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Early Proposals and Planning (1832-1852) |

The idea of a railway network in India was first proposed in 1832 in
Madras. However, the first concrete steps were taken by Lord Dalhousie,
who is considered the father of Indian Railways. He recognized the
strategic and economic necessity of connecting major ports with the
hinterland.

@ 1832: First proposal for railways in Madras.

@ 1844: Lord Hardinge allowed private entrepreneurs to set up rail
networks.

@ 1853: Realization of the first operational railway line under Lord
Dalhousie.
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The First Train in India (1853) |

The dawn of the railway era in India began on April 16, 1853, when the
first passenger train ran between Bori Bunder (Bombay) and Thane. It was
a momentous occasion marking the industrial leap of the subcontinent.

o Distance covered: 34 kilometers (21 miles).
o Carried 400 passengers in 14 carriages.

@ Hauled by three steam locomotives: Sahib, Sindh, and Sultan.
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Timeline of Early Milestones

First Bombay to Howrah to  Royapuram to
Proposal Thane Hooghly Wallajah Road
| | | |
I I I I
1832 1853 1854 1856

@ Visualizing the rapid expansion after the first successful run.

o Different presidencies (Bombay, Bengal, Madras) quickly adopted
railways.
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Expansion and the Guarantee System |

To encourage private investment, the British East India Company
introduced the Guarantee System. British companies were guaranteed a
minimum return of 5% on their investment, which led to a rapid but
financially strained expansion of the network.

@ Government provided free land to private companies.

o Guaranteed 5% interest on capital invested.

@ Resulted in heavy financial burden on the Indian exchequer.
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Gauge Adoption in Indian Railways |

Gauge Type Width

Broad Gauge 1676 mm (5 ft 6 in)
Meter Gauge | 1000 mm (3 ft 3 3/8 in)
Narrow Gauge 762 mm / 610 mm

Primary Usage
Main lines, heavy traffic, ports
Regional lines, cost-effective expansion
Hilly terrains, branch lines

o Initially, Broad Gauge was chosen by Lord Dalhousie.
@ Meter Gauge introduced later to reduce construction costs.
@ Project Unigauge (1992) aimed to standardize to Broad Gauge.
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Railway Engineering Challenges |

Constructing railways in India presented immense geographical and
engineering challenges. Engineers had to navigate the steep gradients of
the Western Ghats, cross massive perennial rivers like the Ganges, and lay
tracks in diverse climatic zones.

Key Points

@ Thal Ghat and Bhor Ghat alignments required extensive tunneling
and viaducts.

o Construction of early bridges (e.g., Old Naini Bridge, Godavari
Bridge).

@ High mortality rate of workers due to diseases like malaria and
cholera.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Network Growth Pre-Independence |
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@ Steady growth curve showing rapid track laying.

@ By 1900, India had the 4th largest railway network in the world.
@ Maximum expansion occurred between 1880 and 1900.
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Nationalization and the Railway Board |

As the network grew, the inefficiencies of the Guarantee System became
apparent. The Acworth Committee in 1921 recommended state
management and the separation of railway finances from general
government finances.

@ 1905: Formation of the Railway Board.
@ 1924: Separation of Railway Budget from General Budget.

@ 1951: Reorganization of railways into regional zones
post-independence.
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Post-Independence Modernization |

After independence, the focus shifted to indigenization and modernization.
The Chittaranjan Locomotive Works and Integral Coach Factory were
established to reduce reliance on imports. Electrification and track
renewals were prioritized.

@ 1950: Chittaranjan Locomotive Works (CLW) established.

@ 1952: Phasing out of steam locomotives began.

@ Introduction of 25 kV AC traction for electrification.
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Technological Advancements in IR |

In recent decades, Indian Railways has embraced modern technology.
From computerized reservation systems to the introduction of high-speed

rail projects and automated signaling systems, engineering innovation
continues to drive the network.

@ 1986: First computerized reservation in New Delhi.

@ 1998: Konkan Railway completed, a marvel of modern engineering.

@ Ongoing development of Dedicated Freight Corridors and Bullet Train
(MAHSR).
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The history of Indian Railways is a testament to monumental engineering

efforts that unified the subcontinent. From the first 34 km run in 1853 to
a massive network spanning over 68,000 route kilometers today, it remains
the lifeline of the nation.

@ Began as a colonial project; evolved into a national asset.

@ Overcame significant topographical and technological barriers.

@ Continuous evolution with Project Unigauge, Electrification, and
High-Speed Rail.
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Introduction to Permanent Way |

The permanent way consists of rails, sleepers, fasteners, and ballast
resting on the subgrade. It provides a stable and level surface for the safe
passage of trains.

@ Acts as a guideway for trains.

@ Transmits wheel loads safely to the subgrade.
@ Must possess sufficient elasticity to absorb shocks.

@ Designed to minimize maintenance costs.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Components of a Permanent Way |

A well-designed permanent way comprises several structural elements that
work together to form a cohesive track system.

Key Points

o Rails: Steel girders providing a continuous, smooth surface.
@ Sleepers: Transverse supports to hold rails to proper gauge.
@ Fastenings: Spikes, bolts, and keys connecting rails to sleepers.

o Ballast: Granular material distributing load and providing drainage.

@ Formation: Prepared subgrade earthwork in embankment or cutting.
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Cross Section of Single Line B.G. in Embankment |

<—— Formation Width: 6.85m —

|

| I Sleeper | Rail (1.676m Gauge)
| |

)i 1

Formation
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Formation Width and Slopes |

The formation is the prepared surface of the earthwork upon which the
track structure is laid. Its width varies depending on whether it is a single
or double line, and whether it is in an embankment or a cutting.

@ Single Line Embankment: Recommended width is 6.85m.
@ Double Line Embankment: Recommended width is 12.16m.
o Side Slopes (Embankment): Generally 2:1 (Horizontal:Vertical).

@ Side Slopes (Cutting): Ranges from 1:1 to 1.5:1 depending on soil
type.
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Standard Dimensions for B.G. Track |

The following table outlines the key standard dimensions for Broad Gauge
track configurations as specified by Indian Railway Standards.

Parameter | Single Line | Double Line

Gauge | 1.676 m | 1.676 m

Formation (Embankment) | 6.85 m | 12.16 m
Formation (Cutting) | 6.25 m | 11.55 m

Track Centers | N/A | 5.30 m

Min. Ballast Cushion | 250 - 300 mm | 250 - 300 mm
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Ballast Profile |

The ballast section is crucial for maintaining track geometry, providing
lateral stability, and ensuring proper drainage of the track.

Key Points

@ Depth of Cushion: Typically 250mm to 300mm for main lines.

@ Shoulder Ballast: Minimum width of 350mm to 400mm from sleeper
end.

@ Side Slopes: The ballast side slopes are usually maintained at 1.5:1.

@ Quantity: Approximately 1.6 to 2.0 cubic meters per meter length for
single line B.G.

v
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Cross Section of Single Line B.G. in Cutting |

«—— Formation Width: 6.25m ——

Formation in Cutting
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Sleeper Density and Spacing |

Sleeper density is defined as the number of sleepers per rail length and is
expressed as M + x, where M is the rail length in meters.

Standard B.G. rail length is 13 meters.

Common density is M + 7, yielding 20 sleepers per rail.
Total sleepers per kilometer is typically 1540 to 1660.

Uniform spacing ensures even load distribution onto the ballast.
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Rails and Fastenings |

Rails act as continuous girders carrying axle loads. In B.G. tracks,
high-quality steel rails with specific cross-sectional profiles are utilized.

@ Typical rail sections used are 52 kg/m and 60 kg/m.

o Flat-footed rails are universally adopted in IRS for broad gauge.
o Elastic fastenings (e.g., Pandrol clips) provide high clamping force.

@ Rubber pads are used between rails and concrete sleepers for
dampening.

.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Drainage in Permanent Way |

Effective drainage is arguably the most critical factor in maintaining a
stable formation and long-lasting permanent way.

Key Points

o Crossfall: Formation top is provided with a cross slope (usually 1 in
30 or 1 in 40).

@ Side Drains: Essential in cuttings to carry away surface water.

@ Catch Water Drains: Provided on the high ground above a cutting to
intercept runoff.

o Clean Ballast: Ensures quick percolation of rainwater away from
sleepers.
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Summary |

The typical cross-section of a Broad Gauge permanent way integrates the
formation, ballast, sleepers, and rails into a robust system designed for
heavy loads and high speeds.

@ Standardized formation widths and slopes for embankments and
cuttings.

@ Proper gauge (1676 mm) and track center distances are strictly
maintained.

@ Adequate ballast cushioning and drainage are vital for track longevity.

o Standard B.G. components ensure interoperability and safety across
IRS.
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Introduction to Railway Track (Permanent Way) |

A railway track, also known as the permanent way, is the structure
consisting of the rails, fasteners, railroad ties (sleepers), and ballast, plus
the underlying subgrade. It provides a dependable surface for train wheels
to roll upon. The basic requirement is to distribute the axle loads of the
trains to the subgrade safely and efficiently.

Provides a continuous, level surface for train movement.

Distributes train loads over a wider area of the subgrade.

Maintains alignment and gradient for safe speeds.

Reduces friction between steel wheels and steel rails.
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Cross-Section of a Permanent Way |

Gauge Distance

Rail Rail

A A

| Sleeper |

y \

Formation (Subgrade)

Formation prepares the ground to take the load.

Ballast transfers the load to the formation and provides drainage.

Sleepers hold the rails at the correct gauge.

Rails act as continuous girders supporting the wheels.
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Functions of Track Components |

The permanent way acts as a composite structure where each component
plays a vital role. The failure of any single component can compromise the
safety and efficiency of the entire railway system. Rails withstand direct
wear and tear, sleepers distribute point loads, and ballast absorbs
vibrations.

@ Rails: Guide the wheels and transmit the load to sleepers.

o Sleepers (Ties): Hold the rails to the exact gauge and transfer load to
ballast.

o Fastenings: Secure rails to sleepers and maintain alignment.

o Ballast: Holds sleepers in position, provides elasticity, and drains
water.

.
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Concept of Railway Gauge |

The gauge of a railway track is defined as the clear minimum
perpendicular distance between the inner faces of the two rail heads. It is
the most fundamental parameter of a railway network, dictating the design
of the rolling stock, stability of trains, and permissible speeds.

Measured 14 mm below the top surface of the rail head.

Dictates the maximum width and length of rolling stock.
Influences the maximum safe speed and hauling capacity.

Different countries and regions adopted various gauges historically.
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Standard Railway Gauges |

Globally, several gauges are in use. The following table summarizes the
primary gauges used globally and in India:
| Gauge Type | Name | Width (mm) | Typical Usage | | :— | :— | :— | :—
| | Broad Gauge | BG | 1676 | India, Pakistan, Sri Lanka | | Standard
Gauge | SG | 1435 | Global standard (High-speed rail, Metro) | | Meter
Gauge | MG | 1000 | Heritage routes, some developing networks | | Narrow
Gauge | NG | 762 / 610 | Hilly terrain, industrial railways |

Broad Gauge (BG) is used extensively in India, Pakistan, and Russia.

Standard Gauge (SG) is the global norm for high-speed rail.
Meter Gauge (MG) was widely used in India but is being converted.

Narrow Gauge (NG) is used in hilly and difficult terrains.
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Visualizing Different Gauges |

} | Broad Gauge (1676 mm)

} | Standard Gauge (1435 mm)

|———————— Meter Gauge (1000 mm)
——————— Narrow Gauge (762 mm)

@ Broad Gauge offers higher stability and capacity.

@ Standard Gauge facilitates international connectivity.
@ Narrow Gauge has sharper curves and lower construction costs.

@ Gauge uniformity is crucial for a seamless network.
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Problems with Multi-Gauge Systems |

A network with multiple gauges creates bottlenecks at junctions where
passengers and freight must be transferred from a train of one gauge to
another. This process, known as transshipment, leads to significant
operational inefficiencies.

Inconvenience to passengers requiring train changes.
Delays in goods movement, causing economic losses.

High cost of transshipment (labor, specialized equipment).
Damage and pilferage of goods during transfer.

Requirement of duplicate facilities at junction stations.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Advantages of a Uniform Gauge |

Adopting a single, uniform gauge across a railway network, such as India's
'Project Unigauge', eliminates transshipment bottlenecks, dramatically
improving the efficiency, speed, and economics of railway transportation.

Uninterrupted travel for passengers and freight.

Optimal utilization of rolling stock (wagons and locomotives).

Enhanced strategic and military mobility during emergencies.

°
(]
@ Reduction in overall transport time and operational costs.
°
°

Simplified maintenance and standardization of track components.

.
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Concept of Loading Gauge |

A loading gauge defines the maximum height and width to which rolling
stock (passenger coaches and freight wagons) can be safely built or
loaded. It acts as an envelope that trains must fit within to ensure they do
not collide with trackside structures.

@ Defines the external physical limits of trains.

@ Ensures safe passage under bridges and through tunnels.
@ Prevents collisions with platform canopies and signals.

o Varies depending on the track gauge and country standards.
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Loading Gauge vs. Construction Gauge |

While the loading gauge dictates the maximum size of the train, the
construction gauge (or structure gauge) defines the minimum clearance
required for all permanent structures near the track. The difference
between these two gauges provides the necessary safety margin.

Loading Gauge: Maximum profile of the train.

Construction Gauge: Minimum profile of fixed structures.

Clearance: The gap between the two gauges to account for train sway.

Ensures kinematic envelope is safely accommodated.
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The permanent way is a complex structure designed to distribute train
loads safely. The gauge is the fundamental dimension determining train
size and capacity. A uniform gauge is essential for an efficient,
uninterrupted railway network. The loading and construction gauges work
together to ensure trains can operate safely without striking trackside
structures.

Permanent way components: Rails, sleepers, ballast, subgrade.

Gauge: Inner distance between rails (e.g., BG, SG, MG).

Uniform gauge eliminates costly and slow transshipment.

Loading gauge ensures trains fit within structural limits.
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Introduction to Slab Track Systems |

Slab track, or non-ballasted track, replaces the traditional elastic ballast
layer with a rigid concrete or asphalt structure. This provides superior
geometric stability, which is essential for high-speed rail (HSR) operations
and heavily utilized urban transit networks where maintenance windows
are extremely limited.

Eliminates the need for traditional ballast

Provides high lateral and longitudinal stability

Significantly reduces maintenance requirements over the lifecycle

Ideal for tunnels, viaducts, and earthworks with low settlement
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Ballasted vs. Slab Track Comparison |

While traditional ballasted tracks offer lower initial construction costs and
easier subgrade settlement correction, slab tracks provide long-term
economic benefits through reduced maintenance, improved track
availability, and enhanced safety at high speeds. The rigid nature of slab
tracks requires stringent subgrade preparation to prevent differential
settlement.

Initial cost: Ballasted is lower, Slab track is higher

Maintenance frequency: Ballasted is high, Slab track is very low
Design life: Ballasted ~20-30 years, Slab track “50-60 years
Structural height: Slab track has a reduced structural height
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Characteristics of Track Structures |

A comparative summary of key engineering parameters between traditional
ballasted tracks and modern slab track systems for high-speed applications.

o Parameter | Ballasted Track | Slab Track

o Elasticity | Provided by ballast and pad | Provided by highly elastic
fastening systems

@ Acoustic performance | Good absorption | Requires additional
sound-absorbing materials

o Weight | Heavy | Lighter structural load on bridges

@ Track geometry retention | Poor over time | Excellent long-term
stability
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Primary Types of Slab Track Systems |

Slab track technologies can be broadly categorized into several structural
concepts, including continuous poured-in-place concrete slabs, precast
concrete slab systems, and independent block systems embedded in a
concrete or asphalt layer. Each system offers distinct advantages in terms
of constructability, curing time, and long-term performance.

Cast-in-situ systems (e.g., Rheda 2000, Zublin)
Precast slab systems (e.g., Bdgl, Shinkansen slab)

Direct fastening systems (commonly used in tunnels and on viaducts)

Embedded rail systems for specific urban applications
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Cross-Section of Cast-in-Situ Slab Track |

Rail

Rail
D Fastening System aDI

Concrete Slab (Cast-in-situ)

Hydraulically Bound Base Layer (HBL)

Sub-base layer ensures uniform load distribution

Cast-in-situ concrete slab incorporates reinforcement steel

Elastic fastening systems compensate for the loss of ballast elasticity

Twin-block sleepers may be embedded within the continuous slab
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Design Principles: Elasticity and Load Distribution |

In a slab track system, the structural elasticity traditionally provided by
the ballast must be replaced by highly engineered elastic components.
This is typically achieved through resilient rail pads, baseplate pads, and
sometimes sleeper boots. The design must optimize the track stiffness to
distribute wheel loads safely to the subgrade while minimizing
vehicle-track interaction forces.

Key Points

o Target track stiffness is typically between 20 and 60 kN/mm

@ Vertical deflection is controlled to prevent excessive rail bending
stresses

@ Dynamic load amplification factors must be accounted for at high
speeds

@ Transition zones between ballasted and slab track require gradual
stiffness variations
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Subgrade and Earthwork Requirements |

The most critical vulnerability of slab track is its inability to easily
accommodate differential subgrade settlement. Consequently, the
supporting earthworks must meet extremely stringent settlement criteria.
High-quality fill materials, rigorous compaction, and sometimes deep soil
mixing or piling are required to achieve the necessary foundation stiffness
and stability.

@ Maximum allowable residual settlement is typically limited to 15-20
mm

@ Transition structures are mandatory at bridge abutments and tunnel
portals

@ Frost protection layers are essential in cold climates to prevent heave

@ Hydraulically bound layers (HBL) provide a stable working platform
and spread loads

.
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Precast Slab Track System Component Hierarchy |

Steel Rail

(High—Elasticity Fastening System)

(Precast Concrete Slab (e.g., Bégl)]

CA mortar provides adjustment for con-
struction tolerances and uniform support

[Bituminous—Cement Mortar (CA Mortar) Layer]

(Concrete Base / Trackbed)
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Precast Slab Track System Component Hierarchy Il

Rails are mounted on pre-manufactured concrete panels
Quality control is maximized through factory production of slabs
CA (Cement-Asphalt) mortar acts as a leveling and damping layer

Rapid installation process suitable for long continuous viaducts
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Construction Methodologies |

The construction of slab track is a highly mechanized and precision-driven
process. For precast systems, specialized gantry cranes place the slabs,
followed by the injection of grouting material. For cast-in-situ systems,
slip-form pavers or specialized rail-mounted concrete trains are utilized.
Top-down construction is often used, where rails are suspended to exact
geometry before the concrete is poured around the supports.

@ Top-down construction ensures millimeter-level geometric accuracy

o Logistics of concrete supply and placement are critical on long
sections

@ Curing times dictate the scheduling of subsequent track laying
activities

@ Stringent surveying using total stations and 3D machine control is
mandatory

.
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Vibration and Noise Mitigation |

The high acoustic reflectivity of concrete and the rigid nature of slab tracks
can lead to increased airborne noise and ground-borne vibration compared
to ballasted tracks. Mitigation strategies are essential, particularly in
urban environments and tunnels. These include the use of floating slab
tracks (FST), highly resilient rail fasteners, and sound-absorbing panels.

o Floating slab track systems use discrete or continuous elastomeric
bearings

@ Reduces ground-borne vibration transmission to adjacent structures
by up to 20 dB

@ Sound-absorbing materials (e.g., porous concrete, synthetic mats) are
placed between rails

o Rail dampers can reduce rolling noise generation
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Summary and Future Trends |

Slab track systems represent the state-of-the-art in railway infrastructure
for high-speed and dense urban networks, offering unparalleled geometric
stability and drastically reduced maintenance. While the initial capital
expenditure is high, the lifecycle cost benefits are substantial. Future
developments focus on modularity, improved damping materials, and
automated construction techniques.

@ Slab track is essential for safe and comfortable high-speed operations
@ Stringent foundation requirements dictate overall project feasibility

@ Transition zones require careful engineering to manage stiffness
changes

@ Ongoing innovations aim to reduce installation costs and improve
acoustic performance
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Introduction to High Speed Rail (HSR) |

High Speed Rail (HSR) fundamentally differs from conventional railways in
terms of speed, geometry, and infrastructure requirements. Operating at
speeds exceeding 250 km/h, HSR demands exceptionally tight tolerances
to ensure passenger comfort and safety. The infrastructure must handle
significantly higher dynamic loads and aerodynamic forces. Consequently,
the civil engineering design standards for HSR are highly specialized,
focusing on stiffness, stability, and long-term settlement control.

Operating speeds typically over 250 km/h

Strict geometric standards (large curve radii, gentle gradients)

High dynamic loading and aerodynamic effects

Negligible settlement tolerances for track infrastructure
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Evolution of Bullet Trains |

The concept of the 'Bullet Train’ originated with Japan's Shinkansen
network, inaugurated in 1964 prior to the Tokyo Olympics. The initial
trains operated at 210 km/h, revolutionizing intercity travel. Since then,
technological advancements have led to distributed traction systems,
regenerative braking, and advanced aerodynamic profiling of the train nose
to minimize micro-pressure waves in tunnels. Modern HSR systems, such
as the TGV in France and CRH in China, now routinely operate at speeds
of 320 to 350 km/h.

1964: Launch of the Tokaido Shinkansen (0 Series)
Shift from locomotive-hauled to Electric Multiple Units (EMU)
Aerodynamic nose design to mitigate tunnel boom

Current operational speeds reaching up to 350 km/h
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Earthwork Requirements for HSR |

Earthworks for HSR form the foundational subgrade and must exhibit
extreme stiffness and resistance to settlement. Post-construction
settlement must be strictly controlled, often limited to a few millimeters.
To achieve this, the subgrade is typically constructed with heavily
compacted, high-quality granular materials, sometimes stabilized with
cement or lime. The transition zones between earthworks and rigid
structures (like bridges) require careful design to prevent abrupt changes in
track stiffness.

Stringent limits on post-construction settlement (often < 15mm)

(]
@ Use of high-grade, well-graded granular soils

@ Chemical stabilization (cement/lime) of the formation layer
o Gradual stiffness transition zones at bridge abutments
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HSR Track Structure Cross-Section |

Standard Gauge Rails (1435 mm)

Concrete Slab / Ballast

Subgrade / Formation

Formation layer provides stable, settlement-free foundation

Concrete slab track is preferred over ballast for speeds >300 km/h
Direct fastening systems provide high elasticity and gauge retention

Rails are continuously welded (CWR) to eliminate joint impacts
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Design of HSR Bridges |

Bridges on HSR networks are designed primarily for stiffness rather than
just strength. Due to the high speeds, train-bridge resonance can occur if
the natural frequency of the bridge matches the frequency of axle loads.
Thus, massive and stiff concrete structures are preferred. Long-span
bridges often utilize continuous box girders or stiffened truss designs to
minimize deflections. Bridge ends must also accommodate track expansion
joints to manage thermal movements without disturbing the continuous
welded rail.

Design governed by stiffness and dynamic response

Avoidance of train-bridge resonance phenomena

Limitation of vertical and lateral deck deflections

Use of massive prestressed concrete box girders
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HSR Viaducts vs. Conventional Bridges |

Viaducts are extensively used in HSR alignments to maintain strict
geometric profiles (level and straight) over undulating terrain, minimize
land acquisition, and eliminate level crossings. The following table
highlights the structural differences between HSR viaducts and
conventional railway bridges.
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HSR Viaducts vs. Conventional Bridges ||

@ | Feature | HSR Viaducts | Conventional Bridges |

o | —|:—[—|

@ | Primary Design Driver | Dynamic stiffness, resonance avoidance |
Ultimate load capacity, strength |

| Typical Spans | Standardized short/medium spans (25-40m) |
Variable, often longer spans |

| Superstructure Type | Prestressed concrete box girders | Steel plate
girders, trusses, concrete |

o | Deflection Limits | Extremely strict (e.g., L/1500 to L/2000) |
Moderate (e.g., L/600) |
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Viaduct Structural System |

Prestressed Concrete Box Girder

omeric/Pot Bearings

Reinforced Concretg Pier

Box girders provide exceptional torsional rigidity

Piers are robust to handle massive longitudinal braking forces

Bearings allow thermal expansion while transferring horizontal loads

Standardized span lengths allow for rapid precast construction

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Tunnelling for High Speed Rail |

Tunnels are a critical component of HSR to maintain straight alignments
through mountainous regions. HSR tunnels require larger cross-sectional
areas compared to conventional rail tunnels. This is primarily to manage
aerodynamic effects, as trains entering a tunnel at high speed act like
pistons, compressing the air ahead of them. The construction methods
vary based on geology, often utilizing Tunnel Boring Machines (TBMs) or
the New Austrian Tunnelling Method (NATM).

o Larger tunnel diameters required for aerodynamic relief

@ Use of TBMs for mechanized, rapid excavation in soft ground or rock
o NATM utilized for variable geological conditions

@ Stringent waterproofing and drainage requirements
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Aerodynamic Considerations in Tunnels |

When an HSR train enters a tunnel, it generates a compression wave that
travels at the speed of sound to the tunnel exit, where it reflects and
partially emits a 'micro-pressure wave' or 'tunnel boom'. This can cause
significant noise and vibration for nearby residents. To mitigate this, civil
engineers design flared or hooded tunnel portals with pressure-relief shafts,
and mechanical engineers optimize the aerodynamic shape of the train’s
nose.

Piston effect causes aerodynamic drag and pressure variations

Micro-pressure waves (tunnel boom) at the tunnel exit

Mitigation via flared or porous tunnel portals

Integration of pressure-relief shafts in long tunnels
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Maintenance and Safety of HSR Civil Infrastructure |

The intense operating conditions of HSR demand rigorous, predictive
maintenance regimes. Dedicated comprehensive inspection trains operate
regularly to monitor track geometry, rail wear, and overhead line alignment
at operational speeds. Furthermore, the infrastructure is heavily
instrumented with sensors (e.g., anemometers, seismometers, and rainfall
gauges) connected to an early warning system. In the event of an
earthquake or extreme weather, the system can automatically halt trains
to ensure safety.

Use of high-speed track geometry inspection vehicles

°
@ Predictive maintenance utilizing data analytics and sensors

o Automated early warning systems for earthquakes (e.g., UrEDAS)
o

Strict right-of-way fencing and intrusion detection systems
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Summary and Future Directions |

High Speed Rail represents the pinnacle of modern railway engineering,
demanding unparalleled precision in the design and construction of its civil
infrastructure. From settlement-free earthworks to ultra-stiff viaducts and
aerodynamically optimized tunnels, every component is engineered to
handle extreme speeds and dynamic forces safely. As technology
progresses, the integration of smart sensors, Maglev technology, and
sustainable construction practices will further redefine the future of
intercity transport.
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Summary and Future Directions |l

@ HSR requires specialized civil infrastructure distinct from conventional
rail

o Earthworks and structures are governed by stiffness and settlement
limits

@ Aerodynamics heavily influence train and tunnel design

o Future focus on Maglev, automation, and predictive maintenance
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Introduction to HSR Infrastructure |

High Speed Rail (HSR) represents a paradigm shift in civil engineering,
where the interaction between the moving train and the infrastructure
becomes highly dynamic. The infrastructure must endure unprecedented
loads, vibrations, and aerodynamic forces.

@ Speeds exceeding 250 km/h drastically increase dynamic
amplification.

@ Track geometry must be maintained to millimeter precision.
@ Infrastructure requires massive rigidity to prevent resonance.

