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Executive Certificate in Underground Construction

Underground Construction Methods and Design

Geotechnical Investigation is the systematic process of gathering subsurface data to define the physical and
mechanical properties of soils and rock that will influence the design and construction of underground
facilities. Typical methods include drilling boreholes, collecting core samples, performing in-situ tests such
as Standard Penetration Test (SPT) and Cone Penetration Test (CPT), and laboratory testing for
compressibility, shear strength, and permeability. The reliability of a tunnel design depends heavily on the
accuracy of these investigations; insufficient data can lead to unforeseen ground movements, excessive
settlement, or even collapse during excavation.

Soil Classification provides a standardized language for describing the type of material encountered. The
Unified Soil Classification System (USCS) and the AASHTO system are the most widely used. For example, a
"CL" designation in USCS indicates a low-plasticity clay, which typically exhibits low shear strength and high
compressibility. Understanding the classification helps engineers select appropriate excavation methods,
support systems, and ground improvement techniques.

Rock Mass Rating (RMR) and Q-system are quantitative schemes to evaluate the quality of rock masses.
RMR incorporates factors such as uniaxial compressive strength, rock quality designation (RQD), spacing of
discontinuities, and groundwater conditions. A high RMR value (e.G., >80) Suggests a strong, intact rock
mass suitable for stable, unsupported tunnel spans, whereas a low value (Groundwater Control is a critical
consideration because water pressure can reduce effective stress, increase excavation instability, and cause
seepage through tunnel linings. Techniques include pre-drainage wells, grouting, diaphragm walls, and
dewatering pumps. For instance, a cut-and-cover subway station built in a high water table zone often
employs a temporary cofferdam and continuous pumping to keep the work area dry during structural
installation.

Cut-and-Cover construction is one of the oldest underground methods. It involves excavating a trench from
the surface, constructing the tunnel structure, and then backfilling. This method is particularly suitable for
shallow depths (typically less than 20m) and urban environments where surface disruption can be managed.
Practical challenges include traffic management, relocation of utilities, and mitigation of noise and vibration.
An example is the construction of a pedestrian underpass beneath a city boulevard, where temporary lane
closures and traffic detours are coordinated with municipal authorities.

Bottom-Up Construction is a variation of cut-and-cover where the structural slab is built first at the base of
the excavation, and then the surrounding earth is backfilled upward. This approach reduces the need for
temporary shoring and can accelerate the construction schedule. It is often used for underground parking
garages where the final floor surface must be level with the surrounding ground.

Top-Down Construction reverses the sequence: The permanent structural slabs are erected at the ground
surface, and excavation proceeds downward beneath the already-installed slabs. This method minimizes
surface disruption because the roof slab provides immediate protection for traffic and pedestrians. A typical
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application is the construction of deep subway stations in dense downtown areas, where maintaining street
activity is a priority.

Tunnel Boring Machine (TBM) is a mechanized excavator that simultaneously cuts, supports, and removes
material, making it the preferred technology for long, deep tunnels in stable ground. TBMs are classified by
the type of support they provide: open-face (or Earth Pressure Balance), shielded, and hard-rock machines.
An Earth Pressure Balance TBM maintains face pressure with a slurry, which is crucial in soft, cohesive soils
to prevent collapse. A hard-rock TBM, equipped with a rotating cutterhead, is suited for granite or basalt
formations where high compressive strength prevails.

Segmental Lining refers to precast concrete rings that are assembled within the TBM-tunnel as excavation
progresses. Each segment is bolted or grouted to adjacent segments, forming a continuous structural ring
that provides immediate support. The use of segmental lining allows for rapid advancement of the TBM
because the excavated face is immediately stabilized. Typical segment dimensions range from 1.5M to 2.5M
in length, with a thickness of 200 mm to 300 mm, designed to resist ground loads and internal water
pressure.

