
Chapter 23: Robotics in Tunneling and Under-
ground Construction

Introduction
The integration of robotics into tunneling and underground construction rep-
resents a significant advancement in civil engineering practices. Traditionally,
underground construction has been associated with hazardous environments,
limited visibility, constrained spaces, and high physical demands on workers.
The emergence of robotics and automation in this field has revolutionized the
way tunnels are excavated, maintained, and monitored.

Robotic technologies not only improve safety by minimizing human intervention in
dangerous environments but also enhance precision, speed, and cost-effectiveness.
In this chapter, we explore the various types of robotic systems used in tun-
neling, their roles in different phases of construction, control systems, sensing
technologies, and the future of automated underground operations.

23.1 Overview of Tunneling and Underground Construction
• Definition and purpose of tunneling (transport, utilities, sewage, mining,

etc.)

• Challenges in underground construction:

– Geotechnical uncertainties
– Ventilation issues
– Safety concerns (collapse, flooding, toxic gases)
– Limited working space and light

• Historical evolution: from manual excavation to Tunnel Boring Machines
(TBMs)

23.2 Role of Robotics in Underground Construction
• Enhancing safety by minimizing human exposure
• Increasing accuracy in excavation and structural support installation
• Reducing project timelines and labor requirements
• Real-time monitoring and data collection for predictive maintenance
• Automation in material transport and debris removal
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23.3 Tunnel Boring Machines (TBMs): Semi-Robotic Sys-
tems

• Definition and Functionality TBMs are large, complex machines de-
signed to excavate circular cross-section tunnels through various soil and
rock strata.

• Components of TBMs

– Cutter head
– Conveyor system
– Hydraulic jacks for propulsion
– Guidance and navigation system
– Segment erectors

• Types of TBMs

– Earth Pressure Balance TBM (EPB)
– Slurry Shield TBM
– Hard Rock TBM
– Open-face TBM

• Automation in TBMs

– Auto-guidance systems using laser and inertial navigation
– Real-time monitoring of pressure, cutter wear, and torque
– Data logging and remote control interface

23.4 Robotic Excavation Systems
• Robotic arms for precision rock cutting and soil handling
• Drones and robotic crawlers for surveying inaccessible regions
• Hydraulic manipulators with sensors for intelligent excavation
• Examples of robot-assisted microtunneling machines

23.5 Shotcreting and Lining Automation
• Shotcreting Process: Applying concrete through high-pressure hose

• Robotic Shotcreting Arms:

– Precision control of nozzle position and spray pattern
– Ensures uniform thickness and quality
– Operates in hazardous areas remotely

• Lining Robots: Automated systems for tunnel segment lining placement
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23.6 Robotic Support Installation
• Support Types: Rock bolts, steel ribs, lattice girders

• Automated Bolting Systems:

– Mounted on TBMs or mobile platforms
– Use robotic manipulators to drill, insert, and anchor bolts

• Enhances speed, consistency, and safety of tunnel reinforcement

23.7 Monitoring and Inspection Robots
• Mobile Robots for Inspection:

– Wheeled, tracked, or legged robots equipped with cameras and sensors
– Used for checking cracks, water ingress, alignment issues

• Sensor Technologies:

– LIDAR for 3D tunnel mapping
– Infrared thermography for detecting moisture and material anomalies
– Gas sensors for hazardous environment detection
– Accelerometers and gyroscopes for structure stability monitoring

• Autonomous Inspection Systems:

– Periodic scanning and defect detection using AI algorithms
– Remote data transmission for real-time analysis

23.8 Material Handling and Logistics Automation
• Conveyor Systems: Robotic conveyor belts integrated with TBMs

• Automated Locomotives or Shuttle Cars:

– Transport excavated material to surface
– Operate on predefined paths with obstacle avoidance

• Robotic Material Loaders:

– Pick-and-place robots for transporting and storing tunnel lining ma-
terials

– Reduce manpower and increase efficiency
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23.9 Control and Communication Systems in Tunnel
Robotics

• Control Architectures:

– Centralized vs Decentralized Control
– Supervisory Control and Data Acquisition (SCADA)
– Human-machine interfaces (HMI) for operator interaction

• Communication Systems:

– Wireless systems (e.g., Wi-Fi, Zigbee) for short-range comms
– Fiber optics for long-range, high-speed communication
– Redundancy systems for safety-critical operations

23.10 Artificial Intelligence and Machine Learning in Tunnel
Robotics

• Predictive maintenance using AI on sensor data
• Pattern recognition for identifying rock type and excavation patterns
• Reinforcement learning for improving robot task execution
• Decision support systems for tunnel alignment corrections
• AI-assisted risk assessment during excavation

23.11 Case Studies of Robotic Tunneling Projects
• Gotthard Base Tunnel (Switzerland):

– World’s longest railway tunnel with robotic support installation

• Delhi Metro Underground Corridors:

– Use of EPB TBMs with semi-autonomous segment erection

• Hong Kong MTR:

– Application of automated survey robots for tunnel geometry validation

• Brenner Base Tunnel (Austria-Italy):

– Real-time robotic inspection and LIDAR-based mapping

23.12 Challenges in Robotic Underground Construction
• Environmental unpredictability (water inflow, gas pockets, seismic zones)
• Limitations in wireless communication underground
• High initial investment cost for robotic systems
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• Maintenance and repair difficulty inside confined tunnels
• Need for skilled personnel to operate and maintain systems

23.13 Future Trends in Tunnel Robotics
• Fully autonomous tunneling robots
• Integration with Building Information Modeling (BIM) and Digital Twins
• Use of swarm robotics for parallel task execution
• Enhanced AI for dynamic decision-making during excavation
• Development of flexible and soft robotic systems for irregular terrains

23.14 Integration of BIM and Robotics in Underground
Construction
23.14.1 BIM (Building Information Modeling) Overview

• BIM is a digital representation of physical and functional characteristics of
a facility.