@ Environmental factors like noise and micro-pressure waves become
critical.
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Bullet Train Development & Loading |

The development of bullet trains focuses on minimizing aerodynamic drag
and controlling wheel-rail interaction forces. The high operational speeds
impart severe dynamic vertical and transverse loads onto the track
structure and substructure.

Streamlined nose designs reduce aerodynamic drag and tunnel boom.
Articulated bogies and active suspension systems distribute loads.
Increased braking forces require higher longitudinal rail restraint.

Axle loads are generally lower, but dynamic impact factors are much
higher.
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HSR Earthwork Cross-Section |

Arack Structury
repared Subgrade

Embankment Fill

- - Ground
Foundation Ground with Improvement

@ Strict layered compaction to ensure uniform stiffness.

@ The prepared subgrade layer dissipates dynamic stresses.

@ Transition zones are critical between earthworks and rigid structures.
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Earthwork Settlement Control |

In high-speed rail, post-construction settlement of earthworks must be
strictly limited to prevent track deformation. Excessive settlement leads to
poor ride comfort and potential derailment risks at speeds over 300 km/h.

@ Post-construction settlement is typically restricted to less than 15
mm.

e Ground improvement techniques (e.g., stone columns, piling) are
mandatory.

@ Rigorous compaction control using continuous compaction control
(CCC) systems.

@ Pre-loading and extended rest periods are often used before track
laying.
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Conventional vs. HSR Infrastructure |

| Parameter | Conventional Rail | High Speed Rail | | :— | :— | :— | | Max
Speed | < 160 km/h | > 250 km/h | | Minimum Curve Radius | © 500 m |
> 4000 m | | Maximum Gradient | Up to 3% | Typically < 1.5% | |
Settlement Limits | Modest tolerance | Strict (< 15 mm) | | Substructure
Rigidity | Normal requirements | Exceptionally high |

@ HSR requires much larger curve radii to maintain passenger comfort.

o Gradient restrictions limit routing options, leading to more tunnels
and viaducts.

@ The demand for structural rigidity drives up material and construction
costs.
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HSR Bridges & Viaducts Design |

Bridges and viaducts on HSR lines account for a significant portion of the
total length. Their design is dictated by strict deflection limits to ensure
track stability and to prevent resonance with the regular axle spacing of
the high-speed trains.

@ High flexural and torsional rigidity are paramount.

@ Train-bridge dynamic interaction analysis is a mandatory design step.

o Continuous welded rail (CWR) on bridges requires careful
rail-structure interaction analysis.

@ Avoidance of resonant frequencies matching the train's dominant
excitation frequencies.

.
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Viaduct Box Girder Section |

Pre-stressed Concrete Viaduct
rack Bec

ollow Box Sectign

@ Pre-stressed concrete box girders offer excellent torsional stiffness.

@ The hollow section reduces dead weight while maintaining
aerodynamic stability.

o Standardized spans (e.g., 30m, 40m) are preferred for rapid
construction.
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Viaduct Construction Methodology |

Given the sheer length of elevated structures required for HSR, advanced,
highly mechanized construction methods are deployed to ensure speed,
safety, and strict quality control of precast elements.

@ Full-Span Launching Method (FSLM) is commonly used for rapid
deployment.

@ Pre-cast yards employ match-casting to ensure perfect alignment.
@ Launching gantries handle bridge segments weighing up to 1000 tons.

@ Span-by-span construction minimizes disruption to ground-level
activities.
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HSR Tunnels: Aerodynamic Effects |

When a high-speed train enters a tunnel, it acts like a piston, generating
complex aerodynamic pressure waves. These phenomena pose significant
challenges to passenger comfort and environmental noise regulations.

@ Micro-pressure waves propagate through the tunnel at the speed of
sound.

@ Upon exiting, they create a loud sonic boom known as 'Tunnel
Boom'.

@ Aural discomfort (ear popping) occurs due to rapid pressure
transients inside the cabin.

@ Larger tunnel cross-sections are required specifically to mitigate these
effects.
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Tunnel Portals and Cross-Sections |

To counteract aerodynamic shocks, HSR tunnel infrastructure employs
specialized designs, particularly at the entrance and exit portals, to gently
dissipate the pressure waves before they steepen.

o Flared, hood-shaped portals are installed at tunnel entrances.
@ Venting shafts may be incorporated to relieve air pressure.

@ The aerodynamic blockage ratio dictates a much larger excavated
diameter than conventional tunnels.

@ Invert struts and robust linings are essential to withstand cyclic
aerodynamic loading.

.
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Summary |

High-Speed Rail infrastructure demands a radical departure from
conventional railway engineering, characterized by an absolute necessity
for stiffness, precision, and aerodynamic optimization across all civil
structures.

@ Stringent settlement tolerances govern earthwork design and
construction.

@ Bridges and viaducts prioritize dynamic stability and torsional rigidity.

@ Tunnel engineering for HSR is uniquely driven by aerodynamic wave
phenomena.

@ Seamless integration between train systems and civil infrastructure is
vital for safety.
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Introduction to HSR Infrastructure Requirements |

The civil infrastructure for High Speed Rail operates under significantly
more demanding conditions than conventional rail. The design must
accommodate extreme dynamic loads, aerodynamic forces, and
microscopic tolerances for track alignment. A critical factor is the
prevention of differential settlement, which can lead to track irregularities
and compromise safety at speeds exceeding 250 km/h.

@ Extremely tight tolerances for vertical and horizontal alignment.
@ High dynamic impact factors due to high-speed train passage.
@ Strict limits on total and differential long-term settlement.

@ Use of sophisticated soil-structure interaction models in design.
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HSR Earthwork: Embankments and Subgrade Design

HSR embankments require materials with high stiffness and excellent
drainage characteristics. The subgrade must act as a reliable foundation
for the slab track system, preventing plastic deformation under repetitive
cyclic loading. Heavy compaction techniques and soil stabilization
methods (such as cement or lime treatment) are routinely employed to
achieve the required deformation modulus.
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HSR Earthwork: Embankments and Subgrade Design
I

Key Points

@ Multi-layered subgrade system designed to distribute stress uniformly.

@ Hydraulically bound base layers (HBL) are often used to increase
stiffness.

@ Stringent compaction requirements, typically exceeding 95% Modified
Proctor.

@ Implementation of comprehensive drainage systems to prevent water
ingress.
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Cross-section of an HSR Embank

Rails (Standard Gauge - 1435 mm)

pdraulically Bound Base / Sub-Ballast
/ Slope 1:5hbgrade Layer (Treated Schippe lzlk\v

Natural Ground

@ The graded structure distributes the high dynamic loads to the
natural ground.

@ The HBL layer provides a weather-resistant, stiff platform for the slab
track.

@ Gentle side slopes and vegetation prevent erosion.
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Conventional vs. HSR Earthwork Requirements |

| Parameter | Conventional Rail | High-Speed Rail | | :— | :— | :\— | |
**Design Philosophy** | Bearing Capacity | Stiffness & Deformation
Control | | **Subgrade Modulus (Ev2)** | > 45 MPa | > 80 - 120 MPa |
| ¥*Post-construction Settlement**| Up to 100 mm | < 15 mm (nearly
zero) | | **Compaction Requirement** | Standard Proctor | > 95%
Modified Proctor | | **Transition Zones** | Basic smoothing | Highly
engineered stiffness gradient |

@ HSR permits almost zero residual settlement post-construction.

@ Subgrade modulus requirements are substantially higher for HSR.

@ Construction tolerances are measured in millimeters for HSR.
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HSR Bridges and Viaducts: Structural Considerations

HSR viaducts are prominent features of bullet train lines, used to maintain
straight alignments and avoid land acquisition issues. The primary
challenge in their design is dynamic resonance; the structure’s natural
frequency must not coincide with the excitation frequency caused by the
repetitive axle loads of high-speed trainsets. Furthermore, massive
longitudinal forces from emergency braking must be accommodated.

@ Avoidance of resonant amplification through rigorous dynamic
analysis.

@ High torsional stiffness requirements to prevent deck twisting.
@ Design for massive longitudinal braking and traction forces.

@ Integration of special expansion joints to allow continuous rail over
gaps.
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Viaduct Construction Methodologies |

To meet aggressive construction schedules and maintain strict quality
control, HSR viaducts predominantly utilize precast concrete technologies.
Full-span precast launching (FSLM) is highly favored where logistics
permit, as it minimizes in-situ work and ensures exceptional geometric
accuracy. Alternatively, span-by-span or balanced cantilever methods are
used for longer spans over rivers or existing infrastructure.

Key Points

o Full-Span Launching Method (FSLM): Erection of entire 30m-40m
spans.

@ Precast Segmental Construction: Assembling viaducts piece-by-piece.

o Extensive use of post-tensioning for crack control and stiffness.

@ Use of launching gantries specialized for heavy HSR box girders.
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HSR Viaduct Deck Cross-Section |

Up Track Down Track

1
Hollow Blpx Girder

Pier Support Width

o Box girders provide the necessary torsional rigidity for HSR.

@ Noise barriers are essential to mitigate aerodynamic and rolling noise.

@ Ample deck width accommodates two tracks and maintenance
walkways.
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HSR Tunnels: Aerodynamics and Micro-pressure

Waves |

When a high-speed train enters a tunnel, it acts like a piston, generating a
compression wave that travels ahead of the train at the speed of sound.
When this wave reaches the tunnel exit, it reflects back as an expansion
wave, but a portion of it radiates outward as a micro-pressure wave,
creating a loud 'sonic boom'. Mitigating this phenomenon dictates HSR
tunnel design.
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HSR Tunnels: Aerodynamics and Micro-pressure
Waves I

@ Piston effect increases air resistance and passenger ear discomfort.

@ Micro-pressure waves can cause structural damage near the tunnel
portal.

@ Tunnels require significantly larger cross-sectional areas than the train
profile.

o Slotted or flared tunnel portals are constructed to dissipate the initial
pressure gradient.
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Tunnel Portal Design and Safety Infrastructure |

To counteract aerodynamic issues, HSR tunnel portals are often elongated
into "hoods’ with lateral openings. Beyond aerodynamics, long HSR
tunnels require complex safety infrastructure. This includes twin-tube
designs with connecting cross-passages for emergency evacuation,

sophisticated ventilation systems for smoke extraction, and rigid fire safety
protocols.

Key Points

@ Aerodynamic hoods gradually reduce the pressure gradient of entering
trains.

o Cross-passages provided every 300-500 meters between twin tunnels.

@ Advanced ventilation and smoke extraction systems for fire
emergencies.

@ Use of slab track in tunnels provides access for emergency road
vehicles.
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Transition Zones in HSR Infrastructure |

Transition zones occur where the track support system changes rapidly,
such as moving from a flexible earth embankment to a rigid bridge
abutment or tunnel portal. The sudden change in track stiffness can cause
severe dynamic impacts and rapid track degradation. Specialized design
details are required to ensure a smooth, gradual transition of stiffness.

Use of wedge-shaped transition slabs to bridge stiffness gaps.

Gradual variation in the cement-treatment of subgrade soils.

Frequent maintenance required if transition zones are poorly designed.

Critical for passenger comfort and preventing localized rail fatigue.
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Summary of HSR Infrastructure (Part 3) |

The civil infrastructure of High Speed Rail is defined by the necessity to
manage extreme dynamic and aerodynamic forces while maintaining
unparalleled geometric precision. From highly stiffened earthworks and
resonance-resistant viaducts to aerodynamically optimized tunnels and
carefully engineered transition zones, every component is designed to
ensure the safe, smooth, and rapid transit of bullet trains.

@ Deformation control is the primary driver in earthwork design.

@ Viaducts must be dynamically analyzed for resonance and braking
forces.

@ Tunnel aerodynamics dictate larger cross-sections and portal hoods.

o Stiffness gradients at transition zones must be meticulously managed.
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Introduction to Gradients |

A gradient is the rate of rise or fall of the track with respect to the
horizontal. It is expressed as a ratio of the vertical distance to the
horizontal distance, or as a percentage.

@ Expressed as 1 in 'n’ (1 unit vertical for every 'n’ units horizontal)

@ Also expressed as a percentage (e.g., 1%)

@ Crucial for route alignment and locomotive hauling capacity
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Purpose of Providing Gradients |

Gradients are introduced in railway tracks to accommodate natural
topography, reduce earthwork, and reach specific elevations safely and
economically.

@ To reach a station situated at a different elevation

@ To follow the natural contours of the ground to minimize cut and fill
@ To drain off rainwater, especially in station yards and cuttings
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Types of Gradients |

Depending on their severity and location, gradients in railway engineering
are classified into several distinct categories to govern train operations and
track design.

Ruling Gradient

Momentum Gradient
Pusher or Helper Gradient
Gradients in Station Yards
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Standard Values (Indian Railways) |

Standard gradients specified for various terrains according to Indian
Railways standards.

@ Terrain | Ruling Gradient | Station Yard Gradient
@ Plain | 1in 150 to 1 in 250 | 1 in 1000
e Hilly | 1in 100 to 1 in 150 | 1 in 400
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Ruling Gradient |

The ruling gradient is the maximum gradient allowed on a particular
section of track. It determines the maximum load that a locomotive can
haul on that section at the minimum required speed.

@ Dictates the maximum trailing load for a single locomotive

@ Usually varies from 1 in 150 to 1 in 250 in plain terrain

@ Extra power is required if the load exceeds the hauling capacity
governed by the ruling gradient
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Ruling Gradient Profile |

Elevation

Gradient = 1in n

1 unit Rise (1)

un{rs) Horizontal Distance
un (n
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A momentum gradient is steeper than the ruling gradient but can be
overcome by a train using the momentum gained while traveling down an
adjoining falling gradient.

@ No speed restrictions should be present at the base of the gradient
@ Allows for economical track alignment by avoiding deep cuttings

@ Train speed decreases continuously but must remain above a critical
limit
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Pusher or Helper Gradient |

When a gradient is so steep that a single locomotive cannot haul the train,
an extra engine (pusher) is attached. This gradient is called a pusher
gradient.

@ Used in mountainous regions to avoid excessively long alignments

@ Reduces the length of the track and travel time

@ Commonly ranges from 1 in 37 to 1 in 50 on Indian Railways (e.g.,
Darjeeling Himalayan Railway)
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Momentum vs Pusher Gradient |

Momentum
lling

e Energy
Extra Loco Needed
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Gradients in Station Yards |

Station yards require flat gradients primarily to prevent standing vehicles
from rolling away due to wind or gravity, and to facilitate the easy starting
of trains.

@ Maximum recommended gradient in station yards is 1 in 400, ideally
1in 1000

@ Ensures safety of uncoupled wagons

@ Reduces tractive effort required to start a train from rest
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Gradients are essential for track alignment, classified by severity and
operational needs. Understanding ruling, momentum, pusher, and station
yard gradients ensures safe and efficient railway design.

Ruling gradient dictates hauling capacity

Momentum gradient utilizes kinetic energy

Pusher gradient requires auxiliary engines

Station yards require very mild gradients for safety
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Introduction to Grade Compensation |

Grade compensation on curves is the reduction in the gradient of a track
on a curve to compensate for the additional resistance offered by the
curve. When a train traverses a curve, it encounters curve resistance in
addition to the normal tractive resistance. To prevent the total resistance
from exceeding the hauling capacity of the locomotive, the gradient must
be appropriately reduced.

@ Reduces gradient on curves to offset curve resistance

@ Prevents total resistance from exceeding locomotive capacity

@ Maintains a uniform ruling gradient equivalent across the section
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Mechanics of Curve Resistance |

When a railway vehicle moves along a curved track, it experiences
additional resistance due to the rigidity of the wheelbase, centrifugal force
pushing the flanges against the outer rail, and the longitudinal slip of the
wheels. This curve resistance acts in the same manner as grade resistance,
opposing the motion of the train and demanding extra tractive effort.

o Flange friction against the outer rail due to centrifugal force

@ Slipping and skidding of wheels caused by a rigid wheelbase
o Additional tractive effort required to overcome curve resistance
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Forces Acting on a Train on a Curve

Gradient

Curve Resist.  Motion

ombined Resistance

Weight (W)

Horizontal

@ Visual representation of grade and curve resistances

@ Both forces act opposite to the direction of motion

@ Combined resistance dictates the required locomotive power
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Why Grade Compensation is Essential |

The ruling gradient is the maximum gradient allowed on a particular
section of track, dictating the maximum load a locomotive can haul. If a
curve occurs on a ruling gradient, the effective resistance is higher than
that of the straight ruling gradient. Without grade compensation, trains
would stall or require assistant (banking) engines. Compensating the
grade ensures smooth and continuous operations.

@ Preserves the hauling capacity defined by the ruling gradient

@ Eliminates the need for banking engines on curved gradients

@ Prevents train stalling and reduces mechanical wear
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Standards for Compensation |

| Gauge Type | Rate of Compensation per Degree of Curve | | —:|:—| |
Broad Gauge (BG) | 0.04% | | Meter Gauge (MG) | 0.03% | | Narrow
Gauge (NG) | 0.02% |

@ Values specified by Indian Railways for uniform track design

@ Given as a percentage reduction in gradient per degree of curve
@ BG tracks require the highest absolute compensation per degree
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Calculation of Compensated Gradient |

The compensated gradient is calculated by subtracting the required grade
compensation from the ruling gradient. The compensation is a product of
the specified rate of compensation and the degree of the curve. It is
crucial for track engineers to ensure that the compensated gradient is
accurately laid out during construction to prevent tractive failures.

@ Grade Compensation = Rate of Compensation x Degree of Curve

@ Compensated Gradient = Ruling Gradient - Grade Compensation

@ Must strictly align with locomotive tractive effort calculations
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Curve Resistance Equivalent |

Curve resistance is often expressed as an equivalent gradient to simplify
calculations. For instance, on a Broad Gauge track, a 1-degree curve offers
resistance equivalent to a 0.04% up-gradient. This equivalence allows
engineers to convert complex horizontal curvature mechanics into a simple
vertical gradient equivalent, integrating it seamlessly into track profiling.

@ 1° curve on BG ~ 0.04% gradient resistance

@ Simplifies complex friction and centrifugal force calculations

@ Allows unified assessment of overall track geometry
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Example Problem: Broad Gauge Track |

Consider a Broad Gauge (BG) railway track designed with a ruling
gradient of 1 in 200 (which equals 0.50%). If a 4-degree curve is
introduced on this gradient, we must calculate the compensated gradient.
The compensation required is 0.04% x 4 = 0.16%. Therefore, the
maximum allowable gradient on the curve is 0.50% - 0.16% = 0.34%, or
approximately 1 in 294.

Ruling Gradient = 1 in 200 (0.50%)

Degree of Curve = 4° (BG Track)

Calculated Grade Compensation = 0.16%

Final Compensated Gradient = 0.34% (or 1 in 294)
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Geometry of Curve Resistance |

Centrifugal Force

Wheelset

Longitudinal Slip
1

o Centrifugal force pushes wheel flanges against the outer rails

o Longitudinal friction arises from differing travel paths of wheels

o Curve resistance is inversely proportional to the curve radius
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Economic & Operational Impacts |

Failing to properly compensate for gradients on curves leads to severe
operational inefficiencies. Locomotives may be forced to carry lighter loads
across an entire railway section just to negotiate a single uncompensated
curve. Alternatively, the deployment of expensive banking engines would
be required. Proper grade compensation optimizes payload capacity,
reduces fuel consumption, and limits wear.

@ Maximizes the payload hauled by a single locomotive

o Eliminates the operational cost of localized banking engines

@ Reduces fuel consumption and mechanical wear on wheel flanges
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Summary & Conclusion |

Grade compensation on curves is a fundamental track design principle in
railway engineering. By reducing the gradient on curved sections,
engineers neutralize the added curve resistance, maintaining a uniform
maximum tractive resistance throughout the ruling gradient section.
Adhering to standards, such as those set by Indian Railways, ensures safe,
efficient, and economically viable operations.

@ Grade compensation neutralizes additional curve resistance

@ Standard compensation: BG = 0.04%, MG = 0.03%, NG = 0.02%
per degree

@ Ensures uniform tractive effort requirements across the section

@ Optimizes locomotive payload, efficiency, and safety
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Introduction to Curves in Railways |

Curves are provided on railway tracks to bypass obstacles, connect

important locations, and adapt to the natural topography. The geometry
of a curve is primarily defined by its radius or degree of curvature, which
dictates the maximum permissible speed and the required superelevation.

Facilitates smooth change in direction of motion.

Defined by radius (R) in meters or degree (D).
Sharp curves have smaller radii and higher degree.

Proper maintenance of curve geometry is critical for safety.
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Definition of Chord and Versine |

In track maintenance and design, a chord is a straight string line stretched
between two points on the inner face of the outer rail of a curve. The
versine is the perpendicular distance from the midpoint of this chord to
the gauge face of the rail.

@ Chord (C): Straight line connecting two points on a curve.
o Versine (V): Mid-ordinate of the chord.

@ Versine provides a practical way to measure curvature in the field.

@ Uniform versines indicate a perfectly circular curve.
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Geometry of a Curve and Versine |

Center (O)

Versine (V)

@ Arc represents the railway track curve.

@ Versine is measured at the exact midpoint of the chord.

@ Radius R originates from the curve center O.
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Derivation of the Relationship (Part 1) |

Let R be the radius of the curve, C be the length of the chord, and V be
the versine. By applying the intersecting chords theorem or the
Pythagorean theorem to the right-angled triangle formed by the radius,
half-chord, and the remaining portion of the radius, we can establish an
equation.

@ Hypotenuse = R
@ Base = C/2

@ Height =R-V
°

Pythagoras: R? = (C/2)2 + (R - V)?
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Derivation of the Relationship (Part 2) |

Expanding the equation gives R = C2/4 + R? - 2RV + V2. Since the
versine V is very small compared to the radius R, the term V2 can be
neglected. This simplification yields the practical formula used extensively
in railway engineering for track alignment.

@ 0 =C?/4 - 2RV (ignoring V?)
o 2RV = C2/4
e Formula: V=C?/8R

@ V and C must be in the same units, or adjusted accordingly.
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Field Measurement of Versine |

Mid-point

String Line

@ A string line of standard length (e.g., 20m) is used.

@ Ends of the string are held against the running edge of the outer rail.

@ Versine is measured using a graduated scale at the center of the
chord.
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Typical Versine Values for Standard Chords |

| Degree (D ) | Radius (m) | Versine for 20m chord (mm) |
|

@ Standard chord length of 20 meters is commonly used on Broad
Gauge tracks.

o Formula used: V = 114.6 x D (in mm) for 20m chord.
@ Higher degree of curve implies a smaller radius and larger versine.
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Effect of Speed and Curvature |

The allowable speed on a railway curve depends heavily on the radius.
Since the versine is inversely proportional to the radius, a larger versine
indicates a sharper curve, which in turn necessitates a lower speed limit to
ensure passenger comfort and prevent derailment.

Centrifugal force increases significantly on sharper curves.

Maximum speed is restricted based on field versine measurements.

@ Transition curves are provided to gradually increase the versine from
zero.

Sudden, irregular changes in versine indicate bad track alignment.
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Super-elevation (Cant) and Versine |

Superelevation is the raising of the outer rail over the inner rail to
counteract centrifugal force. The required superelevation is directly
proportional to the curvature, meaning it can be correlated with the
measured versine on a standard chord.

@ Required cant is inversely proportional to radius R.

@ Since 1/R is proportional to Versine, Cant is proportional to Versine.
@ Track maintainers adjust cant simultaneously with versine correction.

@ Ensures equilibrium speed is maintained safely during train operations.
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Curve Realignment using Versines |

Over time, traffic loads cause curves to distort from their ideal circular
shape. Track maintainers use the string-line method to measure existing
versines at regular stations, calculate the ideal versines, and determine the
necessary slews (shifts) to restore the curve geometry.

@ String-lining method is simple and requires no heavy surveying
instruments.

@ Sum of existing versines equals the sum of proposed versines.
@ Slew values dictate how much the track must be shifted laterally.

@ Modern tamping machines use electronic versine measurement
systems.
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Summary and Conclusion |

The relationship between the radius and versine is a fundamental concept
in railway engineering, essential for curve layout, track maintenance, and
ensuring safe train operations. The simple formula V = C* / 8R forms the
basis of all practical field alignment corrections.

@ Versine is the mid-ordinate of a chord on a curve.

@ The relation V = C? / 8R is derived from basic geometry.
@ The string-line method is the practical application of this relation.

@ Regular versine checks prevent derailments and ensure a smooth ride.
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Introduction to Super Elevation |

Super elevation, also known as cant, is the practice of raising the outer rail
above the inner rail on a curved track. When a train moves along a curve,
it is subjected to a centrifugal force that acts horizontally outwards from
the center of the curve. If the track were kept level, this force would push
the train against the outer rail, causing discomfort to passengers, uneven
wear, and a risk of derailment. By introducing cant, the track provides a
transverse slope that creates an inward component of the train’s weight,
helping to counteract the outward centrifugal force.

Involves raising the outer rail relative to the inner rail.

Creates an inward force component to counter outward centrifugal
force.

Significantly improves passenger comfort and overall safety.

Reduces uneven wear and tear on outer rails and wheel flanges.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 135 / 606



Objectives and Functions of Cant |

The primary function of providing super elevation is to neutralize the
effect of centrifugal force. This ensures that the resultant of the train's
weight and the centrifugal force passes roughly through the center of the
track, resulting in equal pressure on both rails. Furthermore, super
elevation serves several vital operational functions. It provides a smooth
and comfortable ride for passengers by eliminating the feeling of being
thrown outwards. It also ensures safety against derailment by preventing
excessive flange pressure on the outer rail and allows trains to maintain
higher speeds on curved sections.

Neutralizes centrifugal force to ensure equal rail pressure.

Provides a smooth and comfortable ride for passengers.

Prevents derailment by minimizing excessive lateral flange forces.

Allows trains to safely maintain higher operational speeds on curves.
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Forces Acting on a Vehicle on a Curve |
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lEquiIibrium Condition: Pcosf = Wsin6

o W = Total weight of the vehicle acting vertically downwards.

@ P = Centrifugal force ($mv"2/R$) acting horizontally outwards.
o Component $W \{}sin\{}theta$ acts inwards along the track plane.
@ Component $P \{}cos\{}theta$ acts outwards along the track plane.
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Derivation of Super Elevation Formula |

To calculate the required super elevation ($e$), we consider the
equilibrium of forces acting along the inclined plane of the track. The
outward centrifugal force is $P = Wv"2 / (gR)$, where $v$ is the velocity,
$RS$ is the radius of the curve, and $g$ is the acceleration due to gravity.
The component of $P$ parallel to the track is $P \{}cos\{}theta$, and
the component of weight $W$ down the incline is $W \{}sin\{}theta$.
For equilibrium, $P \{}cos\{}theta = W \{}sin\{}theta$. For small
angles, $\{}cos\{}theta \{}approx 1$ and $\{}sin\{}theta \{}approx
\{}tan\{}theta = ¢/G$, where $G$ is the dynamic gauge. Substituting
these, we get $Wv"2 / (gR) = W(e/G)S$, simplifying to the final formula.
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Derivation of Super Elevation Formula Il

@ Equate forces parallel to the inclined track plane.
@ Assume small angle $\{}theta$: $\{}sin\{}theta \{}approx

\{}tan\{}theta = ¢/GS.
@ Substitute centrifugal force $P = Wv"2 / (gR)S.

o Derived fundamental formula: $e = Gv"2 / (gR)S$.
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Equilibrium Super Elevation |

Equilibrium super elevation is the precise amount of cant required so that
the resultant of the vehicle’s weight and centrifugal force is perfectly
perpendicular to the plane of the rails. When a train travels exactly at the
equilibrium speed for a given curve, the downward pressures on the inner
and outer rails are completely identical. This ideal condition minimizes rail
wear, eliminates lateral forces, and maximizes passenger comfort. Since a
railway line carries mixed traffic at varying speeds, providing equilibrium
cant for all trains is impossible; hence, a weighted average speed is used
for practical track design.