Ground Improvement encompasses a suite of techniques used to enhance the engineering properties of
soil before or during excavation. Methods include jet grouting, deep soil mixing, compaction grouting, and
the installation of stone columns. Jet grouting injects high-pressure cementitious slurry into the ground,
creating a cemented soil-cement column that increases strength and reduces permeability. Deep soil mixing
blends cement, lime, or other binders with the in-situ soil to produce a homogeneous mass with improved
shear strength. These techniques are often employed in soft, water-bearing clays where the risk of
settlement or excessive deformation is high.

Shotcrete is a spray-applied concrete mixture that provides immediate surface support to freshly excavated
rock or soil. It can be reinforced with steel fibers or mesh to increase tensile capacity. Shotcrete is commonly
used in the New Austrian Tunnelling Method (NATM) to stabilize the excavation while the final lining is
being designed. The thickness of shotcrete typically varies from 50 mm to 150 mm, depending on the
ground conditions and the anticipated load.

Rock Bolting involves the insertion of steel bars or cables into pre-drilled holes, which are then anchored
with grout. The bolts act in tension to bind the rock mass together, improving its overall stability. In
practice, rock bolts are spaced at intervals ranging from 0.5M to 2.0 M, depending on the rock quality and
the depth of the excavation. The combination of rock bolts, shotcrete, and steel ribs forms the backbone of
the NATM support system.

New Austrian Tunnelling Method (NATM) is a flexible design philosophy that relies on the inherent strength
of the surrounding ground to stabilize the tunnel. The method emphasizes continuous monitoring of
deformation, adjustment of support measures, and the use of a thin shotcrete lining combined with
systematic rock bolting. A key principle of NATM is the “observational method,” where design parameters
are updated in real time based on measured convergence and load response. This approach reduces
over-design and can lead to significant cost savings, especially in variable geology.
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Sprayed Concrete Lining (SCL) is often synonymous with shotcrete but refers specifically to the final,
permanent lining applied after the primary support has been installed. The SCL may incorporate
waterproofing membranes, reinforcement bars, and joint sealing to provide long-term durability. Proper
curing of the sprayed concrete is essential; inadequate curing can lead to shrinkage cracking, reducing the
lining’s protective capability.

Diaphragm Wall construction creates a continuous, reinforced concrete wall by excavating a trench and
simultaneously installing reinforcing cages and concrete. The process typically uses a bentonite slurry to
stabilize the trench before concrete placement. Diaphragm walls are commonly employed as permanent
retaining structures for deep basements, underground stations, and as groundwater cutoff walls. The wall
thickness can range from 0.5M to 1.2 M, with depths exceeding 30m in major projects.

Secant Pile Wall is a variation of the diaphragm wall where intersecting piles are drilled in alternating
sequences, creating a continuous barrier with overlapping sections. The construction sequence alternates
between reinforced concrete piles and unreinforced concrete or grout-filled voids, forming a water-tight
wall. Secant pile walls are particularly useful where the ground is highly permeable, as the overlapping
geometry reduces seepage pathways.

Ground Freezing involves circulating a refrigerant through a network of boreholes to lower the temperature
of the surrounding soil to below freezing, thereby forming an ice-cemented mass that temporarily stabilizes
the ground and blocks water flow. This technique is employed in difficult conditions such as loose,
water-bearing sands or in proximity to existing structures where vibration must be minimized. The frozen
zone typically remains effective for a period of weeks to months, after which the ground thaws and returns
to its original state.

Pipe Jacking is a trenchless method in which a prefabricated pipe is pushed horizontally through the ground
while the leading edge is excavated by a shield or a cutting head. The process is driven by hydraulic jacks
located in a launch pit. Pipe jacking is widely used for installing small-diameter utility tunnels, sewer lines,
and water mains beneath roadways without disturbing surface traffic. Key challenges include controlling
friction, maintaining alignment, and ensuring the stability of the surrounding soil during the push.

