gold mines, now operating at depths approaching 4,000
m, have accumulated more than a century of engineering experience with mining-induced seismicity and
rockburst damage, and remain one of the most heavily instrumented seismic environments in the world

[6].

Acoustic and mechanical metamaterials — architected periodic structures whose unit cells produce
local resonance or negative effective mass/stiffness — were first demonstrated to open sonic band gaps
by Liu et al. [1], and were subsequently shown, at field scale, to reshape seismic surface waves through
soil-embedded inclusions [2]. Numerical studies have since extended the concept to large-scale
mechanical metamaterials capable of attenuating both bulk and surface seismic waves [3]. Additive
manufacturing (AM) is the enabling technology that allows the complex, often auxetic or chiral, lattice
geometries required for broadband low-frequency attenuation to be fabricated with the dimensional
control that conventional casting or machining cannot achieve [4, 7, 8].
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Research gap and contribution. The metamaterials literature is concentrated on laboratory-scale panels
and frequencies above the seismic band of engineering concern, and it rarely addresses the logistics of
deploying 3D-printed liners in large-scale, remote, or underground civil and mining works — particularly in
developing-country contexts where additive-manufacturing capacity, regulatory codes, and specialised
workforce are still emerging. This manuscript addresses that gap through three contributions: (i) a DOI-
verified comparative matrix that consolidates quantitative and mechanistic evidence from the
foundational metamaterials literature; (ii) a materials-, machinery-, and human-capital-explicit
implementation protocol for fabricating and installing auxetic-resonant liners in deep-tunnel and mining
contexts; and (iii) a transnational technology-transfer roadmap that adapts South Africa’s deep-mining
seismic-mitigation experience to Peru’s public-space infrastructure and to its principal underground and
open-pit mining operations.

2. Methods
2.1 Documentary synthesis protocol

This study follows a documentary and comparative-analytical design rather than a primary experimental
protocol. A structured literature search was carried out across Scopus-indexed sources (Science,
Physical Review Letters, New Journal of Physics, Additive Manufacturing, Automation in Construction,
Engineering Geology, Geophysical Prospecting) using the terms “acoustic metamaterial”, “auxetic”,
“seismic shield”, “phononic band gap”, “3D printing construction”, and “mining-induced seismicity”. Only
sources with an active, verifiable Digital Object Identifier (DOI) were retained; entries that could not be
independently verified against the publisher record were excluded, consistent with editorial requirements

on reference integrity.

2.2 Conceptual unit-cell design

The proposed liner unit cell couples a dense resonant core (a metallic inclusion) suspended in a
viscoelastic thermoplastic matrix with chiral, auxetic (negative Poisson’s ratio) struts. Under the
governing periodic elastodynamic equation V-[C(x): Vu(x)] + p(x)w?2u(x) = 0, with Floquet—Bloch periodic
boundary conditions u(x+all) = u(x)e{jk-all}, this topology is designed conceptually to open a low-
frequency band gap by combining Bragg scattering with local resonance, following the mechanisms
demonstrated experimentally and numerically in [1] and [3]. No new finite-element results are reported
here; the formulation is presented as the design basis for the field-scale prototype proposed in Section
4.4,

2.3 Materials, additive-manufacturing machinery, and
post-processing
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Table 1 summarises the material-process combinations documented in the literature and adapted here
for tunnel-lining panels.