Resultant force is perfectly perpendicular to the rail plane.

Generates exactly equal pressure on both inner and outer rails.
Eliminates lateral flange forces, minimizing track wear.

Calculated practically using the average speed of mixed traffic.
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Maximum Limits of Super Elevation |

Indian Railways prescribes maximum limits for super elevation to ensure
the safety of slow-moving trains and stationary vehicles on curves. If the
cant is excessive, a slow-moving train might experience excessive load on
the inner rail, increasing the risk of derailment or overturning inward due

to high crosswinds. The maximum cant is generally limited to roughly

1/10th of the track gauge. The table below outlines the maximum
permissible super elevation (cant) and cant deficiency for different gauges
under normal conditions.

| Gauge Type | Track Gauge (mm) | Max Super Elevation (mm) | Max
Cant Deficiency (mm) | | :— | :— | :— | :— | | Broad Gauge (BG) | 1676
| 165 | 76 | | Meter Gauge (MG) | 1000 | 90 | 51 | | Narrow Gauge (NG) |

762 | 65 | 38 |
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Maximum Limits of Super Elevation Il

@ Limits prevent slow trains from overturning inwards.

@ Restricts excessive vertical and lateral load on the inner rail.
@ Maximum cant is generally capped at 1/10th of the gauge.
@ Varies depending on whether the track is BG, MG, or NG.
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Cant deficiency occurs when a train travels at a speed higher than the
equilibrium speed for which the track’s super elevation was originally
designed. In this situation, the actual cant provided on the track is less
than the equilibrium cant required for that higher speed. As a result, there
is an unbalanced centrifugal force pushing the train outwards, which leads
to higher pressure on the outer rail and a feeling of lateral acceleration for
the passengers. Railway authorities enforce strict maximum allowable cant
deficiency limits to ensure passenger comfort and prevent excessive track
deterioration.
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Cant Deficiency I

@ Occurs when train speed is greater than the design equilibrium speed.
@ Actual cant provided is less than the theoretical equilibrium cant.

@ Results in an unbalanced outward force and higher pressure on outer
rail.

o Strictly limited by regulations to maintain safety and comfort.
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Cant Excess |

Cant excess happens when a train travels at a speed lower than the
equilibrium speed for a given curve. For a slow-moving train, the outward
centrifugal force is relatively small, causing the inward component of
weight due to the super elevation to dominate. This results in significantly
higher vertical pressure on the inner rail. Excessive cant excess can lead to
crushing of the inner rail, uneven wear of wheel treads, and dangerous
conditions if a train stops completely on a sharply curved, highly canted
track. To mitigate this, maximum cant excess is typically limited to 75
mm for Broad Gauge.

Occurs when train speed is lower than the design equilibrium speed.

Actual cant provided is greater than the theoretical equilibrium cant.

Significantly increases vertical load and wear on the inner rail.

Poses a derailment risk if trains stop on steep canted curves.
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Negative Super Elevation on Turnouts |

_ = Branch Inner Rail (Forced Elevated)
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\ Main Inner Rail (Base Level)

Negative Cant on Branch Line:
The branch's inner rail is physically higher than its
outer rail, contrary to standard curve geometry.
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Negative Super Elevation on Turnouts Il

Occurs when a branch line diverges opposite to a main line curve.

The elevated main line outer rail becomes the branch line inner rail.
Forces the branch line to have its inner rail higher than its outer rail.

Requires severe speed restrictions on the diverging branch line.
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Design Steps for Super Elevation |

Designing practical super elevation involves a series of calculated steps to
safely balance the needs of fast and slow trains. First, the equilibrium
speed is determined, typically taken as the weighted average speed of all
traffic or roughly 75% of the maximum sanctioned speed. Second, the
theoretical equilibrium cant is calculated for this speed using $e = Gv"2 /
(gR)$. Third, this value is verified against the maximum permissible cant
limits based on gauge. Fourth, cant deficiency (for the fastest train) and
cant excess (for the slowest train) are checked against allowable limits.
Finally, transition curves are designed to gradually introduce this cant.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 148 / 606



Design Steps for Super Elevation Il

@ Determine the equilibrium speed representing average mixed traffic.
@ Calculate the theoretical equilibrium cant using the standard formula.
@ Verify calculated cant against maximum permissible gauge limits.

@ Check cant deficiency (fast trains) and cant excess (slow trains).

@ Design appropriate transition curves to gradually apply the cant.

.
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Summary |

Super elevation or cant is an essential geometric feature of railway curves,
fundamentally designed to counteract centrifugal force by raising the outer
rail. It ensures passenger comfort, equalizes rail wear, and enhances overall
safety against derailments. By carefully balancing the competing needs of
fast trains (which cause cant deficiency) and slow trains (which cause cant
excess), engineers calculate an optimal practical cant. Understanding
permissible limits and managing special track configurations, like negative
super elevation on turnouts, are critical competencies for safe and efficient
railway track design.
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Summary |l

Cant balances centrifugal force and normalizes rail pressure on curves.
Dramatically improves passenger comfort, safety, and track lifespan.
Equilibrium cant calculation inherently relies on average train speed.
Deficiency and excess limits govern the final practical design.

Crucial for the safe operation of mixed-traffic railway networks.

.
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Introduction to Super Elevation (Cant) |

Super elevation, or cant, is the raising of the outer rail above the inner rail
on a curve. lts primary purpose is to counteract the effect of centrifugal
force, ensuring equal distribution of wheel loads on both rails. This
reduces wear and tear, provides a comfortable ride for passengers, and
allows for higher speeds on curves.

Counteracts centrifugal force acting on trains.

Equalizes load distribution between inner and outer rails.

Improves passenger comfort by reducing lateral acceleration.

Prevents derailment due to overturning or high lateral forces.
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Forces Acting on a Train on a Curve |

Centrifugal Forcp (Fc)

Mlaiohs (AN
YetERE T}

| Rail Cant (e
nner A l *************** (* )Horizontal

Forces acting: Weight (W) downwards, Centrifugal Force (F.) outwards
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Forces Acting on a Train on a Curve Il

@ The weight of the train (W) acts vertically downwards.

o Centrifugal force ($F_c = \{}frac{Wv"2}{gR}$) acts horizontally
outwards.

@ The resultant force must ideally be perpendicular to the track plane.
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Equilibrium Super Elevation |

Equilibrium super elevation is the exact amount of cant required so that
the resultant of the weight and centrifugal force is perpendicular to the
plane of the rails. At this state, the pressure on both rails is equal. The
formula for equilibrium cant is given by $e = \{}frac{GV"2}{127R}S$,
where $e$ is in cm, $G$ is gauge in cm, $V$ is speed in kmph, and $RS is
radius of curve in meters.

Key Points
o Formula: $e = \{}frac{GV"2}{127R}$ (Metric units).

e $G = 167.6% cm for Broad Gauge (BG), $100$ cm for Meter Gauge
(MG).

@ Ensures equal wheel loads on inner and outer rails.

@ Real trains travel at different speeds, so equilibrium cant is calculated
for an average speed.

.
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Maximum Super Elevation |

A track carries trains at various speeds, from slow freight to fast passenger
trains. Providing equilibrium cant for the fastest train would make the
outer rail too high, risking overturning of slow-moving trains inwards due
to excessive cant. Therefore, railway authorities specify a maximum
permissible super elevation.

@ Indian Railways limits max cant based on gauge.

@ For Broad Gauge (BG): Max $e = 16.5% cm (under normal
conditions).

o For Meter Gauge (MG): Max $e = 10.0$ cm.
@ For Narrow Gauge (NG): Max $e = 7.6% cm.
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Cant Deficiency |

Cant deficiency occurs when a train travels at a speed higher than the
equilibrium speed for the provided super elevation. The provided cant is
less than what is required for that higher speed. This results in a higher
lateral force towards the outer rail and passenger discomfort.

o $D = e_{theoretical} - e_{provided}$

@ Maximum permissible cant deficiency for BG is typically 7.6 cm (up
to 100 kmph) and 10.0 cm (for speeds > 100 kmph).

@ For MG, max cant deficiency is 5.1 cm.

@ Limits are set to ensure safety against derailment and maintain
passenger comfort.
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Limiting Values of Super Elevation and Cant

Deficiency |

Railway codes define strict limits for both maximum super elevation and
maximum cant deficiency based on the gauge of the track to ensure safe
operations across varying train speeds.
| Gauge | Max Super Elevation (cm) | Max Cant Deficiency (cm) |
| —|—|—] | Broad Gauge (BG) | 16.5 | 7.6 (normal), 10.0 (high speed) | |
Meter Gauge (MG) | 10.0 | 5.1 | | Narrow Gauge (NG) | 7.6 | 3.8 |

@ Max Super Elevation (BG): 16.5 cm
@ Max Cant Deficiency (BG): 7.6 cm to 10.0 cm
@ Max Cant Excess: Typically limited to 7.5 cm (BG)
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Safe Speed on Curves |

Safe speed on a curve is the maximum speed at which a train can
negotiate the curve without the risk of derailment or excessive discomfort.
It depends on the radius of the curve, the provided super elevation, and
the allowable cant deficiency.

Key Points

o Safe speed $V = \{}sart{\{}frac{127R(e + D)}{G}}$ (where $e$ is
provided cant, $D$ is cant deficiency).

e Martin's formula is also used: For BG/MG, $V = 4.35 \{}sqrt{R -
67}9% (transitioned) or $V = 4.4 \{}sqrt{R - 70}$ (non-transitioned,
BG).

@ The lowest of the speeds calculated from super elevation criteria and
Martin's formula is taken as the safe speed.

@ Also limited by the maximum sanctioned speed of the section.
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Example Calculation: Equilibrium Cant |

Let's consider a practical example. Calculate the equilibrium super
elevation for a 2 degree curve on a Broad Gauge track, if the average
speed of trains is 60 kmph.

Key Points

o Radius of a 2 degree curve SR = \{}frac{1720}{D} =
\{}rac{1720}{2} = 860% m.

o Gauge for BG $G = 167.6% cm.

@ Speed $V = 60% kmph.

o $e = \{}rac{GV"2}{127R} = \{}frac{167.6 \{}times 60°2}{127
\{}times 860} = \{}frac{167.6 \{}times 3600}{109220} = 5.52%

cm.
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Negative Super Elevation |

Outer Rail of Branch Line (Lower)

Negative Cant
********* Horizontal

Inner Rail of Branch Line (Higher)

Branch line curving opposite to main line cant direction

@ Occurs at turnouts where a branch line takes off in a direction
contrary to the main line curve.

@ The outer rail of the branch line is forced to be lower than its inner
rail because it shares the inner rail of the main line curve.

@ Speeds on branch lines with negative super elevation must be severely
restricted.

v
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Controlling Speed for Negative Cant |

Because negative cant is inherently unsafe for higher speeds as it adds to
the centrifugal force effect rather than countering it, the speeds on such
turnouts are heavily restricted.

@ The permissible speed on the branch line is calculated considering the
negative cant as the "provided” cant (which is a negative value).

o $V_{branch} = \{}sqrt{\{}frac{127R(D_{max} - x)}{G}}$, where
$x$ is the negative cant.

@ Typical speeds on such turnouts are restricted to 15 kmph or lower
depending on the turnout angle and curvature.

@ Avoided in new designs where possible, by locating turnouts on
straight alignments.
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Summary |

In this lecture, we discussed the critical role of super elevation in
counteracting centrifugal forces on curves. We covered the limits of
maximum super elevation, the concept of cant deficiency for varying train
speeds, methods to calculate safe speeds, and the special condition of
negative super elevation at turnouts.

Key Points

@ Super elevation ensures equal load distribution and passenger comfort.

o Cant deficiency allows faster trains to safely navigate curves with
average cant.

@ Safe speed is dictated by gauge, radius, provided cant, and allowed
deficiency.

o Negative cant at turnouts necessitates severe speed restrictions.
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Importance of Track Maintenance |

Railway tracks are subjected to heavy dynamic loads from rolling stock.
Regular maintenance is essential to ensure passenger comfort, safety, and
to prolong the lifespan of track components. It involves preserving the
geometric parameters like gauge, alignment, and level, alongside ensuring
robust drainage and material integrity.

Prevents derailments and ensures safe train operations.

Maintains passenger ride comfort by minimizing vibrations.

Extends the service life of rails, sleepers, and ballast.

Reduces long-term operational and renewal costs.
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Maintenance of Surface Levels (Packing & Tamping)

Maintaining the surface level involves ensuring both rails are at the correct
relative heights, especially on straight tracks and curves. Uneven surface
levels lead to rough riding and increased wear. This is corrected primarily
through packing or tamping the ballast under the sleepers to restore the
track’s vertical profile.

o Beater packing: Traditional manual method using beaters.

@ Measured Shovel Packing (MSP): More accurate manual method for
flat-bottom sleepers.

@ Mechanized Tamping: Uses heavy machines to lift, align, and tamp
ballast simultaneously.

@ Cross-levels must be meticulously checked using a spirit level and
gauge.
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Track Settlement and Tamping Operation |

=— ——— OxigiealFRaflibevel

Tamping Forc@amping Force

Ballast consolidation restores level

@ Diagram illustrates localized track settlement due to traffic loads.

@ Tamping tines apply lateral and vertical forces to consolidate ballast.

@ Restores the original rail level and ensures uniform load distribution.
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Alignment Maintenance |

Alignment refers to the correct positioning of the track in the horizontal
plane. Poor alignment causes lateral oscillations, increasing flange wear
and the risk of derailment. Maintaining alignment requires checking the
versines on curves and correcting any deviations by slewing the track.

@ Straight tracks: Checked visually and using string lines.
@ Curved tracks: Checked by measuring versines using a 20m
overlapping chord.

@ Slewing: The process of shifting the track laterally to its correct
alignment.

@ Often performed concurrently with lifting and tamping operations.
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Versine Measurement on Curves |

Curved Track

Versine (V)

@ Versine is the perpendicular distance from the chord to the arc.

@ Used to determine the exact degree of curvature and local
irregularities.

o Correct alignment ensures smooth transitions and safe curving speeds.
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Track Drainage Systems |

Effective drainage is critical for track stability. Excess water in the track
structure reduces the bearing capacity of the soil, causes ballast to become
clogged (pumping sleepers), and accelerates the degradation of track
materials. A comprehensive drainage system manages both surface and
sub-surface water.

o Surface Drainage: Catches and diverts rainwater using side drains and
catch-water drains.

@ Sub-surface Drainage: Lowers the water table using perforated pipes
and French drains.

@ Formation Slope: The subgrade is typically sloped (1 in 30 to 1 in 40)
to shed water.

@ Ballast section must be kept clean to ensure rapid percolation of
water.
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Drainage Requirements by Soil Type |

| Soil Type | Permeability | Drainage System Requirement | Vulnerability
to Water | | :— | :— | :— | :— | | Gravel / Sand | High | Minimal
(Standard side drains) | Low (Good natural drainage) | | Silt | Medium |
French drains, deeper side ditches | Medium (Prone to frost heave) | |
Clay | Low | Extensive sub-surface drains, blanket layer | High (Loss of
shear strength, swelling) | | Peat / Organic | Very Low | Specialized
stabilization, deep trenching | Very High (Extreme settlement) |

o Clayey soils require a sub-ballast or blanket layer to prevent mud
pumping.

@ High permeability soils naturally facilitate the rapid removal of
rainwater.

@ Proper geotechnical assessment is required before designing the
drainage network.
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Maintenance of Track Materials: Rails |

Rails undergo intense wear and tear, including head wear, side wear on
curves, and fatigue defects like squats or corrugations. Maintenance
involves regular inspection, lubrication, and timely replacement or
reprofiling to prevent rail fractures.

@ Ultrasonic Flaw Detection (USFD) used to identify internal
micro-cracks.

@ Rail grinding is performed to remove corrugations and restore the rail
profile.

@ Gauge face lubrication reduces side wear on curves.

@ Defective rails must be classified (OBS, IMR) and replaced within
stipulated timeframes.
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Maintenance of Sleepers and Fastenings |

Sleepers hold the rails to the correct gauge and transfer loads to the
ballast. Over time, wooden sleepers decay, concrete sleepers may crack,
and steel sleepers can corrode. Fastenings (like ERC clips and rubber pads)
lose their elasticity and clamping force, necessitating regular renewal.

@ Concrete sleepers inspected for hair-line cracks and crushing at rail
seats.

e Elastic Rail Clips (ERC) require periodic greasing to prevent corrosion.

@ Grooved Rubber Sole Pads (GRSP) are replaced when they lose their
resilience.

@ Anti-sabotage checks ensure fastenings are not missing or tampered
with.
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Maintenance of Ballast |

Ballast provides resilience, drainage, and lateral stability. Over time, it
gets pulverized and mixed with dirt, losing its interlocking and draining
properties. Maintenance involves cleaning the ballast and replenishing it to
maintain the required cushion profile.

@ Deep Screening: The entire ballast section is cleaned using
mechanized cleaners.

@ Shallow Screening: Only the crib and shoulder ballast are cleaned
manually.

@ Ballast replenishment compensates for the loss due to pulverization
and settlement.

@ Clean ballast prevents the formation of 'pumping joints' and 'mud
holes’.
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Summary |

The comprehensive maintenance of surface levels, alignment, drainage,
and track materials is vital for the safe and efficient operation of a railway
network. Proper integration of manual and mechanized techniques ensures
the track geometry remains within tolerances while maximizing the
lifespan of the assets.

Key Points

@ Surface levels and alignment are maintained via systematic tamping
and slewing operations.

o Effective surface and sub-surface drainage preserves the formation's
bearing capacity.

@ Regular inspection and renewal of rails, sleepers, and ballast prevent
catastrophic failures.

@ Modern track maintenance relies heavily on mechanized tools and
ultrasonic inspections.

.
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Introduction to Railway Stations |

A railway station is a place on a railway line where traffic is booked and
dealt with, and where trains are permitted to stop. Its primary functions
include the safe exchange of passengers and goods, and controlling the
movement of trains.

o Facilitates passenger boarding and alighting.

@ Handling of goods and parcels.
@ Control of train movements and signaling.

@ Serves as a focal point for transport integration.
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Site Selection for Railway Stations |

Selecting an appropriate site for a railway station is critical for operational
efficiency and public convenience. The site should accommodate current
needs while allowing for future expansion.

@ Proximity to towns and villages for passenger convenience.

@ Availability of flat land with adequate area for tracks, buildings, and
future expansion.

@ Good drainage facilities to prevent waterlogging of tracks.

@ Accessibility by road networks for easy approach and dispersal.
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Classification of Railway Stations |

Railway stations are classified based on their functional characteristics,
traffic volume, and operational importance. They range from simple halts
to complex junctions and terminals.

@ Operational Classification: Block stations, Non-block stations,
Special class stations.

@ Functional Classification: Halt stations, Flag stations, Crossing
stations, Junction stations, Terminal stations.
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Halt and Flag Stations |

Halts and flag stations are the simplest forms of railway stations, typically
located in rural areas with low traffic density.

Key Points

@ Halt Station: No station building or staff; trains stop only on
passenger request.

o Flag Station: Has a small building and limited staff; trains stop if a
flag is shown or by prior arrangement.

@ No interlocking or signals are provided.

@ Used primarily for local passenger traffic without goods handling.
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Schematic of a Junction Station |

Station Building | — Branch Line

Main Line

Island Platform |

Main Line
Trains can transfer between main and bra ines

— Branch Line

@ A junction station is where a branch line meets or intersects the main
line.

@ Requires more complex track layouts and signaling.

o Facilities for reversing engines and repairing rolling stock are often
provided.
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Terminal Stations |

A terminal station, or terminus, is a station at the end of a railway line.
Trains arriving at a terminal station must reverse direction to leave.

Key Points

@ Tracks end at buffer stops.

@ Requires facilities for reversing locomotives (turntables or reversing
triangles), unless using push-pull trains.

o Extensive passenger facilities and circulating areas due to high
footfall.

@ Examples: Chhatrapati Shivaji Maharaj Terminus (CSMT), Howrah
Junction.
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nts of a Passenger Station |

A well-designed passenger station must provide specific amenities scaled to
its category and traffic volume. The table below outlines basic
requirements for different categories.
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Requirements of a Passenger Station |l

@ | Facility | Small Station | Medium Station | Large/Terminal Station |

o |i—[—]—|:—]

@ | **Waiting Rooms** | Basic seating | Separate class waiting rooms |
Executive lounges, retiring rooms |

@ | **Platforms** | Single, low-level | Multiple, high-level with covers |
Numerous, fully covered |

@ | **Ticketing** | Single counter | Multiple counters, automated
machines | Dedicated booking concourse |

@ | **Access** | Level crossing | Foot overbridges (FOBs) | Escalators,
elevators, subways |
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Introduction to Railway Yards |

A railway yard is a complex series of tracks provided for receiving, sorting,
making up trains, and dispatching vehicles. Yards are isolated from the
main line to prevent shunting operations from interfering with regular train
movements.

@ Receiving and dispatching trains.

@ Sorting wagons and making up new trains.
o Stabling empty passenger rakes or goods wagons.

@ Servicing and minor repairs of rolling stock.
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Types of Railway Yards |

Railway yards are categorized based on their primary function. The main
types include passenger yards, goods yards, marshalling yards, and
locomotive yards.

@ Passenger Yards: Used for safely stabling, washing, and cleaning
passenger train rakes.

@ Goods Yards: Designed for receiving, loading, unloading, and
dispatching goods wagons.

@ Locomotive Yards: Facilities for servicing, fueling, and repairing
locomotives.

@ Marshalling Yards: The most complex type, used for sorting goods
wagons and forming new freight trains.
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Layout of a Marshalling Yard |

Hump (if gravity sorted)
1

1
] Shunting ]
Reception Yard Sorting Yard Departure Yard
1
1

@ Wagons are received in the Reception Yard.

@ They are sorted according to destination in the Sorting Yard (often
using a hump).

@ Newly formed trains are moved to the Departure Yard before entering
the main line.
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Summary |

Railway stations and yards form the critical infrastructure required for the
efficient operation of a railway network. Proper site selection and
appropriate design ensure smooth traffic flow, safety, and future scalability.

@ Stations facilitate passenger and goods exchange, classified into halts,
crossing, junction, and terminal stations.

@ Site selection depends on land availability, topography, and
accessibility.

@ Yards handle the complex logistics of train formation, sorting, and
servicing.

@ Marshalling yards are the core of freight operations, requiring
reception, sorting, and departure facilities.
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Introduction to Railway Yards |

A railway yard is a complex series of parallel tracks used for storing,
sorting, or unloading railroad cars and locomotives. They are essential for
the smooth operation and management of railway traffic.

@ Yards provide facilities for making up trains, storing cars, and
maintenance.

@ They are laid out to allow cars to be sorted efficiently according to
their destination.

@ Yards act as a buffer to absorb variations in traffic flow.

@ Proper yard design is critical to minimize delays in goods and
passenger transit.

.
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Classification of Railway Yards |

Railway yards are classified based on the specific functions they perform.
Each type of yard is designed with distinct track layouts and facilities to
serve its primary purpose effectively.

@ Passenger Yards: Dealing with the reception and dispatch of
passenger trains.

@ Goods Yards: Designed for receiving, loading, unloading, and
dispatching freight.

@ Marshalling Yards: Used for sorting goods wagons to form new trains.

@ Locomotive Yards: Providing facilities for servicing, fueling, and
repairing locomotives.

.
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Passenger and Goods Yards |

Passenger and goods yards are the primary interfaces between the railway
system and its customers. They require specific infrastructure to handle
people and freight safely and efficiently.

@ Passenger yards require platforms, concourses, ticketing facilities, and
waiting rooms.

@ They include stabling lines for parking idle passenger rakes and
washing lines for cleaning.

@ Goods yards need loading/unloading platforms, goods sheds, and
approach roads for trucks.

@ Weighbridges and crane facilities are common in heavy goods yards.
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Introduction to Marshalling Yards |

A marshalling yard is a railway yard found at important junctions where
freight trains are received, sorted, and dispatched. It acts as a massive
sorting machine for railway wagons.

@ Wagons from various origins are separated according to their
destinations.

@ Empty wagons are stored and distributed as needed.

@ Marshalling yards are crucial for the economic operation of freight
services.

@ They minimize the need for point-to-point dedicated freight trains.
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Functions of a Marshalling Yard |

The operation of a marshalling yard involves several sequential steps to
process incoming trains and assemble outgoing ones. A typical yard
consists of reception, sorting, and departure yards.

@ Reception: Incoming trains are received, and locomotives are
detached.

@ Sorting: Wagons are uncoupled and directed to specific sorting tracks
based on destination.

@ Marshalling: Sorted wagons are coupled together in a specific order.

@ Departure: Formed trains are moved to departure tracks, attached to
a locomotive, and dispatched.

.
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Comparison of Marshalling Yards |

Marshalling yards are classified mainly by the method used to move
wagons during the sorting process. The choice depends on topography,
traffic volume, and available capital.

e Type | Topography Requirement | Shunting Power | Efficiency
o Flat Yard | Level ground | Shunting engine (Push/Pull) | Low
capacity, slow sorting

o Gravitational Yard | Natural steep slope | Gravity | High capacity,
difficult to control speed

@ Hump Yard | Artificial hump (gradient) | Gravity + Shunting engine |
Highest capacity, most efficient

.
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Flat and Gravitational Yards |

Flat and gravitational yards represent two ends of the spectrum regarding
natural topography. Both have specific applications and limitations in
modern railway engineering.

@ Flat Yards are common where land is perfectly level and traffic
volume is relatively low.

@ They require continuous use of shunting locomotives, making
operations slow and costly.

o Gravitational Yards utilize a continuous falling gradient throughout
the yard.

@ Wagons move purely by gravity; however, finding suitable natural
topography is very rare.
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Hump Marshalling Yard Profile |

igmplféjégﬂyﬁng Point
S [5’%
N
D

Train Movemgnt

Sorting Tracks

Reception Yard

Key Points
@ Hump yards feature an artificial hill (hump) over which wagons are
pushed.
@ Wagons roll down the steep gradient into the sorting tracks by gravity.

o Retarders (track brakes) are used to control the speed of the rolling
wagons.

@ This is the most efficient design for high-volume freight sorting.
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Railway Platforms |

Platforms are raised areas alongside railway tracks providing convenient
and safe access for passengers boarding and alighting trains, or for loading
and unloading goods.

@ Passenger platforms can be High-level, Low-level, or Rail-level
depending on the station category.

@ Island platforms serve tracks on both sides, saving space and
centralizing amenities.

@ Goods platforms are typically raised to the floor level of goods
wagons for easy transfer.

o Platform lengths must accommodate the longest train planned for
that route.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Passenger Platform Clearances |

Center Line of Track
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Passenger Platform Clearances Il

Key Points

@ Strict clearances are maintained between the track center and
platform edge to prevent collisions.

@ For Broad Gauge (BG) in India, the minimum horizontal distance
from track center to platform coping is 1670 mm.

@ The height of a high-level passenger platform above rail level is
typically between 760 mm and 840 mm.