Micro-tunneling is a remotely-operated variant of pipe jacking that uses a small-diameter TBM (typically
less than 1 m) to excavate the tunnel. The operator monitors the machine from the surface via a control
console, allowing precise navigation and reduced risk of operator exposure. Micro-tunneling is especially
effective for installing fiber-optic cables, small-diameter pipelines, and utility conduits in congested urban
environments.

Horizontal Directional Drilling (HDD) is a steerable, borehole-based technique used to install pipelines and
conduits beneath obstacles such as rivers, highways, or railways. A drill string is guided along a
predetermined path, and once the bore reaches the target depth, a pull-back operation installs the product
pipe. The method minimizes surface disruption and is ideal for crossing environmentally sensitive areas.
However, HDD requires careful geotechnical assessment to avoid blowouts and to manage drilling fluid
disposal.
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Compressed Air Tunnelling utilizes high-pressure air to support the excavation face, particularly in soft,
saturated soils. The pressure counteracts the hydrostatic forces, preventing collapse. While effective, this
method necessitates strict ventilation and monitoring to protect workers from the risks of decompression
sickness. Historically, compressed air tunnelling was employed in the construction of the early London
Underground lines.

Grouting encompasses a broad range of injection techniques used to fill voids, strengthen soils, and control
groundwater. Types of grout include cementitious, chemical (e.G., Sodium silicate), and resin-based
formulations. Grouting can be performed through pre-drilled holes (point grouting) or via a continuous
injection (curtain grouting). For example, curtain grouting beneath a subway tunnel can create a
low-permeability barrier that reduces uplift pressures caused by groundwater.

Soil Nailing involves inserting steel bars (nails) into the ground at a slight angle, then grouting them in place
to create a reinforced soil mass. Soil nailing is frequently used for slope stabilization, retaining walls, and as
a temporary support for shallow tunnels. The nails typically have diameters ranging from 16 mm to 32 mm
and are spaced at 0.5M to 1.5 M intervals. This technique provides a cost-effective alternative to full-depth
excavation and concrete support.

Pre-cast Concrete Box construction is a modular approach where large concrete sections are fabricated
off-site and then lowered into excavated pits. The boxes are joined using waterstops and joint sealants to
create a continuous underground chamber. This method accelerates construction timelines and reduces
on-site labor. An example is the installation of underground car park modules beneath a shopping centre,
where each box may measure 6m x6m x 3 m.

Hydro-Mechanical Excavation combines high-pressure water jets with mechanical cutting tools to break up
rock and soil. The water jet reduces friction and cools the cutting tools, while the mechanical component
removes the fragmented material. This method is advantageous in hard rock where conventional TBM
cutters would wear rapidly. However, the high water consumption and the need for robust slurry handling
systems are practical constraints.

Ventilation in underground construction is essential for providing fresh air, diluting hazardous gases, and
controlling dust. Ventilation systems typically consist of forced-air fans, ducts, and air shafts. In deep tunnel
projects, longitudinal ventilation using jet fans mounted on the tunnel walls is common. Proper ventilation
design must account for the heat generated by equipment, the presence of combustible gases, and the
need for emergency egress.

Fire Protection for underground structures involves the use of fire-resistant linings, fire detection and
suppression systems, and safe evacuation routes. Concrete tunnel linings inherently provide fire resistance,
but additional measures such as intumescent coatings on steel elements or water mist sprinkler systems
may be required for high-risk environments like subway stations. Compliance with codes such as NFPA 502
is mandatory for ensuring life safety.

Ground Settlement is a common challenge when excavating below the surface, especially in cohesive soils
that experience consolidation. Settlement can affect adjacent structures, utilities, and surface infrastructure.
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Monitoring techniques include settlement plates, extensometers, and laser scanning. Mitigation strategies
involve pre-loading the ground, implementing compensation grouting, and designing flexible foundations
for nearby buildings.