Material AM process / machinery Typical Post-
layer processing

Polycarbonate—carbon- Fused Filament Fabrication (FFF), 0.1 mm Thermal
nanotube (CNT) composite heated-chamber industrial printers annealing
Photopolymer resin Stereolithography (SLA/DLP) 0.05mm UV post-cure
(rigid/flexible)
Thermoplastic polyurethane  Multi-material Material Extrusion 0.1-0.2 Stress-relief
(TPU) + shape-memory alloy  (MEX) + Selective Laser Melting mm heat treatment
struts SLM) for metal struts
Metal-matrix / geopolymer Directed Energy Deposition (DED); 0.03- Hot isostatic
composite large-format robotic MEX for 0.5mm pressing /

cementitious matrices [7,8] curing

Table 1 Material-process combinations documented in the literature, adapted for tunnel-lining panels

2.4 Underground installation machinery and procedures
(mining context)

Deployment inside an active mine or tunnel requires equipment distinct from the fabrication stage:

e Containerised or skid-mounted DED/MEX printing units, sited at the portal or on intermediate levels,
to shorten the logistics chain for panel replenishment.

» Robotic telescopic manipulators / shotcrete robots (e.g., boom-type units already used for fibre-
reinforced shotcrete application) retrofitted with vacuum or mechanical grippers for panel
placement against the primary support.

e Multi-boom drilling jumbos for anchoring the panel frame to the rock mass.

» 3D laser scanning / LIDAR and ground-penetrating radar (GPR) for as-built verification of panel
alignment and detection of voids behind the lining.

» Distributed fibre-optic sensing cable, embedded during installation, for continuous post-installation
monitoring of dynamic strain.

2.5 Human capital and training protocol

Table 2 specifies the professional profiles and the competencies each must acquire.
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Role Required background Core competencies to develop

Geomechanical / Civil or mining engineering, Stress-field mapping, target-frequency

geotechnical engineer rock mechanics definition, interpretation of microseismic
monitoring

Additive-manufacturing  Mechanical or materials Parametric CAD/CAM, printer calibration,

technician engineering technology material rheology, defect (porosity)
control

Robotics / installation Technical certification in Kinematic control of robotic arms, laser-

operator heavy mobile equipment scanning alignment verification, confined-
space safety

Structural dynamics Civil/structural engineering, Floquet-Bloch dispersion analysis, finite-

specialist postgraduate in dynamics element modelling, code-compliance
verification

Table 2 Required professional profiles and competencies

Recommended training protocol: an intensive modular programme (approx. 100—120 contact hours)
combining classroom instruction in metamaterial theory and seismic risk, hands-on printer operation
and maintenance, and supervised on-site installation drills, delivered through a university—industry
partnership (e.g., UAP with the Ministerio de Energia y Minas and mine operators), with periodic refresher
modules tied to equipment updates.

2.6 Ethical considerations

This is a documentary and comparative-analytical study: it does not involve human participants, animal
subjects, or the collection of primary field data, and therefore does not require Institutional Review Board
approval. All quantitative claims are attributed to their original, DOI-verified sources; no experimental
results are claimed as original findings of this manuscript.

3. Results

3.1 Comparative matrix of the foundational metamaterials
literature
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Table 3

Comparative matrix of the foundational metamaterials literature

Source Scale/
mechanism

Liuetal, Laboratory sonic

2000 [1]  crystal; local
resonance

Bralé et Field-scale soil

al., 2014 metamaterial;

[2] vertical bored
inclusions

Miniaci Numerical large-

et al., scale mechanical

2016 [3] metamaterial
shield

Askariet  Systematic review

al., 2020 of AM for

[4] metamaterials

Reported wave-attenuation
evidence

Locally resonant composite breaks
the conventional mass-density law
of transmission by one or more
orders of magnitude near 400 Hz in
a 2-cm slab

Full-scale seismic test shows
measurable modification of
surface-wave energy distribution in
the presence of the metamaterial
mesh, consistent with numerical
plate-model predictions

3D transient simulations show
substantial attenuation of both bulk
and surface seismic waves using
combined phononic-crystal /
locally-resonant configurations

Comprehensive synthesis
confirming that AM uniquely
enables the complex, non-
machinable lattice/auxetic
geometries metamaterial design
requires

Relevance to tunnel lining

Establishes the local-
resonance mechanism
exploited in the resonant
colrle of the proposed unit
ce

First field-scale proof that
architected media can
redirect seismic surface-
wave energy, motivating
panel-scale application
inside tunnels