@ These dimensions ensure passenger safety while allowing trains to
pass without restriction.
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Summary |

This lecture covered the critical infrastructure of railway yards and

platforms, essential for the organization and movement of trains and
freight.

@ Yards are classified into Passenger, Goods, Marshalling, and
Locomotive yards.

@ Marshalling yards are vital for freight sorting, with Hump yards being
the most efficient.

o Platform design must adhere to strict clearance dimensions to ensure
passenger safety and operational efficiency.
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Introduction to Points and Crossings |

Points and crossings are specialized arrangements in permanent way layout
that enable trains to be diverted from one track to another. They are
essential components of railway junctions and station yards. The points
(or switches) guide the wheels, while crossings provide gaps for wheel
flanges to cross intersecting rails.

@ Enable track changing

o Essential for junctions and yards
o Consist of points (switches) and crossings
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Necessity of Points and Crossings |

Trains have flanged wheels, meaning they cannot change directions freely
like road vehicles. A physical track manipulation is strictly necessary to
guide the flanged wheels to an alternate route. Points and crossings fulfill
this necessity by providing a continuous, guided path for trains diverging
or converging on different tracks, avoiding derailment.

Rigid steering due to flanged wheels

Divergence and convergence of traffic

Allows overtaking and crossing of trains

Essential for marshalling yards
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Basic Components of a Turnout |

A complete set of points and crossings is known as a turnout. It primarily
comprises three parts: a set of switches (points), a crossing assembly, and
the lead rails which connect the switches to the crossing. Other
components include switch ties, stretcher bars, gauge tie plates, and
crossing check rails.

Switches (Points)

Crossing assembly
Lead rails connecting points to crossing

Ancillary components: tie plates, check rails
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Diagram of a Right-hand Turnout |

Branch Track

Branch Track

Switch / Point

- Main Track
/ Crossing
I

- = Main Track
Switch /! Point
Toe of Switch

Main Track

°
@ Branch Track
°
°

Switch /Points at the diverging point

Crossing where rails intersect
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Functions of Switches (Points) |

The switch, consisting of a pair of tongue rails and stock rails, is the
movable part of the turnout. lts primary function is to laterally deflect the
wheel flanges, guiding them from the main track onto the diverging track
or vice versa. The tongue rails are machined to a fine edge at the toe and
are moved simultaneously using a stretcher bar.

Deflect wheel flanges laterally

Consists of stock rails and tongue rails
Moved by mechanical or electrical means

Determines the route of the train
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Types of Switches |

| Feature | Stub Switch | Split Switch | | :— | :— | :— | | Operation |
Moves entire main line rails to align with branch | Uses tapered tongue
rails against fixed stock rails | | Safety | Unsafe at high speeds, requires
square joints | Highly safe, standard for modern railways | | Application |
Obsolete, historically used | Universally used in modern track layouts | |
Rigidity | Lacks rigidity | Very rigid and stable |

@ Comparison of Stub and Split Switches

@ Split switches are the modern standard

@ Stub switches are obsolete due to safety concerns
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Functions of Crossings |

A crossing or frog is an assembly situated at the intersection of two rails.
Its function is to permit the wheel flange of a railway vehicle to cross the
intersecting rail safely. Without a crossing, the flange would collide with

the rail, causing derailment. It incorporates a gap and a nose to ensure a
smooth transition.

Allows wheel flanges to cross intersecting rails

Prevents derailment at intersections

Consists of point rail, splice rail, and wing rails

Check rails are used to guide the opposite wheel
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Diagram of a Crossing |

Main line rail

al Nose of Crossing (ANC
oretical Nose of Crossing (TNC)

ing rail SpleTarnout rail

@ Nose of Crossing (Actual and Theoretical)

@ Wing rails guide the wheels through the gap
@ Point and splice rails form the nose

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Types of Crossings |

Crossings are classified based on the angle of intersection and their
structural arrangement. Based on the angle, there are Acute Angle
Crossings (V-crossings), Obtuse Angle Crossings (Diamond crossings), and
Square Crossings. Based on structure, they can be Built-up crossings, Cast
steel crossings, or CMS (Cast Manganese Steel) crossings, which are
highly durable.

Acute Angle (V-crossing) - standard turnout

Obtuse Angle - used in diamond crossings

Square Crossing - tracks crossing at 90 degrees

CMS Crossings offer superior wear resistance
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Safety Measures and Maintenance |

Points and crossings are the weakest links in track structure and
experience severe impact loads. Proper maintenance is critical for safety.
This includes regular inspection of wear on switches and crossings,
checking track gauge, lubricating sliding surfaces, and ensuring the
integrity of stretcher bars and locking mechanisms to prevent accidental
switching under a moving train.

@ Regular inspection for wear and tear

@ Lubrication of slide chairs
@ Maintenance of exact gauge and cross-level
o Verification of locking mechanisms (facing point locks)
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In summary, points and crossings are indispensable components that
overcome the rigid steering of trains by allowing route changes. Switches
guide the direction, while crossings safely negotiate intersecting rails.
Their proper design, installation, and meticulous maintenance are
paramount for the safe and efficient operation of railway networks.

Points enable directional change

Crossings allow intersecting routes

Essential for network flexibility

Require high maintenance for safety
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Introduction to Points and Switches |

Points (or switches) are critical components of a turnout assembly that
allow trains to be diverted from one track to another. They consist of
movable rails known as tongue rails that guide the wheels toward the
diverging or straight route.

@ A switch assembly primarily includes stock rails and tongue rails.

@ Tongue rails are machined to a fine point at the toe to fit snugly
against the stock rail.

@ The operation of switches determines the route of the train safely.
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Types of Switches: Based on Shape |

Switches are broadly classified into two categories based on the geometric
shape of the tongue rails: straight switches and curved switches. The
choice depends on speed requirements and space constraints.

@ Straight Switches: The tongue rail is straight from toe to heel.
Typically used for low-speed turnouts due to an abrupt change in
alignment.

@ Curved Switches: The tongue rail is curved to match the radius of
the diverging track, providing a smoother transition for higher speeds.

@ Curved switches reduce the entry angle and subsequent lateral forces
on the wheels.
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Geometric Layout: Straight vs. Curved Switches |

Toe of Switch
1 Straight Switch Geometry

Stock Rail

\ Straight Tongue Rail

Curved Switch Geometry

Stock Rail

\ Curved Tongue Rail
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Types of Switches: Based on Heel Connection |

The heel is the fixed end of the tongue rail. Switches are classified by how
the tongue rail is attached at the heel to the lead rail.

@ Loose Heel Switch: The tongue rail is attached via a fishplate joint
that acts as a hinge. It allows easy movement but causes
maintenance issues and track weakness.

o Fixed Heel Switch: The tongue rail is rigidly connected at the heel.
The movement at the toe is accommodated by the inherent flexibility
of the rail steel.

o Fixed heel switches are preferred for modern, heavier, and faster
traffic due to better alignment stability.
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Heel Configurations Diagram |

Loose Heel Configuration

Tongue Ral.lf)ose Hinge/Pivot

T =~ Lead Rail

Fixed (FIexibl?gigli-ldegl&g?_ﬁi&mation
Flexible Tongue Rail

7=~ Lead Rail
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Introduction to High-Speed S&C |

As train speeds increase, standard switches and crossings pose significant
risks due to dynamic impact loads, gaps in the track, and abrupt
geometric variations. High-speed S&C (Switches and Crossings) are
engineered to mitigate these issues.

@ Requires flatter turnout angles (e.g., 1 in 20, 1 in 40) for larger radii.

@ Must provide continuous rail support to prevent wheel drop.

@ Demands high precision in locking and detection to prevent
derailment.

@ Uses specialized components like Thick Web Switches and Moveable
Nose Crossings.
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Standard vs. High-Speed Switches |

A comparison showing the shift in design parameters necessary to
accommodate high-speed rail operations.

o | Feature | Standard Switch | High-Speed Switch |

° | I I |

@ | Tongue Rail Section | Standard rail, machined | Thick Web Switch
(TWS) |

@ | Heel Joint | Loose or Fixed | Always Fixed (Flexible) |

@ | Crossing Type | Fixed V-crossing with gap | Moveable/Swing Nose
Crossing |

@ | Locking Mechanism | Single point lock | Multiple clamp point locks |

@ | Permissible Diverging Speed | Usually < 50 km/h | Can exceed
100-200 km/h |
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Thick Web Switches

Thick Web Switches are specially rolled steel sections used for high-speed
turnouts. Unlike standard machined rails, TWS provide higher structural
integrity at the switch toe.

@ The web of the tongue rail is exceptionally thick, resisting lateral
bending forces.

@ Accommodates shallow entry angles for high speeds.

o Eliminates the structural weakness found in heavily machined
standard tongue rails.

@ Requires powerful switch machines due to the stiffness of the rail
section.
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Moveable Nose Crossings (Swing Nose) |

In a standard crossing, there is an inherent gap where the wheel flange
passes, causing an impact load. A Moveable Nose Crossing (MNC)
physically closes this gap.

@ The V-shaped nose is flexible and moves to physically abut the wing
rail.

@ Provides a continuous running surface for the wheel tread.

o Eliminates impact loads, extending the lifespan of the crossing and
improving passenger comfort.

@ Requires its own point machine synchronized with the main switch.
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Actuation and Safety Locking |

Due to the extreme lengths and stiffness of high-speed switches (such as
TWS), standard single-point actuation is insufficient. Advanced actuation
is required.

@ Multiple Point Machines: Placed along the length of the switch to
ensure it closes completely.

@ Clamp Point Locks: Directly lock the tongue rail to the stock rail,
independently verifying closure.

@ Micro-processor based condition monitoring continuously checks for
proper alignment and lock before clearing signals.
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Summary |

Switches and crossings form the fundamental routing mechanism in railway
engineering. The progression from standard to high-speed S&C represents
a significant technological leap focused on safety and ride quality.

@ Switches can be straight or curved; fixed or loose heel, depending on
the speed criteria.

@ High-speed rail requires Thick Web Switches (TWS) for lateral
rigidity.

@ Moveable Nose Crossings are essential for continuous wheel support
at high speeds.

@ Robust, multi-point locking systems guarantee safety in high-speed
turnout operations.
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Introduction to Railway Crossings |

A crossing or frog is a device introduced at the point where two gauge
faces cross each other to permit the flanges of a railway vehicle to pass
from one track to another. It ensures a continuous path for the wheels
when tracks intersect.

@ Allows smooth passage of wheel flanges across intersecting rails.

o Consists of a V-piece (point and splice rails), wing rails, and check
rails.

@ Manufactured to withstand severe impact and wear from moving train
loads.

@ Integral component of point and crossing assemblies (turnouts).
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Types of Crossings Based on Shape |

Crossings are classified based on the angle at which the tracks intersect.
The geometry of the crossing dictates the speed restrictions and the type
of vehicle operations permitted.

@ Acute Angle Crossing (V-Crossing): Intersection angle is acute. Most
common in standard turnouts.

@ Obtuse Angle Crossing (Diamond Crossing): Intersection angle is
obtuse. Allows tracks to cross but not merge.

@ Square Crossing: Tracks intersect at a right angle (90 degrees). Very
rare and avoided due to severe jolts.

.
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Geometry of an A (V) Crossing |

ee (Point & Splice Rail)

@ The 'Vee' consists of a Point Rail and a Splice Rail.

@ Wing rails guide the wheels through the throat.
@ Throat is the narrowest point where the wheel transitions.
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Types of Crossings Based on Assembly |

Depending on the manufacturing process and material used, crossings are
built differently to accommodate various axle loads, traffic density, and
maintenance requirements.

@ Built-up Crossing: Assembled from ordinary track rails machined to
shape and bolted together.

e Cast Manganese Steel (CMS) Crossing: One-piece casting of
manganese steel. Hardens under traffic (work-hardening).

@ Spring or Movable Wing Crossing: One wing rail is movable and held
against the V by springs, eliminating the gap.

o Weldable CMS Crossing: CMS crossings with flash-butt welded short
transition rails for seamless track integration.
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Merits & Demerits of Crossing Types |

Comparison of Built-up and CMS Crossings based on operational and
maintenance characteristics.

o | Feature | Built-up Crossing | Cast Manganese Steel (CMS) Crossing

| ¥*Merits** | Easy to manufacture and repair locally. Low initial
cost. | High durability, no bolts to maintain, longer lifespan. |

| **Demerits** | Rapid wear, requires frequent tightening of bolts,
noisy. | High initial cost, heavy, difficult to repair if cracked. |

| ¥*Suitability**| Low-speed, low-density lines, sidings. | High-speed,
heavy-haul main lines. |
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Crossing Clearance (Flangeway) |

Clearances are critical gaps maintained between rails to allow the wheel
flange to pass without striking the rail components. They prevent
derailments and reduce impact forces.

o Flangeway Clearance: The gap provided between the running face of
the V-rail and the wing rail (or check rail).

o Standard broad gauge clearance is typically 41 mm to 45 mm.

o Insufficient clearance causes the wheel flange to hit the nose of the
crossing.

@ Excessive clearance leads to a lack of lateral guidance, increasing the
risk of derailment and uneven wear.
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Cross-Section: Check Rail and Flangeway Clearance |

1 1
ance (41-45

Running Rail Check Rail

@ Check rails are installed opposite the crossing to guide the opposite
wheel.

@ They pull the axle laterally, ensuring the wheel on the crossing side
does not strike the crossing nose.

o Clearance is strictly measured and maintained during routine
inspections.
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Special Fittings with Turnouts: Introduction |

Turnouts contain movable parts and intersecting rails that require
specialized fittings. These components maintain gauge, secure rails, and
ensure safe switching operations.

Key Points

o Special fittings differ from standard track fittings due to the complex
geometry of points and crossings.

@ They ensure structural integrity under the high lateral forces exerted
by diverging trains.

@ Include slide chairs, stretcher bars, gauge tie plates, and special
blocks.
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Key Special Fittings - Switches |

The switch portion of a turnout involves the movement of tongue rails
against stock rails, requiring specialized fastening.

o Slide Chairs: Flat plates provided under the tongue rails, allowing
them to slide smoothly laterally.

o Stretcher Bars: Steel bars connecting the toes of the two tongue rails
to ensure they move together and maintain constant gauge.

@ Gauge Tie Plates: Steel plates fixed under the toe of the switch to
hold the stock rails rigidly to the exact gauge.

@ Spherical Washers: Used with bolts at the heel of the switch to allow
flexible pivoting of the tongue rail.

.
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Key Special Fittings - Crossing and Blocks |

The crossing portion and the intermediate sections of a turnout require
specific blocks to maintain exact spacing between converging and
diverging rails.

@ Distance Blocks: Cast iron or steel blocks inserted between the main
rail and check rail (or wing rail) to maintain the exact flangeway
clearance.

@ Heel Blocks: Inserted at the heel of the switch to maintain the
clearance between the stock rail and tongue rail.

@ Crossing Chairs: Special flat base plates under the crossing assembly
to support the heavy impact loads of the V-piece and wing rails.

@ Spherical/Tapered Washers: Used for bolting parts resting on inclined
surfaces (like the web of the rail).

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Summary |

Railway crossings and turnouts are critical, precision-engineered track
components that ensure safe train navigation and switching.

o Crossings (acute, obtuse) allow wheel flanges to pass intersecting
rails.

@ CMS crossings are superior to built-up crossings for heavy and fast
traffic due to their wear resistance.

@ Strict crossing clearances (flangeway and check rail gaps) are
paramount to prevent derailments.

@ Special fittings like slide chairs, distance blocks, and stretcher bars
maintain geometry, gauge, and structural integrity.
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Introduction to Railway Signaling |

Signaling plays a pivotal role in railway engineering by ensuring the safe
and efficient movement of trains. The primary objectives are to prevent
accidents, such as collisions and derailments, and to maximize track
utilization.

o Primary objective: Safety of train movements.

@ Secondary objective: Efficient use of railway infrastructure.

@ Guides engine drivers regarding line clearance and speed restrictions.
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Classification of Signals |

Railway signals are broadly classified based on their operating
characteristics, functional requirements, and location. Understanding this
classification is essential for designing effective interlocking and train
control systems.

o Classification based on operating characteristics.

o Classification based on functional requirements.
@ Classification based on location.
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Functional Classification of Signals |

Signals can be functionally divided into Stop signals, Warner or Distant
signals, Shunting signals, and subsidiary signals. Each serves a specific
purpose in regulating train operations.
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Functional Classification of Signals Il

@ | Signal Type | Function / Purpose | Location / Positioning |

o |——I—l

@ | Stop Signals | Indicates whether to stop or proceed | Approach to
stations or block sections |

@ | Warner/Distant | Provides advance warning of the Stop signal
ahead | Adequately ahead of Stop signal |

@ | Shunting Signals | Controls low-speed shunting movements | Station
yards and sidings |

@ | Routing Signals | Indicates the route to be taken | Facing points at
junctions |
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Semaphore Signal Aspects |

ON Position (Stop) OFF Position (Proceed)

@ Semaphore signals use arm positions to convey information.

@ ON position (horizontal) indicates 'Stop’ or caution.
e OFF position (inclined downward or upward) indicates 'Proceed’.
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Layout of Signals at Stations |

The layout and positioning of signals at a station depend on the type of
station, the speed of trains, and the required level of interlocking. Key
signals include Outer, Home, Starter, and Advanced Starter.

Outer Signal: First stop signal approaching a station.

Home Signal: Protects the facing points and station limits.

Starter Signal: Permits a train to leave the station line.

Advanced Starter: Controls entry into the next block section.
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Typical Layout of Station Signals |

R R
[ [

Outer Home Starter Advanced Starter

@ Outer signal warns the driver of the station approach.

@ Home signal controls entry to the platform.
@ Starter and Advanced Starter manage departure into the next block.
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Control of Train Movements: Interlocking |

Interlocking is an arrangement of signal apparatus that prevents
conflicting movements by establishing logical relationships between points
(switches), signals, and track circuits. It is fundamental to railway safety.

@ Ensures a signal cannot be lowered unless the route is properly set.

@ Prevents points from being altered while a train is moving over them.

@ Types: Mechanical interlocking, Electrical relay interlocking, Solid
State Interlocking (SSI).
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Block Working System |

The Block Working System divides the railway line into distinct sections
called 'block sections’. Only one train is permitted in a block section at a
time, ensuring a safe spatial separation between trains.

@ Absolute Block System: Strictly one train per section.

@ Automatic Block System: Signals are controlled automatically by
train presence (track circuits).

@ Maintains safe headway between consecutive trains.
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Track Circuiting |

Track circuits are electrical circuits using the rails as conductors to detect
the presence or absence of a train in a specific section. They form the
basis of modern automatic signaling and interlocking.

@ Closed track circuit: Relay is energized when section is empty.
@ Train axles short-circuit the track, de-energizing the relay.

o Failsafe principle: Any fault (broken rail, power failure) indicates
'occupied’.
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Centralized Traffic Control ( ) |

Centralized Traffic Control is an advanced signaling system where train
movements across a large section of the railway network are controlled
from a single central location. It significantly improves operational
efficiency and capacity.

@ Consolidates interlocking and block operation into a single control
center.

@ Provides real-time visualization of train positions.

@ Allows dynamic route setting and reduces delays.
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This lecture covered the foundational aspects of railway signaling,
including the diverse classifications of signals, their strategic layout at
stations, and the sophisticated systems used to control train movements
and ensure safety.

Signals are essential for safety and efficient track utilization.

Functional classification dictates signal placement and design.

Interlocking and Block systems are core to preventing collisions.

Modern systems rely on track circuiting and centralized control.
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Train Control Systems |

Train control systems are vital for ensuring the safe and efficient operation
of rail networks. They manage train separation, speed enforcement, and
route setting to prevent accidents.

Primary goal: Collision prevention and derailment mitigation

Regulates train speeds according to track conditions

Increases track capacity by optimizing headway distances

Reduces human error in railway operations
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Evolution of Railway Signalling |

Historically, train dispatching relied on timetables and physical tokens. As
rail traffic density increased, manual systems were replaced by track
circuits, mechanical signals, and eventually computerized control.

@ Dark Territory: Unsignaled lines relying solely on verbal or written
orders

o Fixed Block Signalling: Track divided into physical sections with
wayside signals

@ Moving Block Signalling: Dynamic block sizes based on train speed
and braking curves

@ Modern Era: Digital communication-based train control (CBTC)
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Fixed Block Signalling Concept |

Block Boundary

|

l

'®
| Train A | ‘ ‘ Train B ‘
T
|

1 1
Signal Signal Signal
Occupied Block ' Occupied Block
(Red Signal Behind)(Yellow/Red Ahead)

Track is divided into fixed segments (blocks)

o

@ Only one train is permitted in a block at any given time
@ Signals instruct drivers on permissible entry speeds

@ Limits track capacity compared to moving block systems
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Automatic Train Control (ATC) Overview |

Automatic Train Control (ATC) is a class of train protection systems that
involves a speed control mechanism in response to external inputs. It
integrates trackside signalling with onboard braking systems.

@ Enforces speed limits based on track geometry and civil restrictions

@ Automatically applies brakes if the driver fails to respond to a
restrictive signal

@ Utilizes continuous or intermittent transmission of data via track
circuits or transponders

@ Commonly deployed in high-capacity urban transit and high-speed raiI}
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Subsystems of ATC |

Modern ATC systems are generally composed of three distinct functional
subsystems that manage protection, operation, and overall supervision of
the rail network.

@ Automatic Train Protection (ATP): Fail-safe enforcement of speed
limits and movement authorities

@ Automatic Train Operation (ATO): Automates acceleration, braking,
and door operations

@ Automatic Train Supervision (ATS): Centralized monitoring, routing,
and timetable regulation

@ These subsystems work in tandem to optimize train headway and
network safety

.
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Comparison of ATC Subsystems |

The following table outlines the roles and primary functions of the three
ATC subsystems:
| Subsystem | Full Name | Primary Function |
| | | | | **ATP** | Automatic Train
Protection | Enforces speed limits and prevents collisions (Fail-Safe) | |
*¥*ATO** | Automatic Train Operation | Automates driving, acceleration,
and braking | | ¥**ATS** | Automatic Train Supervision | Monitors
schedule, routes trains, sets timetables |

o ATP is strictly for safety (fail-safe)
@ ATO focuses on driving efficiency and passenger comfort

@ ATS handles system-wide logistics and daily scheduling
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Positive Train Control (PTC) Architecture |

GPS Satellites
(Location)

Position

Back Office Servelovement AufOn-Board ComputerSjignal Statuswayside Interface Unit
(Dispatch/Rules) (Locomotive) (Signals/Switches)

Network Comms
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Positive Train Control (PTC) Architecture Il

@ Relies heavily on GPS and wireless data radios

@ Back Office Server maintains track databases and movement
authorities

@ On-Board computer calculates braking curves continuously

@ Wayside units broadcast switch positions and signal indications
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PTC Core Functions & Objectives |

Positive Train Control (PTC) is a predictive and proactive technology
designed specifically to prevent train-to-train collisions, over-speed
derailments, and incursions into work zones.

Prevents train-to-train collisions (both rear-end and head-on)

Enforces temporary and permanent civil speed restrictions
Protects track workers operating in established work zone limits

Prevents train movement through improperly aligned switches
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PTC Communication Networks |

A robust communication network is the backbone of PTC. The system
requires continuous, low-latency data exchange between locomotives,
wayside equipment, and centralized dispatch centers.

Key Points
@ Utilizes specialized radio spectrum for reliable transmission
@ GPS receivers on locomotives track precise location and speed

@ Wayside Interface Units (WIUs) encode and transmit local track
status

@ Interoperability ensures seamless transitions across different railroads’
territories
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Implementation Challenges |

Deploying complex technologies like PTC and modern ATC involves
significant logistical, technical, and financial hurdles for railway operators.

Key Points

@ High capital costs for equipment installation and software
development

@ Interoperability issues between freight, passenger, and commuter rail
systems

@ Extensive testing and regulatory certification processes

@ Managing radio spectrum interference and maintaining cybersecurity
o
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Summary |

ATC and PTC represent significant advancements in railway safety and
operational efficiency, shifting the paradigm from reactive manual
operations to proactive, automated control.

@ ATC subsystems (ATP, ATO, ATS) integrate to automate and
protect train movements

@ PTC leverages GPS and wireless data to prevent specific
human-factor accidents

@ Both systems calculate dynamic braking curves to ensure fail-safe
stopping

@ Future trends point toward fully autonomous trains and unified
signalling standards
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Interlocking |

Interlocking is an arrangement of signal apparatus that prevents conflicting
movements through an arrangement of tracks such as junctions or
crossings. The signaling appliances and tracks are sometimes collectively
referred to as an interlocking plant. Its primary purpose is to ensure that a
train cannot be signaled to proceed unless the route is proven safe.

@ Ensures safety by preventing conflicting routes.
@ Synchronizes signals, points, and level crossing gates.
@ Fundamental to modern railway engineering and operations.
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Basic Principles of Interlocking |

The fundamental principle of interlocking dictates that signals can only
show a 'proceed’ aspect when the route is fully set, points are locked in
the correct position, and no conflicting routes are established. If any
component of the route is disturbed, the signal must automatically revert
to a 'danger’ aspect.

@ Points must be correctly set and locked before signal clearance.

o Conflicting signals must be locked at 'danger’.

@ Any failure in the system should result in a safe state (fail-safe).
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Essential Interlocking Logic Flow |

Route Request

Check Points Position

Verify No Conflicting Routes

Lock Route & Points

Clear Signal
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Essential Interlocking Logic Flow Il

@ Sequential verification of route safety.

@ Mechanical or electrical locking mechanism engagement.

@ Signal clearance as the final authorization step.
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Methods of Interlocking: Mechanical |

Mechanical interlocking relies on a system of levers, tappets, and locking
bars to prevent conflicting movements. When a lever is moved to set a
route, it mechanically blocks other levers that would set a conflicting
route. This was the earliest form of interlocking and is highly robust but
requires significant physical effort and space.

@ Utilizes physical locking mechanisms like catch handles and tappets.

o Key locking boxes and lever frames are central components.

@ Limited by physical distance and requires extensive maintenance.
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Methods of Interlocking: Relay Based |

Electrical interlocking uses relays and electrical circuits to achieve the
interlocking logic. Electro-mechanical systems combine mechanical lever
frames with electrical locks and circuit breakers. These systems allowed for
operation over greater distances and reduced the physical labor required
by signalmen.

@ Relay Interlocking (Pl - Panel Interlocking and RRI - Route Relay
Interlocking).

o Uses electromagnetic relays for safety logic.

o Faster route setting and operation compared to purely mechanical
systems.
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Component Relationship in Relay Interlocking |

Control Commands

Panel Relay Logic

/D,
Indications

Signals

@ Separation of control (panel) and execution (field gear) via logic
(relays).
@ Continuous feedback loop for point detection and signal status.

o Fail-safe design ensures relays drop out (safe state) on power loss.
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Methods of Interlocking: Solid State (Electronic) |

Solid State Interlocking (SSI) or Electronic Interlocking (EI) replaces
physical relays with microprocessors and software to perform the
interlocking logic. This modern approach offers high reliability, smaller
footprint, and easier modifications. It uses redundancy (like 2-out-of-3
voting architecture) to ensure safety.

@ Microprocessor-based software logic.