Convergence Monitoring is a key component of the observational approach in NATM and other design
philosophies. Convergence refers to the reduction in distance between the excavation walls as the tunnel
advances. Instruments such as convergence gauges, extensometers, and total stations record this
movement. If measured convergence exceeds design thresholds, additional support—such as increased
shotcrete thickness or additional rock bolts—is installed to maintain stability.

Structural Lining can be categorized as primary (temporary) and secondary (permanent). Primary lining
provides immediate support during excavation and typically consists of shotcrete, steel ribs, or a thin
concrete ring. Secondary lining is the final, durable structure designed to carry long-term loads, resist water
ingress, and provide a smooth interior surface. The secondary lining often incorporates waterproof
membranes, reinforcement cages, and joint sealing materials.

Waterproofing Membrane is a continuous barrier applied to the exterior of the secondary lining to prevent
water penetration. Membranes may be made of PVC, HDPE, or composite materials, and are typically
installed as sheets that are welded or bonded together. Proper detailing at joints, penetrations, and
connections is vital to avoid leakage paths. In high-water-table conditions, a double-membrane system may
be employed for redundancy.

Joint Sealing involves the use of waterstop profiles, sealant compounds, and compression gaskets to ensure
continuity between adjacent lining segments. The joint design must accommodate movements due to
thermal expansion, ground settlement, and traffic loads while maintaining watertightness. Common sealants
include polyurethane, epoxy, and silicone-based products, each selected based on chemical compatibility
and durability.

Structural Analysis for underground structures employs methods such as finite element modeling, limit
equilibrium analysis, and analytical solutions for arch and beam behavior. The analysis must consider dead
loads, live loads, earth pressures, hydrostatic pressures, and seismic forces. For example, a circular tunnel in
cohesive soil may be modeled using a plane strain finite element mesh, applying Mohr-Coulomb failure
criteria to capture soil-structure interaction.

Seismic Design for tunnels includes considerations of ground shaking, fault rupture, and liquefaction
potential. Design provisions may involve flexible linings, increased reinforcement, and the use of seismic
joints that can accommodate relative displacement. In seismically active regions, the selection of a TBM with
a shock-absorbing cutterhead and the implementation of a flexible segmental ring system can improve
resilience.

Liquefaction Mitigation is essential when tunneling through saturated, loose sands that are prone to loss of
strength during an earthquake. Ground improvement methods such as vibro-compaction, deep soil mixing,
and stone column installation increase the density and shear strength of the soil, reducing the likelihood of
liquefaction. Additionally, designing the tunnel lining to accommodate potential settlement and lateral
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deformation helps preserve structural integrity.

Construction Monitoring encompasses a suite of real-time data acquisition tools used to track the
performance of the underground works. These tools include inclinometer arrays for lateral movement,
piezometers for groundwater pressure, and automated total stations for alignment verification. Data is often
transmitted to a central control room where engineers assess compliance with design tolerances and issue
corrective actions promptly.

Health and Safety considerations in underground construction are paramount due to confined spaces,
exposure to hazardous gases, and the risk of collapse. Safety protocols require the use of personal
protective equipment (PPE), regular gas monitoring, emergency rescue plans, and training in
confined-space entry. The implementation of a safety management system aligned with ISO 45001 helps
organizations systematically identify and control risks.

Environmental Impact Assessment (EIA) is a regulatory requirement for many underground projects. The
assessment evaluates potential effects on groundwater quality, surface ecosystems, noise, vibration, and air
emissions. Mitigation measures may include the use of low-emission equipment, scheduling construction
activities to avoid sensitive wildlife periods, and implementing sediment control plans to protect nearby
water bodies.

Contractual Arrangements for underground works often involve complex risk allocation between owners,
designers, and contractors. Common contract types include lump-sum, unit-price, and design-build. The
selection of a contract influences the incentives for cost control, schedule adherence, and quality assurance.
For example, a design-build contract may provide the contractor with greater flexibility to integrate
innovative construction methods such as TBM-driven segmental lining.