Provides the numerical
basis for extending panel-
scale resonant design to
the low-frequency seismic
band

Justifies the AM process
selection (DED, MEX,
SLA/SLM) adopted in
Section 2.3

3.2 Geomechanical comparison: Witwatersrand Basin vs.
Peru’s principal mining operations vs. developed-country

solutions
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Table 4

Geomechanical comparison: Witwatersrand Basin, Peru’s principal mining operations, and developed-
country urban tunnels

seismic driver

seismicity from stress

redistribution and micro-

fault reactivation [6]

absorbing bolts, seismic

source characterisation

[6]

tectonics superimposed on
mining-induced ground
vibration [5]

030) governs surface
structures but has no
metamaterial-liner provision

Parameter Witwatersrand Basin Peru — principal Developed-country
(South Africa) deep/large-scale mining urban tunnels
operations (e.g., Antamina, (Japan, Switzerland)
Cerro Verde, Las Bambas,
Toromocho, Quellaveco,
Constancia)
Typical Ultra-deep gold mining, Predominantly large open- Civil/metro tunnels,
operating approaching 4,000 m pit and moderate-depth generally shallower
depth underground block-cave but under dense
operations; site-specific urban loading
depth varies by deposit
Dominant Mining-induced Regional subduction Tectonic (Japan) and

Alpine-orogenic
(Switzerland) sources
plus traffic-induced
micro-vibration

Documented Rockburst monitoring Conventional shotcrete and Base isolation,
mitigation networks, destress rock-bolt support; national periodic pile barriers,
approach blasting, energy- seismic design code (E- tuned-mass and

viscous dampers
embedded in tunnel
design

The comparison indicates a governance gap rather than a technical one: Peru’s principal mining projects
and its national seismic code already assume conventional support and isolation strategies, but neither
currently references architected metamaterial liners, despite the country’s seismic-hazard profile [5] and
the scale of its underground and open-pit operations.

3.3 Machinery and workforce implementation matrix

Table 5
Machinery and workforce implementation matrix

Implementation Key machinery Professional profile leading the stage

stage

Design CAD/FEA workstations (topology Structural dynamics specialist
optimisation, dispersion analysis)

Fabrication Containerised DED / MEX / SLA Additive-manufacturing technician
printing units

Installation Robotic telescopic manipulators, Robotics/installation operator, under
multi-boom drilling jumbos, geomechanical supervision
LiDAR/GPR scanning

Monitoring Distributed fibre-optic sensing, Geomechanical/geotechnical engineer
accelerometer arrays
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4. Discussion

4.1 Transferability to Peruvian public-space infrastructure

Lima’s underground public-space infrastructure — metro stations (e.g., future extensions of Linea 2),
pedestrian underpasses, and parking structures built on deformable alluvial or aeolian soils — is exposed
to local seismic-wave amplification. Modular metamaterial panels, bolted to primary support in the same
manner as conventional pre-cast linings, could be incorporated as a technical annex to the national
seismic-resistant building code without requiring a new construction system, since installation follows
the sequencing already used for shotcrete and pre-cast panel linings.

4.2 Application to mining projects in Peru

For Peru’s principal mining operations, the highest-value application is in access declines, ventilation
raises, and haulage tunnels where dynamic vibration from blasting, heavy equipment, and any locally
induced seismicity threatens both structural integrity and personnel safety. Implementation would
proceed in four phases: (1) geomechanical characterisation and target-frequency definition using
existing mine seismic-monitoring networks; (2) design adaptation of the auxetic-resonant unit cell to the
site-specific stress regime; (3) containerised on-site fabrication to avoid the logistics penalty of
transporting finished panels to remote or high-altitude sites; and (4) robotic installation integrated into
the existing ground-support cycle, followed by fibre-optic monitoring. This sequencing mirrors, and is
intended to complement rather than replace, the rock-bolt and shotcrete practices already documented
for South African deep mines [6] and for mining-induced seismicity management more broadly.