@ High availability through redundant hardware architectures.

o Easier to modify logic via software updates rather than rewiring.
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Devices Used: Lever Frames and Tappets |

In mechanical systems, lever frames are the primary interface. Each lever
operates a specific signal or point. Tappet locking is a common
mechanical logic mechanism where movement of a lever slides a tappet (a
steel bar) with notches. Dogs or wedges fall into these notches to lock
conflicting levers mechanically.

@ Catch handle locking provides initial safety check.

o Tappets and locking dogs physically prevent dangerous combinations.
o Often housed in elevated signal cabins for visibility.
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Comparison of Interlocking Methods |

| Feature | Mechanical | Relay (PI/RRI) | Electronic (SSI/El) | | :— | :— |
— | :— | | **Logic Medium** | Tappets & Bars | Electromagnetic Relays
| Microprocessors & Software | | **Space Required** | Very Large |
Moderate | Very Small | | **Maintenance** | High (Wear) | Medium
(Calibration) | Low (Self-diagnostic) | | **Route Setting** | Slow
(Manual) | Fast | Very Fast | | **Flexibility** | Rigid | Requires rewiring |
High, software update |

@ Progression from physical to software logic.

o Trade-offs between simplicity and scalability.

@ Cost implications over the system lifecycle.
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Devices Used: Point Machines and Track Circuits |

Point machines are electrically or electro-pneumatically operated devices
that move railway points and lock them in position. Track circuits are
electrical circuits utilizing the rails to detect the presence of a train in a
specific block. Both are critical inputs to the interlocking system to verify
route availability.

@ Point machines provide vital detection feedback to the interlocking.

@ Track circuits ensure routes are not altered while occupied.
o Fail-safe operation: track circuit failure indicates block occupied.
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Summary |

Interlocking is the cornerstone of railway safety, evolving from
cumbersome mechanical lever frames to sophisticated, redundant
electronic microprocessor systems. Regardless of the technology, the
fundamental principle remains ensuring routes are set, locked, and clear of
conflicts before a train is signaled to proceed.

@ Fundamental goal: Prevent conflicting train movements.

o Evolution: Mechanical $\{}rightarrow$ Relay $\{}rightarrow$
Electronic Interlocking.

o Key devices include lever frames, relays, point machines, and track
circuits.
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Introduction to Advanced Interlocking

Interlocking is the cornerstone of railway signaling, ensuring that
conflicting movements are never permitted. Advanced methods have
evolved from rigid mechanical links to sophisticated microprocessor-based
systems, increasing traffic density and safety.

@ Need for faster and safer route setting

@ Transition from mechanical to electronic systems

@ Reduction of human error through automated logic
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Key Principles of Interlocking |

The fundamental principle requires that it shall not be possible to clear a
signal for a route unless the entire route is properly set, locked, and clear
of vehicles. Furthermore, any conflicting routes must be locked against
opposing movements before a signal can be cleared.

@ Route locking and holding logic

@ Approach locking prevents premature release
@ Sectional route release to optimize traffic flow
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Classification of Interlocking Systems |

Interlocking systems are broadly classified based on the technology used
for logic execution and physical control of field gears.
| System Type | Core Components | Speed | Maintenance | |—|—|—|—] |
Mechanical | Tappets, locking bars, levers | Slow | High physical wear | |
Electro-mechanical| Electric levers, locks| Medium| Moderate | | Relay |
Electromagnetic relays | Fast | Low wear, high space | | Solid State |
Microprocessors, software | Very Fast | Minimal physical wear |

@ Mechanical systems are obsolete in modern dense networks

@ Relay interlocking remains widely used and robust
@ Solid State Interlocking (SSI) is the current industry standard
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Mechanical Interlocking: Tappet and Locking

Troughs |

In mechanical interlocking, the physical movement of levers on a lever
frame translates to the movement of locking bars and tappets. The
locking mechanism is housed in a locking bed, where dogs and wedges
physically prevent conflicting levers from being moved.

@ Tappets are connected directly to the control levers

@ Locking bars run perpendicular to the tappets

@ Dogs attached to locking bars engage notches in tappets
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Tappet and Wedge Locking Mechanism |

Tappet 1 wedge locks Bar B

Tappe't 2 (Norm_al)

l ing Bar H

Tappet 2 notch allows Bar B

@ Physical obstruction by wedges prevents unsafe operations
@ Visual inspection of locking bed confirms safety logic

@ Subject to mechanical wear and requires regular lubrication
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Electrical (Relay) Interlocking |

Relay Interlocking replaces physical lever locks with complex electrical
circuits. Route logic is achieved by interconnecting the contacts of
numerous safety relays. If any conflicting route is active, the electrical
circuit required to clear the signal remains incomplete.

o Failsafe design utilizing gravity-drop relays

@ Panel interlocking allows centralized station control

@ Miniature levers or push buttons replace heavy mechanical levers
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Basic Relay Interlocking Circuit Logic |

Track Relay Point Relay

DC + (B) Lever (TR) (WKR) — DC - (N)

Signal Relay (HR) energizes ONLY if Track is clear AND Points are locked

@ Relay contacts must be closed to complete the control circuit

@ TR (Track Relay) ensures the section is free of trains

@ WKR (Point Relay) ensures switches are correctly set and locked
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Devices in Interlocking: Point Machines & Track

Circuits |

Essential devices interface with the interlocking logic to execute commands
and verify field status. Electric point machines operate and physically lock
the switch rails. Track circuits detect the presence of trains, providing
crucial input to the interlocking logic regarding track occupancy.

@ Point machines feature internal detection contacts

@ Track circuits short-circuit when wheels bridge the rails
@ Axle counters serve as an alternative detection device
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Solid State Interlocking (SSI) |

Solid State Interlocking (SSI) or Electronic Interlocking (EI) uses dual or
triple modular redundant microprocessors to evaluate signaling logic.
Logic is programmed via boolean equations or geographic data, making
route modifications easier compared to rewiring hardware relays.

@ Software-based interlocking logic replaces hardwiring

@ 2-out-of-3 or 2-out-of-2 architecture for failsafe operation

o Data loggers continuously record all events, operations, and faults
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Fail-Safe Mechanisms in Interlocking |

A core philosophy of railway signaling is the 'fail-safe’ principle. Any
failure of a component, power supply, wire breakage, or logic evaluation
must result in the system reverting to its most restrictive and safe
state—typically putting all signals to danger (red).

@ Closed-circuit principle: continuous power is needed to show clear

@ Gravity drops mechanical signals and relay armatures

@ Redundancy in electronic systems ensures continuous cross-checking
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This lecture covered the advanced principles and methods of railway
interlocking. We examined mechanical interlocking via tappets, electrical
relay circuits, and modern solid-state systems. Understanding these
mechanisms highlights how civil and systems engineering combine to
ensure absolute train safety.

@ Mechanical interlocking relies on physical locking beds

@ Relay interlocking uses electrical logic and fail-safe relays
o SSI offers software flexibility and high reliability

o Fail-safe principles govern all interlocking device designs
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Introduction to Modern Interlocking |

As train speeds and traffic density increased, mechanical interlocking
became inadequate due to physical limitations and slower operation.
Modern interlocking systems, specifically Route Relay Interlocking (RRI)
and Solid State/Electronic Interlocking (El), utilize electrical circuits and
microprocessors to ensure safety, reduce human effort, and increase the
efficiency of train operations.

Elimination of heavy mechanical lever frames.

Centralized control of larger station yards.

Faster route setting and signal clearance.

Integration with automated train control systems.
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Route Relay Interlocking (RRI) |

Route Relay Interlocking (RRI) uses electromechanical relays to perform
the interlocking logic. In RRI, the station master can set an entire route
(points and signals) simply by pressing two buttons on a control panel: an
entrance button and an exit button. The relay circuitry automatically
verifies safety conditions, throws the necessary points, locks the route, and
clears the signal.

Key Points
@ Entrance-Exit (NX) principle of route setting.
@ Uses fail-safe Q-series or plug-in type relays.

@ Significant reduction in operation time compared to individual point
operation.

@ Route locking and sectional route release features.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Block Diagram of Relay Interlocking System |

Drereeeeeeeees X Control Panel

Status Indication |

--—-—-=3 Relay Logic (RRI) K- - -

AR

Signals Point Machines

Track Circuits

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Block Diagram of Relay Interlocking System I

Control panel sends commands to relay logic.

Logic checks track circuits for occupancy.
Outputs drive point machines and clear signals.

Field devices provide continuous status feedback.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 294 /606



Electronic Interlocking (EI) / Solid State Interlocking

(SSI) |

Electronic Interlocking (El) replaces the bulky relays of RRI with
microprocessor-based software logic. The interlocking rules are
programmed into a central computer, which communicates with field
modules that control the actual points and signals. El provides
self-diagnostics, data logging, and requires significantly less physical space
while offering high reliability through redundant architectures (e.g.,
2-out-of-2 or 2-out-of-3 configurations).

@ Software-based interlocking logic.

@ Hardware redundancy ensures high availability and safety.

o Easier yard alterations by modifying software instead of rewiring
relays.

@ Comprehensive event logging for fault analysis.
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Comparison of Int

rlocking System

Feature Mechanical Relay (RRI) Electronic (EI)
Logic Element Mechanical locking | Electro-mechanical Microprocessor soft-
bed Relays ware
Space Required | Very large (cabin) Moderate (relay | Minimal (server
room) racks)
Route Alteration | Difficult  (physical | Complex (rewiring) Easy (software up-
cutting) date)

Fault Finding

Visual inspection

Tracing circuits

Automated diagnos-
tics

Maintenance

High
wear)

(lubrication,

Medium (relay over-
hauling)

Low (module re-
placement)

o El offers the highest flexibility and lowest space requirements.

@ RRI is highly reliable but requires substantial wiring.

@ Mechanical interlocking is obsolete for new high-density yards.
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Electrical Point Machines |

An electrical point machine is a critical device in modern interlocking that
physically moves the railway switch (points) from normal to reverse
position, or vice-versa. It integrates an electric motor for operation, a
locking mechanism to secure the point tongue rails against the stock rails,
and internal detection contacts to continuously prove the position and
locked state of the points to the interlocking system.

@ Combines throwing, locking, and detection in one housing.
@ Operated typically by 110V DC or 3-phase AC motors.

@ Equipped with crank handles for manual operation during power
failure.

@ Friction clutch protects motor from stalling if an obstruction exists.
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Working Principle of Axle Counters |

@ Section Clear if In-count = Out-count @
(Detection Section)

| Railway Track |

I 7 ML

‘/’W Evaluator Out-count @
Status: d

Clear/Occupie:

Interlocking System

@ Magnetic sensors mounted on track detect passing wheel flanges.

o Evaluator compares axles entering and leaving the block section.

@ Immune to poor ballast resistance unlike track circuits.
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Track Circuits and Block Instruments |

Track circuits are fundamental devices that detect the presence of a train
on a specific section of track. In interlocking, a route cannot be set, and a
signal cannot be cleared if the corresponding track circuit indicates
occupancy. For station-to-station interlocking, block instruments are used.
These devices electrically interlock the departure signal of one station with
the block acceptance from the adjacent station.

@ Track circuits provide continuous, fail-safe train detection.
e DC and Audio Frequency (AFTC) track circuits are commonly used.

@ Block instruments prevent two trains from entering the same block
section.

@ Both systems feed vital data directly into the RRI or El logic.
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Data Loggers and Fault Diagnostics |

Modern interlocking systems are equipped with Data Loggers (the 'black
box' of railways). Data loggers continuously monitor the status of every
relay, track circuit, point machine, and signal. They record the sequence
of events with timestamping, which is crucial for incident analysis,
preventive maintenance, and monitoring the reaction times of various
interlocking devices.

Key Points

@ Records all changes in digital inputs and outputs.

@ Helps in post-incident investigation (e.g., Signal Passed at Danger -
SPAD).

@ Enables predictive maintenance by tracking relay operating times.

o Networked data loggers allow remote monitoring from centralized
control centers.
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Fail-Safe Principles in Devices |

The fundamental philosophy of all railway interlocking devices is the
'Fail-Safe’ principle. This means that in the event of any component
failure (e.g., wire break, power loss, component degradation), the system
must naturally revert to a safe state. For example, if a signal lamp burns
out or a relay coil loses power, the signal will default to its most restrictive
aspect (red/danger), stopping the train.

@ Gravity-drop relays ensure contacts open on power loss.

o Closed-circuit principle: presence of current indicates safety.

@ Hardware redundancy ensures no single point of failure can cause an
unsafe output.

@ Rigorous SIL-4 (Safety Integrity Level) certification for electronic
devices.

.
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In this final part on interlocking, we transitioned from traditional
mechanical systems to modern Relay and Electronic Interlocking. Devices
like electrical point machines, axle counters, and track circuits serve as the
sensory and muscular organs of the interlocking system. Governed by
strict fail-safe principles, these advanced methods provide the reliability
and speed necessary for contemporary high-density and high-speed railway
networks.

RRI and El offer faster, centralized route setting.

El provides higher flexibility, self-diagnostics, and lower footprint.

Point machines, track circuits, and axle counters are key field devices.

All modern interlocking relies on fail-safe and closed-circuit principles.
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Historical and Modern Growth of Ports in India |

India has a coastline of over 7,500 km, leading to a significant maritime
heritage. The growth of ports has transitioned from ancient trade hubs to
modern, mechanized ports capable of handling ultra-large vessels.
Post-independence, initiatives like the Sagarmala project and increasing
private sector participation have accelerated capacity expansion,
automation, and hinterland connectivity.

@ Transition from manual cargo handling to fully mechanized container
terminals.

@ Development of 12 Major Ports and over 200 Non-Major
(Minor/Intermediate) Ports.

@ Focus on port-led industrialization and reducing logistics costs.

o Emergence of deep-draft private ports (e.g., Mundra, Krishnapatnam)
competing globally.

V.
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Major Ports of India and their Characteristics |

| Port Name | State | Coastal Location | Primary Cargo Focus |
| —|—|—|—1| | Deendayal (Kandla) | Gujarat | West Coast | POL,
Fertilizers, Bulk | | Jawaharlal Nehru (JNPT) | Maharashtra | West Coast |
Containerized Cargo | | Paradip | Odisha | East Coast | Iron ore, Coal,
Bulk | | Visakhapatnam | Andhra Pradesh | East Coast | Bulk cargo, Iron
ore | | Chennai | Tamil Nadu | East Coast | Containers, Automobiles |

@ Major ports are governed by the Major Port Authorities Act, 2021.

@ Strategic locations along the east and west coasts facilitate
international trade.

@ Specialization in cargo types optimizes specialized handling
equipment and storage.
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Requirements of a Good Harbour |

A good harbour must provide a safe, calm, and accessible environment for
ships to anchor, load, and unload cargo. It requires a combination of
favorable natural geography and robust engineering interventions to ensure
year-round operability.

Key Points

@ Adequate depth of water for the deepest draft vessels, even during
low tides.

@ Protection from destructive wave action, strong currents, and severe
winds.

o Sufficient anchorage area with good holding ground (seabed material)
for ship anchors.

@ Availability of a wide, well-marked approach channel for safe
navigation.
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Schematic Layout of a Harbour |

Breakwater

Open Sea

Turning Basin

Mainland / Port Area

Sheltered Harbour Area

Coastline
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Schematic Layout of a Harbour Il

@ Visual representation of mainland, coastline, and open sea.
@ The breakwater shields the inner basin from open sea waves.

@ The turning basin allows sufficient space for vessels to rotate and
position.
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Primary Elements of a Harbour |

Harbours consist of several interconnected elements designed to facilitate
safe navigation, vessel berthing, and efficient cargo handling operations.
Each element serves a specific civil engineering and navigational function.

@ Approach Channel: The dredged navigational path connecting the
open sea to the harbour basin.

@ Breakwaters: Protective barriers constructed to reduce wave energy
within the harbour.

@ Turning Basin: A widened area of water allowing ships to maneuver
and turn around.

@ Berthing Structures (Piers, Wharves): Structures where ships tie up
for loading and unloading.
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Approach Channel and Turning Basin |

The navigational waterways must be meticulously designed to prevent ship
grounding and allow smooth traffic flow. The geometric dimensions
depend entirely on the design vessel's length, beam, draft, and
maneuverability.

Key Points

@ Approach channels are aligned with natural currents to minimize
cross-wind effects.

@ Channel depth includes allowances for ship squat, tidal variations, and
wave-induced motion.

@ The turning basin diameter is generally maintained at 1.5 to 2.0
times the length of the largest ship.

o Capital and maintenance dredging are frequently required to sustain
design depths.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026




Cross-Section of a Rubble Mound Breakwater |

Crest Width
—
Crown / Crest————

____________________ Sea Level

Armor Layer
(Tetrapods/Rocks)

Col
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Cross-Section of a Rubble Mound Breakwater Il

Key Points

@ Core: Consists of smaller quarry run materials to prevent transmission
of wave energy.

o Underlayer/Filter: Intermediate stone sizes that prevent core material
from washing out.

@ Armor Layer: Massive rocks or concrete blocks (tetrapods) designed
to withstand wave impact.

@ Crest: The top section, often paved, designed above the highest
high-water level.
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Function of Breakwaters |

Breakwaters are massive, critical infrastructure elements constructed in
the sea to enclose a water area, protecting it from the destructive action
of sea waves. They create the necessary calm water conditions required for
safe harbour operations.

@ Absorb or reflect incident wave energy to maintain calm water inside
the harbour basin.

@ Prevent littoral drift (coastal sand movement) from silting up the
navigational approach channel.

@ Can be classified into mound types (rubble), vertical wall types
(caissons), or composite types.

@ Design requires rigorous statistical analysis of wave heights, tidal
variations, and seabed soil conditions.
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Berthing Structures: Quays, Wharves, and Piers |

Once inside the protected basin, ships require robust, stationary structures
to moor against. These marine structures also provide the essential

platform for operating heavy cargo handling equipment like gantry cranes
and pipelines.

Key Points

o Wharf/Quay: Built parallel to the shore, backed by earth fill,
providing a continuous solid waterfront.

o Pier/Jetty: Structures projecting outwards into the water, allowing
ships to berth on both sides.

@ Dolphins: Isolated marine structures used primarily for mooring or
breasting (often for liquid bulk tankers).

@ Fenders: Rubber or pneumatic energy-absorbing devices fitted to the
face of these structures to prevent impact damage.
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Docks, Locks, and Navigational Aids |

In estuarine areas or regions with extremely high tidal variations, enclosed
docks with lock gates are used to maintain a constant water level.
Additionally, safe day-and-night navigation relies on a network of visual
and electronic aids.

@ Wet Docks: Enclosed basins equipped with lock gates to keep water
levels constant for uninterrupted cargo handling.

@ Dry Docks: Specialized basins with watertight gates that can be
pumped dry for ship maintenance, repair, and inspection.

@ Buoys and Beacons: Floating or fixed physical markers indicating
channel limits, shallow waters, and submerged hazards.

o Lighthouses: Tower structures equipped with powerful rotating lights
to guide ships from the open sea toward the approach channel.
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Summary and Conclusion |

The strategic development of port infrastructure is vital for India’s
economic growth and global trade competitiveness. A well-designed
harbour requires a holistic approach to civil engineering, integrating
natural protective features with robust artificial structures.

Key Points

@ India's port sector is rapidly evolving to accommodate ultra-large
vessels and increasing cargo volumes.

@ A good harbour ensures navigational safety, sufficient basin depth,
and adequate space for maritime operations.

@ Key elements like breakwaters, dredged channels, and turning basins
are essential for wave protection and ship maneuverability.

@ Berthing structures and docks provide the critical, seamless interface
between sea transport and land-based logistics.
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Overview of Inland Water Transport (IWT) in India |

India has an extensive network of inland waterways comprising rivers,
canals, backwaters, and creeks. The total navigable length is about 14,500
km, out of which about 5,200 km of rivers and 4,000 km of canals can be
used by mechanized crafts. Despite this immense potential, IWT
historically accounted for a minuscule share of total domestic cargo
transport, prompting focused government initiatives in recent years to
revitalize this sector.

@ Total navigable waterways: “14,500 km.

@ Mechanized craft navigable length: 79,200 km.
o Managed by the Inland Waterways Authority of India (IWAI).
@ Highly underutilized compared to road and rail transport.
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Importance and Advantages of IWT |

Inland water transport is universally recognized as the most fuel-efficient,
cost-effective, and environmentally friendly mode of transport, especially
for bulk and over-dimensional cargo. It requires less land acquisition
compared to highways and railways and significantly reduces carbon
emissions and road congestion.

Key Points

o Cost-effective for bulk goods (coal, cement, fertilizers).

o High fuel efficiency: 1 litre of fuel moves 24 t-km by road, 95 t-km by
rail, and 215 t-km by IWT.

@ Environmentally friendly with lower greenhouse gas emissions.

@ Relieves congestion on traditional road and rail networks.
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Major National Waterways in India |

The National Waterways Act, 2016 merged 5 existing NWs and added 106
new ones, making a total of 111 National Waterways. Below is a summary
of the most prominent operational ones.
| Waterway | River System | Stretch | Length (km) | | :— | :— | \— | :— |
| NW-1 | Ganga-Bhagirathi-Hooghly | Haldia to Allahabad | 1620 | | NW-2
| Brahmaputra | Dhubri to Sadiya | 891 | | NW-3 | West Coast Canal |
Kollam to Kottapuram | 205 | | NW-4 | Godavari & Krishna | Kakinada to
Puducherry | 1095 |

@ NW-1 is the longest waterway in India.

@ NW-2 serves the crucial northeastern region.
o NW-3 is famous for backwater navigation in Kerala.
o Total declared National Waterways: 111.
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Infrastructure Requirements for IWT |

Developing a robust inland waterway system requires substantial
infrastructure. This includes maintaining a navigable channel (fairway)
with adequate depth and width throughout the year, constructing
multi-modal terminals for cargo handling, and providing navigational aids.
Additionally, a modern fleet of inland vessels suited to the specific river
conditions is essential.

Key Points

o Fairway development: Dredging and river training works to maintain
Least Available Depth (LAD).

@ Terminals: Construction of floating and fixed terminals with
mechanized cargo handling.

o Navigational Aids: Night navigation facilities, DGPS, and river
information systems (RIS).

@ Vessels: Shallow draft vessels with high cargo capacity.
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Cross-Section of a Navigable Waterway |

High Flood Level (HFL)

Low Water Level (LWL)

«—
Bottom Width

Key Points

@ Least Available Depth (LAD) is critical for vessel movement.
o Bottom width must accommodate two-way traffic of design vessels.

o Water levels fluctuate significantly between monsoons and dry
seasons.

o Dredging is often required to maintain LAD at the low water level.
V.
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Challenges and Constraints in Indian IWT |

Despite its potential, IWT in India faces significant challenges. The
seasonal nature of rivers leads to inadequate water depth during dry
seasons. Heavy siltation requires continuous and expensive dredging.
Furthermore, low vertical clearance under existing rail and road bridges
restricts the size of vessels that can pass, and inadequate first and
last-mile connectivity limits end-to-end transport efficiency.

Key Points
@ Seasonal flow and severe draft restrictions during summers.
@ High rate of siltation necessitating maintenance dredging.

o Navigational hazards: Low bridges, submerged rocks, and shifting
channels.

@ Lack of multimodal connectivity and modernized terminal
infrastructure.
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Layout of an Inland Waterway Multimodal Terminal |
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Layout of an Inland Waterway Multimodal Terminal Il

@ Berthing facility allows secure mooring and loading/unloading.

@ Storage includes transit sheds for perishables and open storage for
bulk.

@ Seamless integration with road and rail networks ensures multi-modal
connectivity.

@ Mechanized cranes and conveyors expedite the cargo handling
process.
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Jal Marg Vikas Project (JMVP) |

The Jal Marg Vikas Project (JMVP) is a flagship initiative undertaken by
IWAI with technical and financial assistance from the World Bank. The
primary objective is the capacity augmentation of National Waterway-1
(Ganga-Bhagirathi-Hooghly river system) to enable commercial navigation
of vessels with a capacity of 1500-2000 DWT.

@ Focuses on NW-1 from Haldia to Varanasi (1390 km).
@ Target LAD of 3.0 meters to support large vessels.

@ Includes construction of multi-modal terminals at Varanasi,
Sahibganj, and Haldia.

@ Development of River Information System (RIS) and new navigational
locks.

V.
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Environmental and Economic Impact |

Shifting cargo from road to inland waterways significantly reduces external
costs, including air pollution, soil degradation, and noise. Economically,
IWT reduces logistics costs which currently stand at about 13-14% of
GDP in India, making Indian goods more competitive globally. The
socio-economic development of hinterlands along the waterways is an
added benefit.

Key Points

@ Reduces carbon footprint and greenhouse gas emissions.
@ Lowers national logistics costs, boosting global trade competitiveness.

@ Creates employment opportunities in terminal operation, vessel
construction, and dredging.

o Facilitates Ro-Ro (Roll-on/Roll-off) services, moving loaded trucks
across rivers.

.
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Future Prospects and Recent Acts |

The future of IWT in India is closely tied to the Sagarmala Project, which
emphasizes port-led development and coastal shipping integrated with
inland waterways. Furthermore, the Inland Vessels Act, 2021 has brought
uniformity in the application of laws relating to inland vessels across all
states, replacing the obsolete 1917 Act and promoting a safer, more
regulated IWT ecosystem.

@ Integration with Sagarmala for coastal-IWT synergy.

@ Inland Vessels Act, 2021: Unified national registry and standardized
regulations.

@ Push towards alternative fuels (LNG/electric) for inland vessels.

@ Encouragement of public-private partnerships (PPP) in terminal
operations.
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Summary |

Inland Water Transport represents a highly potential, yet historically
under-leveraged component of India’s transport infrastructure. Through
systematic development of National Waterways, creation of multi-modal
hubs like JMVP, and legislative reforms, India is transforming its rivers
into economic lifelines. Overcoming seasonal flow challenges and ensuring
sustained dredging will dictate the long-term success of these initiatives.

o IWT is fuel-efficient, cost-effective, and eco-friendly.

@ India has 111 declared National Waterways; NW-1, NW-2, NW-3 are
key.

Major infrastructure: Terminals, fairway (LAD), and modern vessels.

Challenges include draft fluctuations, siltation, and bridge clearances.

Initiatives like JMVP and Sagarmala are accelerating IWT growth.
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Introduction to Harbours |

A harbour is a partially enclosed body of water that provides a safe
anchorage for ships, shielding them from wind, waves, and currents.
Harbours serve as crucial nodes in maritime transportation networks,
facilitating the transfer of cargo and passengers between ships and shore.
They are engineered to ensure calm water conditions necessary for safe
navigation, mooring, and loading/unloading operations.

@ Definition and Primary Function

@ Importance in Maritime Trade

@ Basic Engineering Requirements
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Broad Classification of Harbours |

Harbours are broadly classified into two main categories: based on their
location (or natural features) and based on their utility (or purpose).
Location-based classification considers the geographical and topographical
characteristics, such as natural bays or artificial breakwaters. Utility-based
classification focuses on the primary function the harbour serves, such as
commercial trade, military operations, or fishery.

o Classification by Location (Natural, Semi-natural, Artificial)

o Classification by Utility (Commercial, Refuge, Military, Fishery)

@ Interdependence of Location and Utility
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Classification Hierarchy |

Harbours

Based on Utility

Natural || Artificial Commercial | [ Refuge |

@ Hierarchical structure of harbour classification

@ Primary division into Location and Utility

@ Sub-categories for each primary division
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Location-Based: Natural Harbours |

Natural harbours are formations where the geographical features of the
coastline provide a sheltered area for ships without the need for extensive
artificial protective structures. These typically occur in deep, navigable
bays, estuaries, or inlets protected by headlands. Examples include Sydney
Harbour and San Francisco Bay. They require minimal dredging and
breakwater construction but may still need navigational aids and wharves.