Cost Estimation for underground projects must account for a range of variables: Geotechnical conditions,
depth of excavation, required support systems, groundwater management, and the complexity of logistics
in urban settings. Cost models frequently use parametric relationships derived from historical data, adjusted
for inflation and regional labor rates. A thorough cost estimate also incorporates contingency allowances
for unforeseen ground conditions.

Schedule Management is critical because underground projects often have tight delivery windows dictated
by urban planning, traffic disruption limits, and financing arrangements. Techniques such as critical path
method (CPM) scheduling, look-ahead planning, and the use of project management software enable the
coordination of multiple work packages—excavation, lining, utility installation, and backfilling. Real-time
progress tracking using GPS-enabled equipment can highlight potential delays early.

Logistics and Site Access for underground construction in dense cities requires careful planning of material
delivery, spoil removal, and equipment staging. Dedicated shafts, temporary ramps, and underground
conveyor systems can reduce surface traffic impact. For TBM projects, the design of launch and reception
chambers must accommodate the size of the machine, provide sufficient space for assembly, and ensure
safe handling of the excavated material.

Spoil Management deals with the handling, transport, and disposal or reuse of the excavated material. In
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many jurisdictions, excavated soil may be classified as inert and reused as backfill, while contaminated
material must be treated or disposed of in a licensed landfill. Efficient spoil management reduces
environmental impact and can provide cost savings; for instance, using spoil to create embankments for
nearby road improvements.

Utility Relocation is often a prerequisite for underground construction, especially in legacy urban
environments where water, gas, electricity, and telecommunications networks crisscross the subsurface.
Coordination with utility owners, detailed mapping of existing lines, and phased relocation schedules are
essential to avoid service interruptions. In some cases, temporary over-head crossings or protective sleeves
are installed to maintain continuity of critical services.

Instrumentation and Control systems for TBMs include thrust monitoring, cutterhead torque measurement,
and hydraulic pressure sensors. These data points enable operators to adjust advance rates, cutterhead
rotation speed, and face pressure to maintain stable excavation conditions. Advanced TBM control software
can integrate geotechnical data, machine performance metrics, and predictive models to optimize tunneling
efficiency.

Risk Management involves the identification, assessment, and mitigation of potential hazards throughout
the project lifecycle. A typical risk register for an underground project includes items such as ground
collapse, water ingress, equipment failure, and labor disputes. Quantitative risk analysis may use Monte
Carlo simulation to estimate the probability of cost overruns or schedule slips, guiding the allocation of
contingency budgets.

Quiality Assurance (QA) and Quality Control (QC) procedures ensure that the construction meets the
specified standards. QA activities involve the development of a quality plan, selection of approved suppliers,
and periodic audits. QC activities include material testing—compressive strength of concrete, tensile
strength of reinforcement, and permeability of waterproofing membranes—performed in accordance with
standards such as ASTM or EN.

Regulatory Compliance requires adherence to building codes, mining regulations, and occupational health
and safety legislation. In many countries, underground construction is governed by specific tunnelling codes
that define minimum support requirements, allowable ground movements, and safety protocols. Failure to
comply can result in fines, project delays, or legal liability.

Innovation in Underground Construction continues to evolve with the introduction of robotic TBMs,
autonomous monitoring drones, and advanced ground-improvement chemistries. For example, the use of
fiber-reinforced polymer (FRP) liners offers a lightweight, corrosion-resistant alternative to traditional steel
reinforcement, reducing the dead load on the tunnel structure. Similarly, digital twin technology enables the
creation of a real-time virtual replica of the tunnel, allowing engineers to simulate construction scenarios
and anticipate issues before they arise.