4.3 How developed countries have addressed the same
problem

Japan and Switzerland — both operating extensive underground infrastructure under active seismic or
high-vibration conditions — rely predominantly on heavy elastomeric base isolation and periodic buried-
pile barriers to protect critical underground assets [3]. These solutions are effective but costly and
geometrically invasive for tunnels that are already built, which is precisely the gap that a modular, retrofit-
compatible, 3D-printed metamaterial panel is intended to close: it targets the same low-frequency band
without requiring excavation of a new isolation gap around the structure.

4.4 Limitations and field-scale validation pathway

As a documentary and comparative-analytical study, this manuscript does not report new experimental
transmission-loss measurements, and the quantitative claims in Section 3.1 are drawn strictly from the
cited sources. The logical next step — outside the scope of the present synthesis — is a field-scale
shake-table and in-situ pilot validation of the proposed unit cell in a representative Peruvian tunnel
segment, reporting frequency-resolved transmission loss with statistically robust replication (multiple
runs, confidence intervals), before any performance claim specific to this design can be made.
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5. Conclusions

» The DOIl-verified literature confirms that locally resonant and auxetic metamaterial architectures,
fabricated by additive manufacturing, are mechanistically capable of attenuating seismic-relevant
frequency bands, but published evidence remains concentrated at laboratory or numerical scale [1,
3,4].

e A field-implementable liner requires an explicit combination of additive-manufacturing machinery
(DED/MEX/SLA), underground installation equipment (robotic manipulators, drilling jumbos,
LiDAR/GPR), and a trained multidisciplinary workforce; none of these elements is technically exotic
for Peru, but none is currently integrated into a single deployment protocol.

e Peru’s principal mining operations and its national seismic design code do not yet reference
metamaterial liners, revealing a regulatory and procurement gap rather than a materials-availability
gap.

e Technology transfer from South Africa’s deep-mining seismic experience to Peru is feasible through
a phased roadmap (characterisation — design adaptation — on-site fabrication — robotic
installation — monitoring), but requires field-scale pilot validation before performance claims can be
generalised beyond the literature synthesised here.

Future work should prioritise an instrumented pilot panel in an operating Peruvian tunnel segment
(public-space or mining), coupled with a life-cycle comparison against conventional shotcrete and rock-
bolt systems.
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Figure 4. Qualitative synthesis of wave-attenuation mechanisms reported in the
foundational literature underlying the proposed hybrid resonator-auxetic design.
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Figure 1

Qualitative synthesis of the wave-attenuation mechanisms reported in the foundational literature underlying
the proposed hybrid resonator—auxetic design. Source: compiled by the author from the cited studies

Figure 2

Source: compiled by the author from the cited studies (Liu et al., 2000; Brolé et al., 2014;
Miniaci et al., 2016; Askari et al,, 2020).
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Figure 1. Unit-cell architecture and panel cross-section of the proposed

chiral-auxetic acoustic metamaterial liner. Source: original design by the author

(Paul Ricardo Prudencio Galvez, 2026).
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Unit-cell architecture and panel cross-section of the proposed chiral-auxetic acoustic metamaterial liner.
Source: original design by the author (Paul Ricardo Prudencio Galvez, 2026)
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Figure 2. Manufacturing and installation workflow for 30-printed acoustic metamaterial
tunnel-lining panels. Source: original diagram by the author (Paul Ricardo Prudencio Gélvez, 2026).

Figure 3

Manufacturing and installation workflow for 3D-printed acoustic metamaterial tunnel-lining panels. Source:
original diagram by the author (Paul Ricardo Prudencio Galvez, 2026)
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Technology-transfer roadmap adapting South African deep-mining seismic experience to Peruvian public-
space and mining infrastructure. Source: original framework by the author (Paul Ricardo Prudencio Galvez,
2026)
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