Shelter provided by natural topography

Deep and navigable waterways

Minimal requirement for artificial breakwaters

Examples: Sydney, San Francisco, Mumbai
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Location-Based:

Artificial harbours are constructed in locations where natural shelter is
either absent or inadequate. They require the extensive construction of
engineering structures, primarily breakwaters, to create a tranquil basin.
The planning involves significant capital investment for dredging,
breakwater construction (rubble mound or vertical wall), and continuous
maintenance to prevent siltation. Examples include the Port of Los
Angeles and Chennai Port.

Constructed on exposed coastlines

Dependence on artificial breakwaters

High initial capital and maintenance costs

Examples: Chennai, Los Angeles
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Typical Layout of an Artificial Harbour |
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Typical Layout of an Artificial Harbour [l

o Breakwaters protecting the basin
@ Narrow entrance for vessel access
@ Wharves and piers on the sheltered mainland side

@ Creation of a tranquil harbour basin
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Utility-Based: Harbours of Refuge |

Harbours of refuge are designed primarily to provide a safe haven for
vessels during severe storms or emergencies. They may not have extensive
loading or unloading facilities. Key features include a wide and safe
entrance channel, excellent anchorage grounds, and deep water. They are
strategically located along hazardous coastlines to minimize maritime
disasters.

@ Emergency shelter during storms

@ Wide entrance for easy access in rough seas
@ Good anchorage with strong holding ground

@ Minimal commercial infrastructure
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Utility-Based: Commercial Harbours |

Commercial harbours are the most common and complex type, designed
for the rapid handling of general or bulk cargo and passengers. They
require extensive infrastructure including deep-water berths, transit sheds,
warehouses, cargo handling equipment (cranes, conveyors), and excellent
multimodal transport connections (rail, road) to the hinterland.

Designed for cargo and passenger transit

Extensive land-side infrastructure

Need for efficient cargo handling equipment

Strong connectivity to the hinterland
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Comparison of Harbour Types |

| Feature | Commercial | Refuge | Military | Fishery | |—|—|—|—|—] |
**Primary Goal** | Cargo/Passenger transfer | Safety during storms |
Strategic naval base | Fish landing/processing | | **Infrastructure** |
Cranes, warehouses | Anchorage area | Dry docks, high security | Ice
plants, auction halls | | **Location** | Near industrial hubs | Hazardous
coastlines | Strategic locations | Near fishing grounds | | **Draft
Required** | Very deep | Moderate to deep | Extremely deep | Shallow to
moderate |

@ Comparing Commercial vs. Refuge vs. Military

@ Highlighting infrastructure differences

@ Understanding design priorities
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Utility-Based: Military and Fishery Harbours |

Military or Naval harbours are designed for the strategic accommodation
of naval vessels. They require high security, deep drafts for submarines and
large carriers, and specialized repair facilities like dry docks. Fishery
harbours are tailored for fishing vessels, requiring facilities for fish landing,
auction halls, ice plants, and cold storage, often located closer to fishing
grounds.

o Military: High security, deep draft, dry docks

@ Fishery: Fish processing, ice plants, auction halls
@ Specialized infrastructure for specific vessel types
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Harbours are fundamental maritime structures classified broadly by
location (natural, semi-natural, artificial) and utility (commercial, refuge,
military, fishery). Natural harbours utilize geographical features for shelter,
whereas artificial ones rely on engineered breakwaters. Utility dictates the
internal layout and infrastructure, ranging from simple anchorages for
refuge to complex multimodal hubs for commercial activities. Proper
classification guides the engineering planning, design, and financial
investment.

@ Location dictates structural protection needs

o Utility determines infrastructural layout
@ Engineering design integrates both aspects for optimal function
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Introduction to Ship Characteristics |

The physical dimensions and operational capabilities of ships directly
dictate the design parameters of a harbour. Key characteristics include
vessel length, beam, draft, and tonnage. These properties influence
channel depth, turning basin diameter, and berth sizes.

Overall Length (LOA) determines the length of berths.
Beam (width) affects channel width and gate clearances.

Draft dictates the required navigable depth in the approach channel.

Displacement and tonnage impact the design of mooring structures
and fenders.
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Typical Ship Dimensions |

A comparative overview of common commercial vessel types and their
typical dimensions, which serve as foundational data for port engineering.

@ | Vessel Type | Capacity (DWT) | LOA (m) | Draft (m) |
o | | —

o | Handysize Bulk | 10k - 35k | 130 - 150 | 10 |

@ | Panamax | 65k - 80k | 294 | 12 |

o | Suezmax | 120k - 200k | 275 | 16 |

e | VLCC / ULCC | 200k - 500k+ | 330 - 415 | 20 - 25 |
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Harbour Design Principles |

Harbour design involves creating a protected water area to provide safe
anchorage, mooring, and transfer of cargo and passengers. The layout
must minimize wave action, ensure adequate depth, and provide sufficient
area for vessel maneuvering.

Key Points

@ Site selection relies on hydrographic, geotechnical, and meteorological
surveys.

@ Layout planning optimizes the placement of breakwaters, channels,
and berths.

o Water depth is determined by the maximum loaded draft of the
design vessel plus an under-keel clearance.

@ Wave protection ensures tranquility within the harbour basin for safe
cargo handling.
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Harbour Layout Diagram |

Berth \

|
Harbour Basin ¢ -----+ eOpen Sea

Berth l
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@ Schematic representation of a harbour showing the entrance channel,
basin, and berths.

@ Breakwaters protect the basin from open sea waves.
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Turning Basin |

A turning basin is a designated water area within a harbour where ships
can maneuver and reverse their direction. It must be sufficiently large to
accommodate the turning circle of the largest design vessel under
anticipated wind and current conditions.

Key Points

@ Diameter is typically 2.0 to 4.0 times the LOA of the design vessel,
depending on tug assistance.

@ Location is usually near the inner end of the entrance channel or
adjacent to major berths.

@ Shape is often circular or elliptical to facilitate smooth maneuvers.

@ Depth should match or exceed the channel depth to prevent
grounding during turns.
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Turning Basin Dimensions |

Turning Basin
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Turning Basin Dimensions ||

@ The radius (R) of the basin is often taken as 1.5 times the length
overall (LOA).

@ This allows a turning diameter of 3.0 times LOA, providing a safe
margin.

@ Vessels often pivot around their center with the assistance of
tugboats.
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The harbour entrance connects the open sea to the protected basin. Its
design is critical for navigational safety and minimizing wave energy
transmission into the harbour. The entrance width and orientation must

account for prevailing winds, waves, and cross-currents.

Key Points

e Width is generally 0.7 to 1.0 times the length of the design vessel,
but not less than 100 meters.

@ Orientation should ideally allow ships to enter head-on into the
prevailing waves.

@ A bell-mouth shape is often used to facilitate easier entry and exit.

@ Cross-currents at the entrance must be carefully evaluated to prevent
vessels from being pushed against breakwaters.
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Wave Penetration at the Entrance |

When designing the entrance, engineers must balance navigational width
with the need to limit wave energy entering the basin. Wider entrances
allow easier navigation but permit more wave energy, compromising basin
tranquility.

Key Points

@ Diffraction occurs as waves pass through the entrance gap.

@ Overlapping breakwaters can be used to trap wave energy before it
reaches the main basin.

@ Stevenson's formula is historically used to estimate wave height
reduction inside the harbour.

@ Physical models and numerical simulations are employed for detailed
wave penetration studies.
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Channel Depth and Under-Keel Clearance |

Navigational channels and harbour entrances require adequate depth to
ensure ships do not strike the seabed. The total required depth is the sum
of the ship’s draft and the Under-Keel Clearance (UKC).

@ Draft is the submerged depth of the ship, which increases with cargo
load.

@ Squat effect: Ships sink deeper and trim (tilt) when moving through
shallow water.

@ Wave response: Pitching and rolling in the entrance channel
temporarily increase draft.

o UKC typically ranges from 10% to 15% of the maximum draft,
depending on channel conditions.
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Design Vessel Concept |

All harbour design elements (channels, basins, berths, breakwaters) are
dimensioned based on a 'Design Vessel'. This is a hypothetical or existing
ship representing the largest, deepest, or most critical vessel expected to
use the port.

Key Points
@ Ensures that all infrastructure is harmonized for safety and efficiency.

e Different port zones may have different design vessels (e.g., oil
terminal vs. container terminal).

o Future trends in shipbuilding (e.g., ultra-large container ships) must
be considered.

@ Economic analysis determines if the cost of accommodating larger
vessels is justified by increased trade.
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The integrated design of ship characteristics, harbour layout, turning
basins, and entrances is vital for safe and efficient port operations.
Understanding vessel dimensions directly informs the engineering of water
areas and protective structures.

@ Ship dimensions (LOA, beam, draft) dictate harbour geometry.
@ Harbour layout aims to provide tranquility and safe maneuvering.
@ Turning basins require adequate space, typically 2 to 4 times LOA.

@ Entrances must balance safe navigation widths with wave protection.
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Introduction to Wind Characteristics in Harbours |

Wind is a primary meteorological factor influencing harbour design. It
dictates the wave climate, impacts ship maneuverability during berthing,
and determines the layout of breakwaters and port facilities.
Understanding wind velocity, duration, and fetch length is crucial for
calculating wave heights and designing coastal structures.

@ Wind is the primary driving force for wave generation.

o Affects vessel navigation, berthing operations, and cargo handling.
o Key parameters: velocity, duration, and fetch length.
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Wind Rose Diagram |
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Wind Rose Diagram Il

@ Radial chart showing wind speed and direction distributions.
@ Determines orientation of breakwaters and harbour entrances.

@ Concentric circles represent frequency percentages of wind directions.
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Beaufort Wind Scale |

The Beaufort scale is an empirical measure that relates wind speed to
observed conditions at sea or on land. In coastal engineering, it provides a
quick assessment of potential wave conditions and operational safety levels

for harbour activities.

@ Force 0 (Calm) | <1 knot | Sea like a mirror

o Force 4 (Moderate breeze) | 11-16 knots | Small waves, numerous
whitecaps

@ Force 8 (Gale) | 34-40 knots | Moderately high waves of greater length

@ Force 12 (Hurricane) | >64 knots | Huge waves, sea completely white
with driving spray

v
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Introduction to Tides |

Tides are the periodic rise and fall of the sea surface caused by the
gravitational pull of the Moon and the Sun on the Earth’s oceans,
combined with the rotation of the Earth. Understanding tidal variations is
critical for establishing datum levels (like Chart Datum), determining
dredging depths, and ensuring safe clearance for vessels navigating harbour
channels.

@ Periodic vertical movement of ocean waters.

@ Governed primarily by the gravitational forces of the Moon and Sun.

o Establishes essential reference levels like Mean Sea Level (MSL) and
Chart Datum (CD).
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Tide-Generating Forces |

Tidal Bulges

@ Gravitational pull creates a tidal bulge on the side of Earth facing the
Moon.

o Centrifugal force from the Earth-Moon system'’s barycenter creates a
bulge on the opposite side.

@ The Earth's rotation through these bulges creates diurnal or
semidiurnal tide cycles.
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Tidal Theories |

Several theories have been developed to explain the complex nature of
tides. The Equilibrium Theory provides a foundational understanding
based on idealized conditions, while the Dynamic Theory offers a more
realistic model incorporating the physical constraints of the Earth's
oceans.

@ Equilibrium Theory (Newton): Assumes a uniform, frictionless ocean
responding instantly to gravitational forces.

@ Dynamic Theory (Laplace): Accounts for ocean depth, land
boundaries, and Earth'’s rotation (Coriolis effect).

@ Amphidromic Points: Nodes in the dynamic theory where tidal
amplitude is zero and tidal crests rotate around them.
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Types of Tides |

Tides exhibit different patterns depending on geographic location and
local bathymetry. The variations are classified by their daily frequency and
the relative alignments of the Earth, Moon, and Sun, which modulate tidal
amplitudes over a lunar month.

@ Semidiurnal Tides: Two high and two low tides of similar heights
daily.
@ Diurnal Tides: A single high and low tide each day.

Mixed Tides: Two high and two low tides of unequal heights daily.

Spring/Neap Tides: Maximum/minimum tidal ranges occurring
during full/new moon (Spring) and quarter moons (Neap).
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Ocean Currents in Harbours |

Currents are continuous, directed movements of seawater generated by
various forces acting upon the mean flow. In coastal and harbour
engineering, currents are critical as they influence sediment transport
(causing siltation or scour), affect the navigation and maneuvering of
vessels, and impact the dispersion of pollutants.

@ Directional flow of water within the ocean or coastal zones.

@ Influences sediment transport, leading to siltation or scouring in
shipping channels.

@ Directly affects vessel navigation, berthing dynamics, and mooring
line tensions.
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Tidal Currents |

Tidal currents are the horizontal movement of water accompanying the
vertical rise and fall of the tide. In coastal inlets, estuaries, and narrow
straits, these currents can reach high velocities, making their prediction
essential for safe maritime operations.

@ Flood Current: Landward flow associated with rising tides.
@ Ebb Current: Seaward flow associated with falling tides.

@ Slack Water: The moment of zero current velocity during tidal
reversal.

o Critical for timing the transit of large vessels through restrictive
harbour entrances.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Wind-Driven and Wave-Induced Currents |

Beyond tides, wind and waves are primary drivers of coastal currents.
Wind-driven currents result from the shear stress of wind over the water.
In the nearshore surf zone, wave-induced currents are dominant and are
the primary agents for coastal erosion and littoral drift.

@ Longshore Currents: Flow parallel to the coast, driving littoral
sediment transport (littoral drift).

@ Rip Currents: Fast, narrow seaward return flows, hazardous but
important for nearshore circulation.

@ Wind-Driven Currents: Surface currents caused by persistent wind
shear stress over the water body.
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Summary |

A thorough understanding of wind characteristics, tides, and currents is
foundational in Harbour Engineering. Wind data dictates structural
orientation and wave climate. Tidal theories and types establish critical
datum levels and navigable depths. Coastal currents govern sediment
transport and vessel maneuverability, directly impacting harbour
maintenance and operational safety.

Key Points

@ Wind dictates wave climate and determines optimal harbour
orientation via wind rose diagrams.

o Tides establish operational water levels and are governed by celestial
gravitational forces.

o Currents (tidal, longshore) heavily influence sediment transport
(dredging needs) and safe navigation.
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Introduction to Coastal Surveys |

Coastal surveys are essential prerequisites for harbour planning and design.
They provide the necessary geographical, topological, and bathymetric
data required to ensure safe navigation and construct stable maritime
structures. Accurate surveys reduce the risk of structural failure and
navigational hazards.

Determine the configuration of the coastline and seabed.

Identify navigational hazards such as shoals and submerged rocks.

Establish baseline data for estimating dredging volumes.

Provide inputs for hydraulic modeling and structural design.
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Topographic Surveying for Harbours |

Topographic surveys focus on the land-side features adjacent to the
proposed harbour site. This includes mapping the shoreline, existing
infrastructure, elevations, and hinterland connectivity. The data is crucial
for designing port facilities, storage yards, and access roads.

Mapping of the shoreline and coastal features.

Establishment of horizontal and vertical control points.
Identification of suitable locations for breakwaters and quays.
Planning of land-based infrastructure (rail, road, buildings).
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Hydrographic Surveying: Purpose & Scope |

Hydrographic surveying deals with the measurement and description of the
physical features of the navigable portion of the earth's surface and
adjoining coastal areas. In harbour engineering, it primarily involves
bathymetry (depth measurement) and locating underwater obstructions to
ensure safe draft for vessels.

Bathymetric mapping to determine water depths.

Tidal and current measurements for hydrodynamic understanding.

Detection of wrecks, reefs, and submerged utilities.

Continuous monitoring of siltation and erosion patterns.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 372 /606



Key Hydrographic Equipment |

| Equipment | Primary Purpose | Application in Harbours | |—|—|—| |
**Echo Sounder** | Depth Measurement | Bathymetric mapping and
dredging surveys | | ¥**DGPS / RTK** | Positioning | Accurate vessel
tracking during sounding | | **Tide Gauge** | Water Level Monitoring |
Correcting sounded depths to a common datum | | ¥**Side Scan Sonar** |
Seafloor Imaging | ldentifying obstructions and seabed texture |

@ Modern surveys rely heavily on acoustic and satellite technologies.

o Data integration is performed using specialized hydrographic software.

@ Real-time corrections are essential for high-accuracy outputs.
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Principle of Echo Sounding |
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@ An acoustic pulse is transmitted from the vessel's transducer.

@ The time taken (t) for the echo to return is measured.

@ Depth (D) is calculated using the velocity of sound in water (V).
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Tide Measurement & Chart Datum |

Depths measured during a hydrographic survey must be reduced to a
standard reference plane known as the Chart Datum (usually Lowest
Astronomical Tide, LAT). Tide gauges are installed temporarily or
permanently at the site to record water level variations during the survey
period.

@ Chart Datum provides a conservative estimate of available depth.
@ Measured Depth = Sounded Depth - Tide Height above Datum.

o Tidal currents also influence vessel maneuverability.

@ Long-term tidal data aids in defining extreme water levels.
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Factors for Harbour Site Selection |

Selecting an optimal site for a harbour is a complex process that balances
natural advantages with engineering constraints and economic viability.
The goal is to minimize construction and maintenance costs while
maximizing operational efficiency and safety.

@ Availability of natural protection from waves and winds.

o Adequate natural depth for the design vessels, minimizing dredging.
e Favorable geological conditions for foundations and dredging.

@ Proximity to a productive hinterland and existing transport networks.
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Meteorological and Oceanographic Factors |

A thorough understanding of the local climate and marine environment is
critical. These factors dictate the alignment of breakwaters, the
orientation of berths, and the overall downtime of port operations due to
adverse weather.

@ Wind roses determine the direction of maximum wind fetch.

o Wave climate (height, period, direction) influences breakwater design.
o Littoral drift (sediment transport) affects maintenance dredging.
@ Currents impact ship handling during berthing and unberthing.
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Coastal Configurations for Harbours |

Bay / Inlet Estuary
Sea River/Sea
Land
Land

@ Bays provide natural protection, requiring smaller breakwaters.

@ Estuaries offer inland access but often suffer from siltation.
@ Straight coastlines require massive artificial protection (breakwaters).
@ Islands or offshore reefs can act as natural wave barriers.
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Geotechnical Investigations |

Sub-surface exploration is essential to understand the soil strata beneath
the seabed and the coastal land. This determines the feasibility of
dredging (capital vs. maintenance) and the foundation design for heavy
marine structures like breakwaters, piles, and quay walls.

Boreholes and cone penetration tests (CPT) on land and offshore.

o

@ Seismic refraction and sub-bottom profiling for bedrock mapping.
@ Assessment of soil bearing capacity and settlement characteristics.
°

Identification of hard rock that might require underwater blasting.
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Summary |

Hydrographic and topographic surveys provide the foundational data for
harbour engineering. The careful selection of a harbour site requires a
holistic evaluation of physical surveys, environmental conditions, and
geotechnical data to ensure a safe, economical, and sustainable port
facility.

Key Points
@ Topographic surveys map the land-side features and infrastructure.
@ Hydrographic surveys determine seabed bathymetry and hazards.

@ Site selection balances natural protection, depth, and hinterland
access.

@ Comprehensive environmental and geotechnical data mitigate
engineering risks.
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Introduction to Berthing Structures |

Berthing structures are specialized marine structures designed to facilitate
the safe approach, mooring, and servicing of vessels. Their primary
function is to provide a stable interface between land and water transport,
accommodating cargo handling and passenger transfer while resisting
static and dynamic loads from ships and the marine environment.

Key Points

@ Provide a secure tie-up facility for vessels during loading and
unloading.

@ Must withstand berthing impacts (kinetic energy of approaching
ships).

@ Subjected to environmental loads including waves, currents, wind,
and seismic activity.

o Categorized primarily into continuous (wharves, piers) and isolated
(dolphins) structures.
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Factors Influencing the Selection of Berthing

Structures |

The selection and conceptual design of a berthing structure depend on a
complex interaction of environmental, operational, and geotechnical
factors. A thorough site investigation is mandatory to determine the most
technically feasible and economically viable structural form.

Key Points

@ Bathymetry and Dredging: Natural water depth and the cost of
capital and maintenance dredging.

@ Vessel Characteristics: Deadweight tonnage (DWT), draft, length
overall (LOA), and approach velocity.

@ Geotechnical Conditions: Soil bearing capacity, depth to bedrock, and
liquefaction potential.

@ Environmental Forcing: Tidal range, wave climate, wind rose, and
local current velocities.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 383 /606



Kinematics of Vessel Berthing |

LOA

A

Vv

Cu
Vessel (Mass M, Velocity v) T - -

ent/'

Berthing Impact (Breasting
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Kinematics of Vessel Berthing Il

o Kinetic energy of the vessel is absorbed by the fender system and the
structure.

@ Approach velocity and angle of impact dictate the design breasting
forces.

@ Hydrodynamic mass (added mass of water) must be accounted for in
energy calculations.
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Comparison of Primary Berthing Structures |

The structural form chosen depends heavily on the orientation of the
shoreline relative to deep water and the specific cargo handling
requirements.
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Comparison of Primary Berthing Structures Il

o | Feature | Wharf (Marginal) | Pier (Projecting) | Jetty |

o | Alignment | Parallel to shore | Perpendicular/oblique | Perpendicular
(extended) |

o | Water Depth | Requires dredging near shore | Reaches natural deep
water | Reaches natural deep water |

@ | Berthing Sides | Single side | Both sides | Often both
sides/specialized |

@ | Earth Retaining | Yes (often bulkheads) | No (open structure) | No
(open structure) |

@ | Ideal For | General cargo, containers | Passengers, liquid bulk |
Liquid/dry bulk, hazardous |

.
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Wharves and Piers: Detailed Considerations |

Wharves, or marginal wharves, are constructed flush with the shoreline,
acting as both a berthing facility and a retaining wall for the backup land.
Piers project out into the harbour basin, requiring less dredging but
offering less backup space directly adjacent to the berth.

@ Wharves are ideal when deep water is close to the shore or when
extensive land reclamation is feasible.

@ Open-piled wharves use a suspended deck over a revetted slope,
reducing earth pressure.

@ Solid wharves (sheet pile, caissons) are used in suitable soil but must
withstand massive lateral earth pressures.

@ Piers maximize the number of berths per meter of shoreline as vessels
can dock on both sides.

v
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Jetties: Deep Water Access |

A jetty is an open structure projecting from the shore into deep water,
primarily used when the required draft for vessels cannot be achieved near
the shore without prohibitive dredging costs. They are commonly
associated with specialized bulk terminals.

@ Consist of an approach trestle connecting the shore to the main
loading platform.

@ Often completely open-piled to minimize interference with coastal
sediment transport.

@ Structural design is governed by longitudinal forces from conveyor
belts, pipelines, or vehicle braking.

o Typically integrated with breasting and mooring dolphins to handle
vessel loads.
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Dolphins: Isolated Load-Bearing Structures |

Dolphins are independent marine structures designed specifically to take
berthing impacts (breasting dolphins) or mooring line pulls (mooring
dolphins). They offer a highly cost-effective alternative to continuous
berthing structures when only point loading and securing are required.

Key Points

@ Breasting Dolphins: Placed adjacent to the loading platform.
Designed to absorb the kinetic energy of the berthing ship and
transmit breasting forces to the foundation.

@ Mooring Dolphins: Placed aft and forward of the berth. Designed
exclusively to handle tension forces from mooring lines to keep the
vessel stationary.

@ Constructed using flexible pile clusters, rigid caissons, or heavy
concrete blocks on batter piles.
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Typical Layout of an Offshore B

TJrestle to Shore

Mooring Dolphin Mooring Dolphin

@) Platform O
o o

Breasting Dolphin Breasting Dolphin

Vessel Position

@ Central loading platform supports pipelines, loading arms, or cranes
but takes NO berthing forces.

@ Breasting dolphins take transverse berthing loads and longitudinal
friction forces.

@ Mooring dolphins are set back to provide favorable angles for mooring
lines (typically $15°\{}circ$ to $457\{}circ$).
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Fenders and Energy Absorption |

Fenders are the interface between the berthing structure and the vessel.
Their fundamental purpose is to absorb the kinetic energy of the
approaching ship, converting it into strain energy, while keeping the
reaction force on both the hull and the structure within allowable limits.

@ Solid Rubber Fenders: Cone, cell, and arch types. High energy
absorption with relatively low reaction forces.

@ Pneumatic Fenders: Air-filled rubber cylinders. Excellent for vessels
with low hull pressures (e.g., LNG carriers) and areas with large tidal
variations.

@ Foam-Filled Fenders: Polyurethane foam core. Non-deflating and
highly durable.

e Timber/Pile Fenders: Traditional flexible systems, reliant on the
elastic bending of piles.
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Fender Selection Criteria |

Selecting the appropriate fendering system requires balancing energy
capacity, reaction force, and operational constraints.
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Fender Selection Criteria Il

o | Criteria | Consideration / Impact |

@ | Normal Energy (3E_N$) | Derived from vessel displacement, velocity,
and eccentricity. |

@ | Abnormal Energy (3E_A$) | Accidental impacts; usually factored as
$1.5% to $2.0 \{}times E_NS. |

@ | Hull Pressure | Must not exceed the allowable yield stress of the
ship's hull plating. |

@ | Stand-off Distance | Gap required between ship and structure to
prevent overhang clashes. |

o | Tidal Range | Large tides may require vertical frontal frames or
floating fenders. |

.
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Summary of Berthing Structures Selection |

The selection of berthing structures is a multi-disciplinary challenge
integrating geotechnical, structural, and coastal engineering principles to
ensure safe and efficient maritime operations.

@ Site topography, bathymetry, and cargo type primarily dictate
whether a wharf, pier, or jetty is selected.

@ Dolphins provide an economical solution for isolated loading points,
decoupling berthing forces from the loading platform.

@ Fender systems are critical for energy dissipation, protecting both the
vessel hull and the marine structure.

@ A holistic design approach considering lifecycle costs, environmental
loads, and vessel evolution is essential.
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Introduction to Breakwaters |

A breakwater is an artificial offshore structure constructed to protect a
harbour, anchorage, or marina basin from water waves. Breakwaters
intercept coastal currents and waves, providing safe berthing for vessels
and facilitating loading and unloading operations.

Primary function is to attenuate wave energy.

Creates an artificial harbor with calm waters.

Prevents coastal erosion and protects shoreline infrastructure.

Essential for safe navigation and port operations.
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Types of Breakwaters |

Breakwaters

Composite
Type

[ Mound Type
(

Vertical Wall
Rubble Mound) (Caisson, Block)

@ Broadly classified into three main types based on structure and
interaction with waves.

@ Mound types absorb wave energy.
o Vertical walls reflect wave energy.
@ Composite types combine features of both.
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Rubble Mound Breakwaters |

Rubble mound breakwaters are constructed by dumping and shaping
mounds of rubble (irregularly shaped rocks). They are designed to
dissipate wave energy through friction and porous flow rather than
reflecting it. They are the most common type due to their adaptability to
various seabed conditions.

Constructed using naturally available rock or concrete armor units.

Consists of a core, underlayers, and an armor layer.
Highly adaptable to settlement and weak seabed foundations.