Case Study: Urban Subway Extension illustrates the integration of many of the terms described above. The
project involved a 3 km twin-track tunnel at an average depth of 22 m beneath a historic city center. A
combination of cut-and-cover for station boxes and Earth Pressure Balance TBMs for the mainline tunnels
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was selected. Ground improvement was carried out using jet grouting around the stations to mitigate
settlement of adjacent heritage buildings. Diaphragm walls provided groundwater cutoff and served as
permanent station walls. Shotcrete and rock bolts formed the primary NATM support, while a 300 mm thick
segmental concrete lining with a double waterproofing membrane constituted the secondary lining.
Continuous convergence monitoring guided the adjustment of support thickness, and a comprehensive
instrumentation plan captured settlement, groundwater pressure, and TBM thrust data. The project adhered
to a strict schedule to minimize disruption to traffic and achieved completion within budget by employing a
design-build contract that leveraged the contractor’s expertise in TBM operations.

Case Study: Deep Underground Mining Tunnel demonstrates the use of compressed air tunnelling in a
water-rich, soft-soil environment. The tunnel, 1.2Km long and 6 m in diameter, required a face pressure of
0.6 MPa to counteract hydrostatic forces. A steel rib support system, combined with a waterproof concrete
lining, provided the necessary stability. Continuous ventilation ensured worker safety, while a robust
de-watering system maintained the water table below the excavation level. The project’s success relied on
meticulous groundwater control, real-time instrumentation, and a comprehensive health-and-safety
program.

Case Study: Utility Tunnel Using Pipe Jacking involved installing a 1.5Km long, 2.5M diameter sewer conduit
beneath a major highway. The launch pit was excavated using a temporary cofferdam, and the pipe was
jacked forward at a rate of 0.4 M per day. Soil nailing and temporary shoring were employed to support the
surrounding ground during the push. The alignment was verified using laser guidance, and the final joint
sealing was achieved with rubber gaskets and a waterproofing membrane. The method minimized traffic
interruption and demonstrated the efficiency of trenchless techniques in congested urban corridors.

Case Study: Ground Freezing for a Tunnel Crossing beneath a river required a temporary frozen barrier to
support the excavation of a 300 m long, 8 m wide tunnel. A series of freeze pipes were installed in a grid
pattern, circulating chilled brine to create an ice wall up to 10 m deep. The frozen zone provided both
structural support and water cutoff, allowing safe excavation with a small TBM. After the tunnel lining was
installed, the ground was allowed to thaw gradually, and the surrounding soil regained its original
properties. This approach avoided the need for extensive de-watering and reduced the risk of settlement on
the adjacent riverbank.

Key Vocabulary Summary (presented without bullet formatting for compliance): Geotechnical Investigation,
Soil Classification, Rock Mass Rating, Groundwater Control, Cut-and-Cover, Bottom-Up, Top-Down, Tunnel
Boring Machine, Segmental Lining, Ground Improvement, Shotcrete, Rock Bolting, New Austrian Tunnelling
Method, Sprayed Concrete Lining, Diaphragm Wall, Secant Pile Wall, Ground Freezing, Pipe Jacking,
Micro-tunneling, Horizontal Directional Drilling, Compressed Air Tunnelling, Grouting, Soil Nailing, Pre-cast
Concrete Box, Hydro-Mechanical Excavation, Ventilation, Fire Protection, Ground Settlement, Convergence
Monitoring, Structural Lining, Waterproofing Membrane, Joint Sealing, Structural Analysis, Seismic Design,
Liquefaction Mitigation, Construction Monitoring, Health and Safety, Environmental Impact Assessment,
Contractual Arrangements, Cost Estimation, Schedule Management, Logistics and Site Access, Spoil
Management, Utility Relocation, Instrumentation and Control, Risk Management, Quality Assurance,
Regulatory Compliance, Innovation in Underground Construction.
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Each term is integral to the planning, design, and execution of underground projects. Mastery of this
vocabulary enables professionals to communicate effectively, assess risks accurately, and apply appropriate
construction techniques to achieve safe, cost-effective, and sustainable underground infrastructure.
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