• Enables coordination, planning, simulation, and management of construc-
tion processes.

• Useful in managing underground projects where spatial conflicts are critical.

23.14.2 Role of Robotics in BIM Integration

• Data Feedback Loops: Robots equipped with sensors provide real-time
updates to BIM models, enabling adaptive planning.

• Clash Detection and Path Optimization: Robotic systems can simu-
late and verify movement paths using BIM to avoid structural conflicts.

• Construction Sequencing and Automation: BIM provides step-by-
step construction sequences which can be automated using robotic machines
(e.g., lining placement or bolting tasks).

• Digital Twin Creation: The as-built conditions captured via robotic
LIDAR, laser scanning, and cameras contribute to real-time digital twins
for the tunnel system.

23.15 Swarm Robotics in Tunneling
23.15.1 Concept of Swarm Robotics

• A group of decentralized, autonomous robots working collaboratively to
complete a task.

5



• Inspired by social insects like ants or bees.

23.15.2 Application in Tunneling

• Exploration of Unknown Terrain: Swarm bots can independently
explore complex underground paths, gather data, and map the environment.

• Debris Clearance and Inspection: Small robots collectively handle
minor tasks like clearing loose materials or inspecting multiple points
simultaneously.

• Redundancy and Fault Tolerance: If one bot fails, others can continue
functioning—ideal for risky or inaccessible zones.

23.15.3 Communication and Coordination

• Algorithms based on stigmergy and local sensing guide the swarm's behav-
ior.

• Robots use short-range wireless comms or optical signaling for coordination
underground.

23.16 Soft Robotics in Confined Tunnel Spaces
23.16.1 What are Soft Robots?

• Constructed using compliant materials like silicone, rubber, or shape
memory alloys.

• Capable of bending, twisting, or adapting their shape.

23.16.2 Advantages in Underground Environments

• Navigate tight or irregularly shaped spaces.
• Safe interaction with human workers and delicate surfaces.
• Can squeeze through debris, cavities, and inspection ducts.

23.16.3 Applications

• Pipe inspection and micro-tunneling exploration
• Non-destructive testing
• Environmental sensing in dangerous areas (gas leaks, thermal zones)
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23.17 Energy Systems and Power Supply for Tunnel
Robotics
23.17.1 Challenges

• Lack of natural lighting and limited ventilation
• Power loss risk due to cable damage or electromagnetic interference
• Difficult battery replacement in confined zones

23.17.2 Power Solutions

• Tethered Systems: Robots powered via flexible cables from surface or
TBM.

• Battery-Powered Systems: High-energy-density Li-ion or solid-state
batteries for mobile robots.

• Wireless Charging Systems: Inductive or resonant charging pads in
tunnel systems.

• Onboard Power Management: Smart sensors control energy usage to
extend operational time.

23.18 Human-Robot Collaboration (HRC) in Tunnel Con-
struction
23.18.1 Need for HRC

• Some tasks still require human judgment or intervention.
• Robotic systems assist or augment human capabilities, not replace them

entirely.

23.18.2 Types of HRC

• Teleoperation: Human operators remotely control robots in unsafe or
inaccessible areas.

• Shared Autonomy: Robot handles routine tasks; human intervenes
during exceptions.

• Physical Collaboration: Co-working robots assist humans in handling
heavy tools or segments.

23.18.3 Safety Mechanisms

• Proximity sensors and emergency stop functions
• Visual or audio alerts
• Lightweight robotic arms with force-limiting actuators
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23.19 Legal, Ethical, and Safety Considerations
23.19.1 Regulatory Compliance

• Compliance with labor laws, safety regulations (e.g., OSHA, BIS codes)
• Data privacy and operational logging for audits

23.19.2 Ethical Deployment

• Fair labor practices and avoidance of full automation-driven layoffs
• Transparency in AI-based decisions

23.19.3 Risk Mitigation

• Redundant control systems
• Fail-safe shutdowns
• Regular inspection and maintenance schedules
• Worker training on robotic systems

23.20 Training and Workforce Development
23.20.1 Changing Role of Engineers and Technicians

• Civil engineers must gain interdisciplinary knowledge in robotics, data
analysis, and control systems.

23.20.2 Skills Required

• Programming and interfacing with robotic platforms
• CAD/BIM software proficiency
• Safety training and field robotics operation

23.20.3 Academic and Industry Training Programs

• Certification courses in construction robotics
• Onsite robotic simulator training
• Collaboration between universities and tunnel equipment manufacturers
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