Relatively easy to repair and maintain by adding more materials.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 399 / 606



Cross-section of Rubble Mound Breakwater |

Sea Level (SWL)

Core

Seabed Foundation

Key Points
@ Core: Small quarry run material providing the bulk volume.
@ Underlayer: Intermediate sized rocks preventing core washout.

@ Armor Layer: Large rocks or concrete units (e.g., Tetrapods) resisting
wave impact.

o Crown/Crest: Superstructure often paved for access.

.
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Vertical Wall Breakwaters |

Vertical wall breakwaters are solid structures with a vertical seaward face
that reflect wave energy instead of dissipating it. They are typically
constructed where the seabed is firm and the water is deep. Common
materials include concrete blocks, reinforced concrete caissons, or sheet
piling.

@ Induces high wave reflection, causing standing waves (clapotis).

@ Requires a very strong and stable foundation to prevent overturning
or sliding.

@ Smaller footprint compared to rubble mound breakwaters.
@ Can also serve as berthing facilities on the harbor side.
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Composite Breakwaters |

Composite breakwaters consist of a vertical wall superstructure resting on
a rubble mound foundation. This hybrid design is utilized in deep waters
where a full vertical wall would be unstable, or a full rubble mound would
require an excessive amount of material.

@ Combines the wave-dissipating properties of a mound and the
footprint of a vertical wall.

@ Rubble mound foundation distributes the heavy load of the vertical
superstructure.

@ Reduces the required height of the expensive vertical caisson.

o Careful design is required to prevent wave breaking directly on the
vertical face.
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Comparison of Breakwater Types |

| Feature | Rubble Mound | Vertical Wall | | :— | :— | :— | | **Wave
Interaction** | Absorbs/Dissipates wave energy | Reflects wave energy
(Clapotis) | | **Foundation Needs** | Adaptable to weak soils | Requires
strong, firm rock/soil | | **Construction Cost**| Material intensive,
cheaper per unit | Lower material volume, high unit cost | |
**Maintenance** | Higher maintenance (replacing armor) | Lower
maintenance if stable | | **Berthing** | Not suitable for ship berthing |
Suitable on the protected (lee) side |

@ Rubble mound is preferred for poor soil conditions and abundant local
rock.

@ Vertical walls are preferred in deep water with solid foundations.

@ Selection depends on water depth, wave climate, soil bearing capacity,
and material availability.
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Construction Methods: Rubble Mound Breakwater |

The construction of a rubble mound breakwater is heavily dependent on
the transport and precise placement of materials. It typically starts from
the shore and progresses seaward. The sequence involves preparing the
seabed, placing the core, underlayers, and finally the armor units.

Key Points

@ Seabed preparation: Dredging unsuitable material or laying geotextile
mattresses.

@ Core placement: Dumping quarry run using split-hopper barges or
dump trucks.

@ Underlayer and Armor placement: Placed carefully using floating
cranes or land-based crawler cranes.

@ Interlocking of artificial armor units (like Tetrapods, Accropodes) is
critical for stability.
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Construction Methods: Vertical Wall (Caisson) |

Caisson breakwaters involve the use of large, hollow concrete boxes
pre-cast in dry docks or slipways. They are floated to the site, sunk into
position by filling them with sand or water, and then capped with
concrete.

@ Pre-fabrication: Caissons are built on land or floating docks to ensure
high quality.

o Foundation preparation: A rubble leveling berm is laid and perfectly
leveled on the seabed.

@ Towing and Sinking: Caissons are towed by tugboats and sunk by
carefully flooding their cells.

e Filling and Capping: Cells are filled with sand/gravel for mass, and a
concrete crown is cast in situ.

.
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Design and Environmental Considerations |

Breakwater design must account for extreme hydrodynamic forces and
environmental impacts. Engineers analyze wave heights (design wave),
tidal variations, and storm surges. Environmental impacts such as
alteration of coastal sediment transport and water quality must also be
mitigated.

Key Points

@ Hydrodynamic stability: Checking against sliding, overturning, and
armor displacement.

e Toe protection: Preventing scouring (erosion) at the base of the
structure.

@ Sediment transport: Breakwaters can cause downdrift erosion and
updrift accretion.

o Ecological impact: Creating artificial reefs while ensuring adequate
harbor flushing.

.
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Summary of Breakwaters |

Breakwaters are indispensable for port development, offering protection
against aggressive wave action. Understanding the distinct
classifications—mound, vertical, and composite—allows engineers to select
the most appropriate type based on site-specific geotechnical and
hydrodynamic conditions.

Key Points

@ Rubble mounds dissipate energy and suit weak foundations.

@ Vertical walls reflect energy and require strong foundations but allow
berthing.

@ Construction techniques range from simple dumping to complex
caisson towing.

@ Thorough hydrodynamic and environmental analysis is mandatory for
a successful design.
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Importance of Navigation Aids |

Navigational aids (AtoN) are crucial for maritime safety, serving as the
'road signs’ of waterways. They provide vessels with spatial awareness,
marking safe channels and warning of hidden hazards.

@ Enhance safety of life and property at sea by preventing collisions and
groundings.

o Facilitate efficient maritime trade by allowing safe navigation during
night and adverse weather.

@ Mark the approaches to harbors, navigable channels, and isolated
dangers like reefs or wrecks.

@ Provide critical reference points for determining a vessel's precise
location and course.
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Types of Marine Navigation |

Marine navigation involves directing a vessel safely from one point to
another. The techniques vary depending on the vessel's distance from land
and the available technology.

o Coastal Navigation (Piloting): Navigating restricted waters using
visual reference points, depths, and local aids.

@ Celestial Navigation: Determining position using angular
measurements between celestial bodies (sun, moon, stars) and the
horizon.

o Electronic/Radio Navigation: Utilizing radio waves and satellite
systems (like GPS and Radar) for precise global positioning.

@ Dead Reckoning: Estimating current position based on a previously
determined position, incorporating speed, time, and course.
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Requirements of Marine Signals |

Marine signals must be highly reliable, unambiguous, and easily
identifiable under various environmental conditions to provide effective
guidance to mariners.

@ Visibility: Must be conspicuous during daylight (via shape and color)
and at night (via light characteristics).

@ Reliability: Systems must function continuously in harsh marine
environments with minimal downtime.

o Standardization: Must adhere to international standards (e.g., IALA
Buoyage System) to ensure universal comprehension.

@ Distinctiveness: Each signal must have unique characteristics
(rhythm, color, sound) to avoid confusion with background lights or
other aids.

.
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Classification of Navigational Aids |

| Category | Type | Purpose | Examples | | -| | | | |
Visual Aids | Fixed/Floating | Provide direct V|sua| gwdance (day/nlght) |
Lighthouses, Beacons, Buoys | | Audible Aids | Sound Emitting | Warn
vessels during fog or low visibility | Fog horns, Bells, Whistles | | Electronic
Aids | Radio/Radar | Precise positioning over long distances | GPS,
Racons, AlS, Loran-C |

@ Visual aids are the most fundamental and widely used type of
navigational assistance.

@ Audible aids serve as a critical backup when visual ranges are severely
reduced by weather.

o Electronic aids offer the highest precision and are essential for modern
automated navigation systems.

v
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Types of Signals: Visual and Audible |

Signals are primarily categorized into visual and audible types, each serving
a specific role depending on the operating environment and visibility
constraints.

o Visual Signals: Rely on light emitting equipment, distinct daymarks,
and standardized color codes. They include fixed structures and
floating buoys.

o Audible Signals: Used when visual contact is lost (fog, heavy rain).
They emit specific sound patterns that mariners can identify.

@ Fog Signals: A specific subset of audible signals, often automated to
trigger when sensors detect reduced visibility.

@ Limitations: Audible signals can be deceptive due to sound refraction

in the atmosphere; hence they are secondary to visual and electronic
aids.
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Introduction to Lighthouses |

Lighthouses are prominent, fixed visual navigational aids built on land or
seabed. They consist of a tall structure equipped with a powerful light
system to serve as a major navigational reference.

@ Primary Function: To warn of major hazards (like dangerous
coastlines or shoals) and to establish initial landfalls for approaching
vessels.

@ Location: Strategically placed on promontories, islands, or isolated
rocks in the sea.

@ Design: Built to withstand extreme wind and wave forces, often
featuring distinct daymark patterns (stripes, bands) for daytime
identification.

@ Evolution: Transitioned from open fires and oil lamps to highly
efficient LED optics and automated electronic monitoring systems.
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Structure of a Typical Lighthouse |

Dome Roof / Cupola

- lantern Room {OptiBoketfaplht Beam

Gallery / Balcony

Tower / Shaft (with Daymark)

Solid Foundation / Bedrock
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Structure of a Typical Lig use Il

Key Points

e Foundation: Must be incredibly robust, often anchored directly into
bedrock or coral reefs.

@ Tower/Shaft: Provides the necessary elevation to achieve the required
geographic range of the light.

@ Lantern Room: Houses the delicate optical apparatus (lenses and
lamps) protecting them from the elements.

o Gallery: An external platform used for maintenance and cleaning of
the lantern glass.
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Light Characteristics and Rhythms |

To prevent confusion, every major navigational light displays a unique
sequence of light and dark intervals, known as its characteristic. This
allows mariners to positively identify the aid using nautical charts.

o Fixed (F): A continuous, steady light.

o Flashing (FI): The duration of light is shorter than the duration of
darkness.

@ Occulting (Oc): The duration of light is longer than the duration of
darkness (the light is briefly interrupted).

@ Isophase (Iso): The durations of light and darkness are exactly equal.
v
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Beacons: Types and Functions |

Beacons are fixed navigational marks permanently attached to the seabed
or land. They are smaller than lighthouses and are primarily used to mark
specific features like channel margins, hazards, or turning points.

@ Unlighted Beacons (Daybeacons): Rely entirely on their specific color,
shape, and topmark for daytime identification.

o Lighted Beacons: Equipped with small light units for nighttime
visibility, functioning similarly to lighted buoys but fixed in place.

o Leading Marks (Ranges): Pairs of beacons used together to define a
specific line of bearing, helping vessels navigate a straight channel.

o Advantages over Buoys: Highly accurate position (no swinging
radius) and lower maintenance since they are not subject to mooring
chain wear.

.
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Navigation Channel Marked by Beacons |
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Navigation Channel Marked by Beacons Il

o Lateral Marks define the port (left) and starboard (right) sides of a
navigable channel.

@ In the IALA system, shapes and colors vary by region (e.g., Red
Port/Green Starboard in Region A).

@ Fixed beacons provide a rigid and reliable boundary compared to
floating buoys.

o Topmarks (like cylinders or cones) assist in daytime identification
even when colors fade. )
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Summary |

Navigational aids form a comprehensive system that is critical for maritime
safety. Understanding the types of navigation, signal requirements, and
specific structures like lighthouses and beacons is essential for harbour
engineering and safe vessel operations.
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Summary |l

o Navigational aids are categorized into visual, audible, and electronic
types.

@ Signals must be reliable, distinct, and visible to effectively guide
mariners.

@ Lighthouses are major fixed structures providing long-range guidance
and hazard warnings.

@ Beacons are smaller fixed marks used for precise localized guidance,
such as marking channel boundaries.

@ Together, these systems ensure efficient and safe maritime transport
across the globe.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



DI104006071: Railway, Harbour & Tunnel

Engineering

GTU Course Instructor

Civil Engineering

July 25, 2026

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Transit Sheds |

Transit sheds are essential structures at ports, providing temporary storage
for cargo transitioning between ships and land transport. They protect
goods from weather, theft, and damage while facilitating customs
inspection, sorting, and short-term holding.

Temporary storage facility at port terminals.

Protects cargo from environmental factors.

Facilitates customs clearing and cargo sorting.

Designed for rapid turnaround, not long-term storage.
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Essential Features of Transit Sheds |

The design and layout of a transit shed must prioritize operational
efficiency, ease of access, and adequate protection. They must integrate
smoothly with quay aprons on the waterside and rail /road networks on the
landside.

@ Ample clear floor space with minimal interior columns.

o Sufficient overhead clearance for mechanical handling equipment
(e.g., forklifts).

@ Wide and high doors on both quay and land sides for uninterrupted
traffic flow.

@ Adequate natural and artificial lighting and ventilation.

@ Strong, durable, and smooth flooring to withstand heavy loads and
wear.

.
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Structural Requirements & Components |

Transit sheds require robust construction to handle continuous heavy
machinery movement and cargo stacking. They generally utilize steel
portal frames or reinforced concrete structures.

@ Flooring: Must sustain uniform loads typically between 30 to 50
kN/m?2.

@ Roofing: Usually pitched or saw-tooth trusses, covered with
corrugated Gl or asbestos cement sheets.

o Platforms: Raised platforms on the landside (typically 1 to 1.2 m
high) to match truck or wagon bed heights.

@ Doors: Roller shutters or sliding doors, typically 4 to 5 meters wide
and 5 meters high.
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Typical Cargo Storage Requirements |

The following table illustrates typical storage densities and required
operational space for various types of cargo handled in transit sheds.
| Cargo Type | Typical Stowage Factor (m®/tonne) | Max Stacking Height
(m) | Aisle Space Allowance (%) | |—|—|—|—] | General Cargo
(Palletized) | 1.5 - 2.5 | 4.0 - 5.0 | 35 - 40 | | Bagged Cargo (Rice/Wheat)
[1.3-16|50-6.0|25-30|| Steel Coils/Plates | 0.4 - 0.7 | 2.5 - 3.5 |
25-30 | | Cotton Bales | 2.5-3.0 | 4.5-5.5|30- 35 |

@ Stowage factor determines the volume occupied by one tonne of
cargo.

@ Aisle space allowance varies based on handling equipment size.
@ Max stacking height is limited by cargo fragility and shed clearance.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 427 / 606



Calculation of Required Area and Dimensions |

The dimensioning of a transit shed is intrinsically linked to the size of
vessels berthed, the cargo throughput, and the allowable storage time.
The gross area must account for both net cargo storage and operational
maneuverability.

Formula: Required Area (A) = (Maximum Cargo Tonnage x Stowage
Factor) / (Average Stacking Height x Space Utilization Factor).
Length: Usually matches the length of the berth or ship (e.g., 150m
to 200m).

Width: Ranges from 30m to 50m. Wider sheds require clear-span
roof trusses to avoid central columns.

Height: Minimum clear height at eaves is typically 6m to 8m to
accommodate forklifts and mobile cranes.
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Cross-Section of a Transit Shed |

Eaves Height (6-8m) Storage Area Operational Space

Loading Platfo;’{i-Truck/Rail Access

Clear Span (30-50m)
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Cross-Section of a Transit Shed |l

o Clear span structural design avoids internal columns, maximizing
usable floor space.

@ Adequate eaves height ensures safe operation of handling equipment.

@ Loading platforms on the landside facilitate direct transfer to trucks
or rail wagons.
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Introduction to Warehouses |

While transit sheds are for short-term transit, warehouses at ports provide
medium to long-term storage facilities. They are situated further inland
from the quay to keep the expensive waterfront space clear for active
vessel loading/unloading operations.

@ Located behind transit sheds or outside the immediate dock area.

@ Used for bulk storage, consolidation, distribution, and value-added
services (e.g., packaging).

@ Reduces congestion at the quay by clearing out transit sheds rapidly.

@ Can be specialized (e.g., cold storage, hazardous materials, bonded
warehouses).
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Essential Features of Warehouses |

Warehouses demand distinct design features focused on maximized storage
volume, specialized environmental controls, and sophisticated inventory
management systems rather than just rapid throughput.

@ High stacking capability (often up to 10-15m) using advanced racking
systems.

@ Specialized flooring to tolerate extremely high point loads from rack
uprights.

@ Advanced fire protection and sprinkler systems due to higher fuel
loads and dense storage.

e Environmental controls (temperature, humidity) for perishable or
sensitive goods.

@ Multi-story configurations possible where land value is exceptionally
high.
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Flow Diagram: Transit Shed vs War
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Flow Diagram: Transit Shed vs Warehouse I

@ Cargo moves from the vessel directly into the transit shed for
immediate sorting.

@ Goods requiring long-term storage are transferred to the warehouse.

@ Direct delivery allows cargo to bypass the warehouse and move
straight to distribution from the transit shed.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 434 /606



Design Criteria for Warehouses |

Warehouse design requires meticulous planning regarding space utilization,
equipment selection, and safety regulations. The structural footprint and
internal layout heavily influence operational efficiency and long-term
viability.

Key Points

@ Aisle width must match the turning radii of reach trucks and Very
Narrow Aisle (VNA) equipment.

@ Structural grid spacing must align with the intended pallet racking
layout.

@ Dock leveling equipment must be integrated into receiving and
dispatch bays.

@ Integration of Warehouse Management Systems (WMS) for
automated tracking.
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Summary |

Transit sheds and warehouses are critical nodes in port infrastructure.
Transit sheds facilitate rapid cargo transfer at the quay, requiring clear
spans and high throughput design. Warehouses provide extended storage,
focusing on high-density stacking and specialized inventory management.

Proper dimensioning of both relies on cargo volume, stowage factors, and
handling equipment.

Key Points

@ Transit sheds: Short-term, rapid turnaround, located at the
waterfront.

o Warehouses: Long-term storage, high-density, located landward.

@ Area calculation depends on cargo tonnage, stowage factor, and
stacking height.

o Efficient layout and structural design minimize operational
bottlenecks.
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Introduction to Dredging |

Dredging is the underwater excavation of soils and rock. The process
involves excavating material from the sea, river, or lake bed, transporting
it to a different location, and discharging or disposing of it. It is a critical
activity for the development and maintenance of ports, waterways, and
coastal protection infrastructure.

Involves excavation, vertical transport, horizontal transport, and
disposal.

Essential for safe navigation of ships with deep drafts.

Utilized in river regulation and flood control projects.

Facilitates the extraction of valuable underwater mineral deposits.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 438 /606



Necessity of Dredging |

The necessity of dredging primarily stems from the need to maintain
adequate water depth for marine vessels, ensuring safe and efficient
maritime transport. Ports are subject to continuous siltation due to river
discharges, littoral drift, and tidal currents, which naturally reduce the
depth of navigational channels and berths.

Key Points

@ Navigation: To create and maintain required depths for ships to avoid
grounding.

@ Construction: To prepare underwater foundations for structures like
breakwaters or bridge piers.

@ Reclamation: To provide fill material for creating new land or
expanding port facilities.

@ Environmental Remediation: To remove contaminated sediment and
improve water quality.

.
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Categories of Dredging Operations |

| Type of Dredging | Purpose | Material Characteristics |
| | | | | Capital Dredging | Creating
new channels or harbour basins | Often undisturbed, compact soils or rock
| | Maintenance Dredging | Restoring navigable depths lost to siltation |
Soft, loose, and unconsolidated sediments | | Environmental Dredging |
Removing contaminated materials safely | Hazardous sludges and polluted
silts | | Mining/Reclamation | Extracting minerals or fill materials | Sand,

gravel, and specific mineral ores |

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg

July 25, 2026 440 / 606



Categories of Dredging Operations ||

o Capital dredging involves heavy duty equipment due to virgin soil
consolidation.

@ Maintenance dredging is a recurring requirement for almost all
operational ports.

@ Environmental dredging requires specialized equipment to prevent
secondary pollution.

@ Mining focuses on material recovery rather than altering channel
dimensions.
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Classification of Dredgers |

Dredgers are broadly classified into two main categories based on the
method of excavation: Mechanical dredgers and Hydraulic dredgers.
Mechanical dredgers use buckets, grabs, or dippers to physically dig and
lift the material, similar to dry land excavators. Hydraulic dredgers use
centrifugal pumps to fluidize the sediment and transport it as a slurry

through pipelines.

July 25, 2026 442 / 606
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Classification of Dredgers Il

Key Points
@ Mechanical Dredgers: Work well in confined spaces and can handle
stiff materials and debris.
@ Hydraulic Dredgers: Highly efficient for moving large volumes of loose
material over long distances.
@ Some modern dredgers combine both mechanical and hydraulic
principles for optimal efficiency.

@ The choice between them depends on soil type, required depth, and
disposal method.
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Classification

Mechanical Hydraulic

Plain Suctio[ Cutter Sucti] Trailing Hopper

Grab/Clamshell

@ Mechanical types physically scoop the material from the seabed.

@ Hydraulic types use suction pipes and pumps to transport a soil-water
mixture.

@ Hybrid forms exist, but this represents the fundamental industry
classification.
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Mechanical Dredgers: Bucket and Grab |

Bucket ladder dredgers feature a continuous chain of buckets that scoop
material and empty it into barges. They are robust and can handle various
soil types including soft rock. Grab (or Clamshell) dredgers use a
crane-mounted grab bucket; they are highly maneuverable and ideal for
working in corners of docks, near quay walls, and handling debris, though
their production rate is relatively low.
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Mechanical Dredgers: Bucket and Grab I

Key Points

@ Bucket Ladder Dredger: Continuous excavation, good for uniform
channel beds, very noisy.

@ Grab Dredger: Simple operation, easy to deploy, capable of deep
dredging.

o Dipper (Backhoe) Dredger: Basically a floating excavator, excellent
for hard rock and stiff clay.

@ Excavated material from mechanical dredgers usually requires
auxiliary barges for transport.
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Hydraulic Dredgers: CSD and TSHD |

Cutter Suction Dredgers (CSD) use a rotating cutter head to loosen hard
soil, which is then sucked up by a dredge pump and transported via
floating pipelines. Trailing Suction Hopper Dredgers (TSHD) are
self-propelled vessels that trail a suction pipe along the seabed while
moving, storing the dredged slurry in an onboard hopper for later
transport and dumping.
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Hydraulic Dredgers: CSD and TSHD I

@ CSD: Stationary during dredging (anchored by spuds), suitable for
hard soils, continuous pipeline discharge.

@ TSHD: Highly mobile, no obstruction to other shipping, ideal for
open water and maintenance dredging.

@ Plain Suction Dredgers: Used for easily fluidizable materials like loose
sand without mechanical cutting.

@ Hydraulic dredgers generally have higher production rates compared
to mechanical types.
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Schematic of a Cutter Suction Dredger |

_____________ DS - Wat\e(; b%’akarge Pipeline
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Schematic of a Cutter Suction Dredger |l

@ The Cutter Head rotates to loosen the bed material (rock, clay, or
compacted sand).

@ The Suction Ladder houses the suction pipe and sometimes an
underwater pump.

@ Spuds anchor the dredger and act as a pivot point during the
sweeping motion.

@ The fluidized mixture is pumped through a floating pipeline to the
disposal or reclamation area.
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Selection Criteria for Dredgers |

Selecting the appropriate dredger for a specific project is crucial for
technical feasibility and economic viability. The decision depends on the
physical and geotechnical properties of the seabed material, the depth of
dredging, the required production rate, the distance to the disposal site,
and the prevailing hydrodynamic conditions (waves and currents).

@ Soil Characteristics: Hard rock requires CSD or Dipper; soft silt is
suited for TSHD or Grab.

@ Disposal Distance: Long distances favor TSHD; short distances or
reclamation favor CSD with pipelines.

@ Water Depth: Grab dredgers and TSHDs can operate at greater
depths than CSDs.

o Traffic and Space Constraints: TSHDs maneuver easily in busy ports;
CSDs require stationary anchoring.
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Environmental Considerations in Dredging |

Dredging operations can have significant environmental impacts if not
properly managed. The excavation and disposal of sediments can increase
water turbidity, disrupt benthic habitats, and potentially release toxic
contaminants trapped in the seabed into the water column. Modern
dredging techniques prioritize minimizing these impacts through
specialized equipment and strict monitoring.
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Environmental Considerations in Dredging Il

Key Points

@ Turbidity Control: Use of silt curtains and eco-friendly cutter heads to
minimize sediment suspension.

@ Noise and Vibration: Mitigation measures are essential to protect
marine life, especially mammals.

o Contaminated Sediment Management: Requires sealed grabs and
controlled disposal in confined facilities.

o Beneficial Reuse: Using dredged uncontaminated sand for beach
nourishment or habitat creation.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026



Summary and Conclusions |

Dredging is an indispensable operation in harbour and marine engineering,
ensuring navigability and enabling marine construction. Understanding the
necessity—whether for capital development, maintenance, or
environmental restoration—guides the approach. The selection of the
right dredger type (mechanical or hydraulic) must balance technical
requirements with environmental stewardship.
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Summary and Conclusions Il

Key Points

@ Dredging maintains port depths and provides materials for coastal
development.

@ Mechanical dredgers (Grab, Backhoe, Bucket) excel in confined
spaces and hard/debris-filled soils.

@ Hydraulic dredgers (CSD, TSHD) are optimal for high-volume,
long-distance sediment transport.

@ Environmental impacts must be meticulously evaluated and mitigated
in all dredging projects.
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the Coastal Zone |

The coastal zone is the dynamic interface between land and sea,
characterized by complex interactions among geomorphological, biological,
and hydrodynamic processes. It serves as a vital natural buffer against
coastal hazards and supports diverse ecosystems.

@ Dynamic interface between terrestrial and marine environments.

@ Continuously shaped by waves, tides, currents, and wind.

@ Crucial for ecological balance and human activities (e.g., ports,
tourism).
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Standard Beach Profile Components |

o lllustrates the cross-section from the offshore seabed to inland dunes.

@ Delineates distinct morphological zones based on tidal action and
wave reach.

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 458 / 606



Understanding Beach Profile Dynamics |

A beach profile represents a cross-sectional view of the coastal landscape
from the offshore zone to the inland limit of the beach. Its shape varies
seasonally, primarily influenced by wave energy. Winter storms tend to
flatten the beach, pulling sand offshore to form bars, while gentle summer
waves push sand back onshore, building up the berm.

Key Points

o Offshore: Seaward of the breaker zone, where wave action doesn’t
significantly disturb the seabed.

@ Foreshore: The intertidal zone exposed at low tide and submerged at
high tide.

@ Backshore: Dry region above the high-tide line, wetted only during
severe storms.

@ Berm: Nearly horizontal portion formed by deposition of sediment.
v
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Natural Causes of Beach Erosion |

Beach erosion is the permanent or temporary loss of sand and sediment
from the coastal profile. Natural causes are primarily driven by
hydrodynamic forces and climatic events that remove sediment faster than
it can be naturally replenished.

Key Points

@ Wave action and longshore currents transporting sediment away from
the beach.

@ Severe storms, hurricanes, and cyclones causing sudden, massive sand
displacement.

e Tidal variations and storm surges increasing the reach of destructive
waves.

@ Relative sea-level rise due to tectonic subsidence and climate change.
v
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Anthropogenic Causes of Beach Erosion |

Human activities significantly exacerbate coastal erosion by altering
natural sediment transport pathways and disrupting the delicate balance of
coastal ecosystems. Infrastructural development and resource extraction
are primary culprits.

@ Construction of upstream dams trapping sediment that would
otherwise nourish beaches.

o Improperly designed coastal structures (e.g., groynes) causing
downdrift erosion.

@ Sand mining from riverbeds and beaches for construction materials.

@ Destruction of natural defenses like mangroves, coral reefs, and
coastal dunes.
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@ Swash moves sand up the beach at an angle; backwash pulls it
straight down.

@ Structures like groynes block transport, causing accumulation updrift
and starvation downdrift.
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Introduction to Coastal Protection Works |

Coastal protection works are engineering interventions designed to
mitigate coastal erosion, prevent flooding, and stabilize the shoreline. The
selection of an appropriate protection method depends on the specific
coastal dynamics, environmental impact, and economic considerations.

@ Primary goal: Reduce wave energy and control sediment transport.
@ Hard engineering: Involves building solid structures to resist waves.

@ Soft engineering: Uses natural processes and materials to dissipate
wave energy.

o Integrated Coastal Zone Management (ICZM) combining both
approaches is often preferred.
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Comparison of Coastal Protection Methods |

| Feature | Hard Engineering | Soft Engineering |
| | | | | ¥**Mechanism** | Rigid physical
barriers | Natural energy dissipation | | **Examples** | Seawalls, Groynes,
Breakwaters | Beach Nourishment, Dune Grass Planting | | **Cost** |
High initial construction cost | Ongoing maintenance cost | |
**Environmental Impact** | Can disrupt local ecosystems | Ecologically
friendly, enhances habitat | | **Aesthetics** | Unnatural appearance |
Preserves natural landscape |

@ Hard structures provide immediate, robust protection but can cause
downdrift issues.

@ Soft structures are sustainable and adaptable but require continuous
monitoring.
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Hard Engineering: Seawalls and Groynes |

Seawalls are massive concrete or stone structures built parallel to the
shoreline to reflect wave energy and protect the land behind them.
Groynes are perpendicular structures extending into the sea to interrupt
longshore drift and trap sand, widening the beach on the updrift side.

Key Points

@ Seawalls: Highly effective for cliff and settlement protection, but
often cause scouring at their base.

@ Groynes: Effective at building up local beaches, but can cause severe
erosion downdrift.

@ Breakwaters: Built offshore to break waves before they reach the
shore, creating a calm water zone.

@ Revetments: Sloped structures placed on banks or cliffs to absorb
wave energy.
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Soft Engineering: Beach Nourishment |

Beach nourishment involves artificially adding sand to an eroding beach
from an external source (e.g., offshore dredging). This creates a wider
beach that acts as a natural buffer, dissipating wave energy before it
reaches inland infrastructure.

@ Maintains the natural aesthetic and recreational value of the beach.
@ Provides a sacrificial layer of sand that protects underlying structures.

@ Requires periodic renourishment as the new sand will eventually
erode.

@ Must carefully match the grain size and type of the native beach sand.)
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Summary |

The coastal zone is a highly dynamic environment shaped by continuous
interaction between land and sea. Understanding the beach profile and the
natural and anthropogenic drivers of erosion is critical for effective coastal
management. Coastal protection requires a balanced approach, utilizing
both hard engineering structures and soft, nature-based solutions to
achieve sustainable shoreline stabilization.
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Summary |l

Key Points

@ Beach profiles are divided into offshore, foreshore, backshore, and
dune zones.

@ Erosion is driven by waves, storms, sea-level rise, and human
interference.

@ Protection works encompass rigid structures (seawalls) and natural
methods (nourishment).

@ Sustainable coastal management demands holistic, site-specific
strategies.
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Introduction to Tunneling |

A tunnel is an underground passage constructed for the purpose of
transport, conveying water, or laying utilities, typically constructed without
disturbing the overlying soil or rock. Tunneling requires substantial
preliminary investigations and specialized construction techniques.

@ Subsurface passageways for roads, railways, and canals.

@ Constructed to bypass natural obstacles like mountains or water

bodies.
@ Provides rapid transit in congested urban areas without disrupting
surface life.
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Necessity of Tunnels |

Tunnels are essential in modern civil engineering to provide direct routes
through natural and man-made obstacles. They become structurally and
economically necessary when open cuts are unfeasible or environmentally
destructive.

@ To connect two points separated by a mountain or hill barrier.

@ To provide an underground route for rapid transit systems (metros) in
congested cities.

@ To cross water bodies like rivers or straits where bridges are
impractical.

@ To avoid long, circuitous routes around natural obstacles, saving
travel time and fuel.
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Tunnel vs. Open Cut Profile |

Mountainous Terrain

Open Cut Alternative

Station A Tunnel Alignment Station B

@ Visual representation of a mountain barrier between two stations.

@ The red dashed line shows the direct and efficient tunnel alignment.

@ The blue dotted line illustrates the massive excavation required for an
open cut.
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Advantages of Tunnels |

Tunnels offer significant advantages over surface routes, especially in
difficult terrains or densely populated areas. They provide a protected
environment that is isolated from surface disturbances.

@ Shortens the route distance, heavily reducing operation and
maintenance costs.

@ Avoids the acquisition of highly expensive surface land in urban areas.

@ Provides a sheltered route, immune to adverse weather like snow,
heavy rain, or landslides.

@ Does not disrupt existing surface traffic, utilities, or city life during
operation.

@ Maintains favorable gradients for railways compared to climbing steep
mountain passes.

.
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Disadvantages of Tunnels |

Despite their profound benefits, tunnels present unique engineering
challenges and entail high initial investments. The construction is
inherently risky and requires highly skilled labor alongside sophisticated
machinery.
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Disadvantages of Tunnels |l

@ Extremely high initial capital cost of surveying, design, and
construction.

o Construction requires specialized equipment (e.g., TBMs) and highly
trained workforce.

@ Significant time required for completion compared to laying surface
routes.

o Ventilation, drainage, and lighting during and after construction
require complex systems.

@ High risk of occupational accidents due to roof collapse, water
ingress, or noxious gases.
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Tunnel vs. Ope

A comparative analysis evaluating whether to construct a tunnel or an

open cut for passing through a geographical obstacle. Generally, tunnels

become more economical than open cuts when the depth of excavation
exceeds 20 meters.
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Comparison: Tunnel vs. Open Cut Il

| Feature | Tunnel | Open Cut |

| ===

| **Initial Cost** | Very high | Lower (for shallow depths) |

| **Maintenance Cost** | Low | High (due to slope stabilization) |

| **Environmental Impact**| Minimal surface disruption | High
surface disruption |

o | **Weather Effect** | Immune to weather | Susceptible to
landslides/snow |
@ | **Depth Suitability** | Economical for depth > 20m | Economical

for depth < 20m |
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Classification Based on Purpose |

Tunnels are broadly classified based on the fundamental purpose they
serve. The intended purpose heavily dictates their cross-sectional design,
alignment, and internal finishing.

o **Traffic Tunnels:** Designed for railways, highways, metros, and
pedestrian walkways.

e **Hydropower Tunnels:** Convey water from reservoirs to turbine
powerhouses under high pressure.

@ **Public Utility Tunnels:** Used for safely routing utility lines like
power cables, water supply, and sewage.

@ **Navigation Tunnels:** Constructed to allow passage of ships and
canal boats through terrain.
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Classification Based on Alignment & Material |

The geological strata through which a tunnel passes, along with its
specific alignment configuration, determine the excavation methods and
support systems required.

@ **Saddle & Spiral Tunnels:** Saddle tunnels pass through natural
valleys; spiral tunnels loop inside mountains to gain elevation.

@ **Tunnels in Hard Rock:** Require blasting and minimal initial
support (e.g., Granite, Gneiss).

@ **Tunnels in Soft Rock:** Can be excavated using mechanized
roadheaders without blasting (e.g., Shale, Sandstone).

@ **Tunnels in Soft Soil:** Require immediate support and tunneling
shields (e.g., Clay, Silt).

@ **Subaqueous Tunnels:** Constructed beneath water bodies using
immersed tubes or compressed air techniques.

.
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Classification Based on Cross-Section |

The cross-sectional shape of a tunnel is meticulously chosen based on
internal clearance needs, external rock or soil pressure, and the specific
utility of the tunnel.

@ **Circular Section:** Offers maximum resistance to external pressure,
ideal for soft ground and aqueducts.

@ **D-Shape (Segmental):** Most suitable for subways and navigation
due to its flat invert and arched roof.

@ **Horseshoe Section:** Commonly used for highway and railway
tunnels in semi-solid rock masses.

@ **Rectangular Section:** Often adopted for pedestrian subways and
cut-and-cover shallow urban tunnels.

.
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Standard Tunnel Cross-Sections |

Circular Section D-Shape Section Horseshoe Section

o Circular: Best for bearing high external radial pressures (e.g., sewers,
soft soils).

@ D-Shape: Provides a flat base for tracks or roads with good head
clearance.

@ Horseshoe: Combines the structural benefits of arch action and a
wider operational floor base.
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Summary |

Tunnels are critical infrastructural elements that conquer geographical
barriers to optimize transit systems and utilities. While highly
capital-intensive and risky to construct, their long-term benefits in urban
planning and mountainous terrain are unmatched.
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Summary |l

@ Tunnels are necessary for minimizing route length and bypassing
insurmountable obstacles.

@ Key advantages include weather immunity, improved gradients, and
reduced surface congestion.

@ Major disadvantages involve immense capital costs, construction
risks, and ongoing ventilation needs.

o Classification is based on their purpose, geological material,
alignment, and cross-section.

@ Proper selection of tunnel shape is vital for enduring structural
stability and optimal functional use.
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Introduction Tunnel Geometrics |

The shape and size of a tunnel are critical parameters that directly
influence the structural integrity, construction cost, and functional
efficiency of the underground structure. The cross-section must be large
enough to accommodate the intended traffic or utility, while its shape
must optimally resist surrounding ground pressures.

@ Determines the stress distribution around the excavated opening.

o Affects the method of excavation and type of supporting system
required.

@ Influences the overall cost, including excavation volume and lining
materials.
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Factors Influencing Tunnel Shape |

Selecting the appropriate shape for a tunnel is not arbitrary; it requires a
careful evaluation of geological, structural, and functional requirements.

Key Points

@ Purpose of the tunnel (e.g., railway, highway, sewer, navigation).
@ Nature and properties of the soil or rock mass.

e Magnitude and direction of earth and water pressures (horizontal vs.
vertical).

@ Method of construction (drill and blast, TBM, cut-and-cover).
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Comparison of Common Tunnel Shapes |

The following table summarizes the primary tunnel shapes, their typical
applications, and their structural characteristics.

@ | Shape | Application | Advantage | Disadvantage |

o |———I—l

o | Circular | Sewers, Aqueducts | Maximum resistance to external
pressure | Inefficient floor space utilization |

@ | Horseshoe | Highways, Railways | Excellent floor space and arching
action | Complex formwork for lining |

@ | D-Shape (Segmental) | Subways, Navigation | Flat invert is ideal for
track laying | Weak against high lateral pressure |

@ | Rectangular | Pedestrian, Shallow transit | Easy and economical for
cut-and-cover | Poor structural efficiency at depth |

v
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Circular Section |

The circular shape provides the most efficient cross-section for resisting
external pressures, as compressive stresses are distributed uniformly around
the ring. It is the natural shape formed by Tunnel Boring Machines
(TBMs).

o Offers the highest structural stability, especially in soft ground or
sub-aqueous conditions.

@ Provides the maximum cross-sectional area for a given perimeter.

@ Significant unused space when used for vehicular or rail traffic,
requiring additional fill for the roadbed.
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Circular Tunnel Geometry |

———————————— - Springing Line

Roaged / Track Level

|
Invert

@ The theoretical pure circle distributes hoop stresses efficiently.

@ Invert requires backfilling to create a flat operational surface.
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Horseshoe Section |

The horseshoe shape is widely regarded as the most versatile cross-section
for highway and railway tunnels in competent rock. It combines the
structural benefits of a semi-circular arched roof with the functional
benefits of a wider base.

@ Semi-circular roof efficiently transfers vertical loads to the abutments.

@ Curved sidewalls provide resistance against moderate lateral earth
pressures.

o Offers a wide floor area, minimizing the need for excessive backfilling
compared to circular tunnels.
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Horseshoe Tunnel Geometry |

- Springing Line

Curved Invert

@ Characterized by a semi-circular arch, straight or slightly curved
sidewalls, and a dished invert.

@ Provides an optimal balance between structural strength and usable
clearance.
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D-Shape (Segmental) Section |

The D-shape or segmental roof section features a semi-circular arch over
straight vertical sidewalls and a flat invert. This profile is traditional in
hard rock environments where lateral pressures are minimal.

o Flat invert is highly suitable for laying railway tracks or road surfaces
immediately.

@ Provides maximum vertical clearance at the sidewalls.

@ Susceptible to failure at the corners if subjected to high lateral
hydrostatic or earth pressures.
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Other Shapes: Egg and Rectangular |

Specific project requirements dictate the use of specialized shapes like the
egg-shaped or rectangular sections.

o **Egg-Shaped:** Narrow at the bottom and wider at the top. Highly
effective for sewers carrying varying flows, as it maintains
self-cleansing velocity during low discharge.

@ **Rectangular:** Commonly used for pedestrian underpasses and
shallow urban transit systems constructed via cut-and-cover. Requires
strong roof slabs to resist bending moments.

@ **Polycentric:** Used in very large underground caverns to adapt to
complex stress regimes.

.
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Determining Size of a Tunnel |

The size of a tunnel is dictated primarily by its functional requirements,
known as the 'structure gauge' or 'clearance envelope’, with additional
allowances for operational necessities.

o **Traffic Clearance:** Must accommodate the largest vehicle or
train, plus dynamic kinematic envelopes.

o **Ventilation:** Space required for air ducts, jet fans, and emergency
smoke extraction.

o **Utilities and Drainage:** Provisions for lighting, signaling cables,
walkways, and drainage gutters.

@ **Construction Tolerance:** Additional excavation margin to account
for lining thickness and geological overbreak.

<
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Summary |

The optimal shape and size of a tunnel represent a balance between
structural efficiency, geological conditions, and the intended functional
use.

o Circular shapes are structurally superior for soft ground but less
efficient for traffic.

@ Horseshoe and D-shapes provide excellent space utilization for
railways and highways.

@ Size is strictly governed by clearance gauges, ventilation needs, and
lining thickness.

@ Careful selection reduces construction costs and ensures long-term
stability.
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Tunnel Surveying |

Tunnel surveying is one of the most critical and challenging tasks in civil
engineering. It ensures that the tunnel is excavated along the planned
alignment and gradient, connecting the starting and ending portals exactly
as designed. The precision required is extremely high, as any deviation can
lead to significant cost overruns and structural issues.

@ Requires high precision to ensure correct alignment

o Connects different headings accurately
@ Involves both surface and underground surveying
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Stages of Tunnel Surveying |

Surveying for tunneling operations is systematically divided into several
distinct stages to maintain accuracy throughout the project lifecycle.

These stages transition from surface level planning to deep underground
execution, requiring different techniques and instruments at each phase.

@ Surface Survey: Establishing control points above ground

o Transferring Alignment: Dropping lines from surface to underground

@ Underground Survey: Extending the line and grade as excavation
progresses

@ As-built Survey: Final check of the excavated profile
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Surface Survey Operations |

The surface survey involves establishing a highly accurate network of
control points along the proposed tunnel route. This is typically achieved
using precise triangulation or modern GPS/GNSS networks. The baseline

must be measured with extreme accuracy, as all subsequent underground
work relies on this primary network.

@ Establishment of a precise triangulation network

@ Setting out the main tunnel axis on the surface

@ Locating shafts and portals based on the surface alignment
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Surface Triangulation Network |

Portal B

Portal A

Control Stations
(Triangulation)
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Transferring Alignme

Once the surface alignment is established, it must be transferred
underground. If the tunnel is accessed via adits or portals, the surface line
is directly extended using a total station or theodolite. However, when
accessed via vertical shafts, transferring the alignment requires specialized
techniques like the two-wire or co-planing method.

@ Direct extension for portals and shallow tunnels

@ Use of vertical shafts requires wire plumbing

@ Critical for maintaining the azimuthal orientation underground
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Shaft Plumbing Method |
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Underground Setting Out |

Underground setting out involves extending the transferred alignment
deeper into the tunnel as excavation advances. Survey stations are usually
established in the roof of the tunnel (using spuds or hooks) to prevent
disturbance from construction machinery. Lasers are frequently mounted
on these stations to provide a continuous visible line for the drilling
jumbos or TBMs.

@ Stations mounted on tunnel roof for safety

@ Frequent checking required due to difficult conditions

@ Use of laser targets for continuous alignment guidance
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Transferring Levels Underground |

Maintaining the correct gradient is as important as the horizontal
alignment to ensure proper drainage and meeting track/roadway
specifications. Levels are transferred down a shaft by lowering a vertically
suspended steel tape with a tensioning weight. Precise leveling is then
carried out underground from this established bench mark.

@ Use of weighted steel tapes for deep shafts
@ Corrections applied for temperature and tension
@ Underground bench marks established at regular intervals
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Surveying Instruments in Tunneling |

| Instrument | Application | Expected Precision | |—|—|—] | Total Station
| Surface network, portal alignment | $\{}pm 1-2% mm, $1"-2"$ angular |
| Gyro-theodolite | Underground azimuth determination | $\{}pm 5”-10"$
angular | | Laser Level | Continuous grade and line control | $\{}pm 2-5%
mm over 100m | | Plumb Bobs | Shaft plumbing for alignment transfer |
Variable, highly skill-dependent | | 3D Scanner | As-built profiling,
volumetric surveys | $\{}pm 2-3% mm spatial resolution |
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Advanced Tunnel Surveying Techniques |

Modern tunnel surveying relies heavily on advanced technology to mitigate
the traditional challenges of underground work. Gyro-theodolites are used
to determine true north underground independently of the surface
network, correcting cumulative angular errors. Automated motorized total
stations and 3D laser scanners provide rapid, highly accurate as-built
profiles of the excavated sections.

@ Gyro-theodolites for independent underground orientation

@ Automated Total Stations for continuous monitoring

@ 3D scanning for precise cross-sectional profiling
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Summary of Surveying Work Operations |

Surveying is the guiding force in tunnel construction, requiring meticulous
planning and execution. The operations progress systematically from
establishing a robust surface control network to transferring precise
coordinates and levels underground. The adoption of modern instruments
like total stations, lasers, and gyro-theodolites has significantly enhanced
the accuracy and efficiency of tunnel surveying, ensuring that complex
excavations meet with millimetric precision.

@ Surface control networks are the foundation of tunnel alignment

o Transferring alignment and levels requires specialized shaft techniques

@ Continuous monitoring and modern tools ensure excavation accuracy
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Introduction to Tunnel Excavation Methods |

Tunnel excavation methods are broadly classified into conventional and
mechanized methods. The Drill and Blast (D&B) method is a highly
versatile conventional technique suitable for a wide range of rock
conditions and irregular profiles. In contrast, mechanized tunneling using
Tunnel Boring Machines (TBMs) offers higher advance rates, improved
safety, and continuous excavation, but is generally restricted to circular
cross-sections and requires significant upfront capital investment. The
choice between D&B and TBM depends heavily on geological conditions,
tunnel length, diameter, and environmental constraints.

Conventional method: Drill and Blast (D&B)
Mechanized method: Tunnel Boring Machines (TBM)
D&B: Highly adaptable to varying ground conditions

TBM: High initial cost but faster advance rates for long tunnels
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The Drill and Blast Sequence |

The Drill and Blast method follows a cyclical sequence of operations.
First, blast holes are drilled into the tunnel face according to a specific
pattern. These holes are then charged with explosives and detonated.
Following the blast, ventilation is required to clear toxic fumes and dust.
The fractured rock, known as muck, is then removed (mucking). Finally,
the newly exposed rock surface is scaled to remove loose rock fragments,
and initial ground support (such as rock bolts, shotcrete, or steel ribs) is
installed before the cycle repeats.

Drilling blast holes according to a designed pattern
Charging with explosives and controlled blasting
Ventilation to remove toxic fumes

Mucking (removal of excavated rock)

Scaling and installation of initial support
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Typical Blast Hole Pattern |

Tunnel Face Outline

cdoides
(Detonated First)
[ ] [ ) [ ]
Reliever Holg
[ )
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Typical Blast Hole Pattern Il

@ Cut holes: Create an initial free face at the center

@ Reliever holes: Expand the initial cavity outwards

@ Trimmer/Contour holes: Define the final shape and minimize
overbreak
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Introduction to Tunnel Boring Machines (TBMs) |

A Tunnel Boring Machine (TBM) is a massive, complex machine used to
excavate tunnels with a circular cross-section through a variety of soil and
rock strata. The primary components of a TBM include a rotating
cutterhead equipped with cutting tools, a main bearing that supports the
cutterhead, thrust cylinders that propel the machine forward by pushing
against the tunnel walls or previously installed segments, and a muck
transport system. TBMs can also erect precast concrete segments to form
the final tunnel lining continuously as they advance.

Used for continuous excavation of circular tunnels

Main components: Cutterhead, thrust cylinders, and muck transport

Reduces disturbance to the surrounding ground

Can simultaneously excavate and install the final tunnel lining
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Hard Rock TBMs |

Hard Rock TBMs are designed to excavate through solid, stable to
moderately fractured rock. They primarily use disc cutters mounted on the
cutterhead, which roll against the rock face, inducing high contact stresses
that cause the rock to spall and fracture. Open-type TBMs (or Main
Beam TBMs) grip the tunnel walls to provide thrust and are used in
competent rock. Shielded TBMs (Single or Double Shield) provide
continuous support to the excavated opening and are utilized in more
fractured or unstable rock conditions, erecting segmental lining
immediately behind the cutterhead.
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Hard Rock TBMs ||

@ Utilize disc cutters to induce rock spalling under high pressure
@ Open-type TBMs rely on gripper shoes against competent rock

@ Shielded TBMs are used for unstable or highly fractured rock
conditions

@ Double Shield TBMs offer high advance rates by simultaneous boring
and lining
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Schematic of a Shielded TBM |
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Schematic of a Shielded TBM I

@ Cutterhead rotates to break the face material

@ Shield body protects workers and internal equipment from ground
collapse

@ Thrust cylinders push off installed segments to propel the TBM
forward

@ Segment erector mechanically installs the precast concrete lining rings
V.
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Earth Pressure Balance (EPB) TBMs |

Earth Pressure Balance (EPB) TBMs are specialized soft-ground machines
used primarily in cohesive soils with high clay or silt content. The core
principle of an EPB TBM is to use the excavated soil itself as a support
medium to balance the earth and groundwater pressures at the tunnel
face. The excavated muck enters a pressurized extraction chamber behind
the cutterhead. A screw conveyor, which allows for controlled pressure
dissipation, is used to extract the muck from this chamber to a belt
conveyor operating at atmospheric pressure. Soil conditioning agents are
often injected to improve muck flowability and impermeability.
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Earth Pressure Balance (EPB) TBMs Il

Key Points
@ Designed for cohesive soils like clay and silt
@ Uses excavated muck in a pressurized chamber to support the tunnel
face
@ Face pressure is regulated by controlling the discharge via a screw
conveyor
@ Soil conditioning agents (foams/polymers) optimize muck properties )
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Slurry Shield TBMs |

Slurry Shield TBMs are employed in granular soils (sands and gravels) or
mixed faces with high groundwater pressures. In this system, a pressurized
bentonite slurry is pumped into the excavation chamber to stabilize the
tunnel face. The slurry creates an impermeable filter cake on the soil
surface, preventing groundwater inflow and face collapse. The excavated
soil mixes with the slurry and is hydraulically pumped out of the tunnel
through pipes to a surface separation plant, where the soil particles are
removed, and the cleaned slurry is recirculated back to the TBM.

@ Ideal for highly permeable granular soils and high groundwater
pressure

Uses pressurized bentonite slurry to stabilize the face via a filter cake

Muck is transported hydraulically via a closed-loop pipe network

Requires a large and complex surface slurry separation plant
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Comparison of TBM Types |

| Feature | Hard Rock TBM | EPB TBM | Slurry Shield TBM | | :— | :—

| — | :— | | **Ideal Ground** | Competent to fractured rock | Cohesive

soils (clays, silts) | Granular soils (sands, gravels) | | ¥**Face Support** |

Unnecessary or partial shield | Pressurized excavated muck | Pressurized
bentonite slurry | | ¥**Muck Extraction** | Belt conveyor/muck cars |
Screw conveyor | Hydraulic pumping (pipes) | | **Additives Used** |
Wiater (for dust control) | Foams, polymers | Bentonite, polymers | |

**Surface Footprint**| Small (mostly muck storage) | Moderate | Large

(requires separation plant) |
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Comparison of TBM Types Il

Key Points
@ Hard Rock TBMs are suited for stable geology without massive
groundwater pressure
o EPB is standard for urban tunneling in soft, clayey grounds to control
settlements
@ Slurry shields are necessary for highly permeable soils below the water
table )
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TBM Selection Criteria |

Selecting the appropriate TBM is a critical decision that influences project
success and safety. The primary factor is the geological and
hydrogeological profile of the alignment, requiring thorough geotechnical
investigations. For rock, the Unconfined Compressive Strength (UCS),
abrasivity, and jointing dictate cutter design and TBM type. For soft
ground, particle size distribution and groundwater pressure determine if an
EPB or Slurry TBM is required. Other vital criteria include the tunnel
length and diameter, alignment constraints (such as minimum curve radii),
allowable surface settlements (especially critical in urban areas), and
available surface space for site installations.
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TBM Selection Criteria |l

Key Points
o Geological profile: Rock strength (UCS), soil gradation, abrasivity
@ Hydrogeology: Expected groundwater pressures and inflow rates
@ Project constraints: Tunnel length, required diameter, and alignment
curves
@ Environmental constraints: Strict surface settlement limits in urban
settings
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Tunnel excavation relies heavily on choosing the right method for the
prevailing ground conditions. The Drill and Blast method provides
unmatched flexibility for variable rock profiles and irregular shapes but
operates on a slower, cyclic basis. Conversely, TBMs offer continuous,
rapid excavation for circular tunnels but require specific machine types
tailored to the geology. Hard Rock TBMs employ disc cutters for solid
rock, whereas soft-ground machines like EPB and Slurry Shields actively
support the tunnel face to prevent collapse and control groundwater.
Proper geotechnical investigation remains the cornerstone for the optimal
selection of TBM technology, ensuring safe and efficient project delivery.
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Summary |l

Key Points
o Drill & Blast is highly versatile but involves slower, cyclic operations
@ TBMs provide rapid, continuous excavation but require high initial
capital
@ Hard Rock, EPB, and Slurry TBMs address distinct ground conditions

@ Accurate geotechnical data is essential for safe and successful TBM
selection

.
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Introduction to Shafts |

Shafts are vertical or inclined passageways excavated from the surface
downwards to provide access to underground tunnels or workings. They
serve as critical infrastructure during both the construction phase and the
operational phase of a tunnel system.

Provide access for personnel and equipment

Facilitate removal of excavated muck
Act as ventilation ducts

Serve as drop shafts for materials
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Classification of Shafts |

Shafts are primarily classified based on their longevity and structural
permanence. Temporary shafts are utilized only during the construction
phase and are subsequently backfilled, while permanent shafts remain
functional throughout the tunnel’s lifespan for maintenance and
ventilation.

@ Temporary Shafts: Backfilled after tunnel completion

@ Permanent Shafts: Lined heavily for long-term use
@ Inclined Shafts: Easier for conveying materials
@ Vertical Shafts: Most common, direct vertical access
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Functional Classification of Shafts |

| Shaft Type | Primary Function | Typical Lifespan | Lining Requirement |
|—|—|—|—1| | Working Shaft | Muck and material transport | Temporary |
Light to moderate | | Ventilation | Air circulation and exhaust | Permanent
| Heavy and durable | | Drop Shaft | Gravity feeding of concrete/materials
| Temporary/Permanent | Moderate | | Access Shaft | Personnel entry and
emergency exit | Permanent | Heavy with stairs/elevators |

@ Working Shaft: Muck removal, equipment lowering

@ Ventilation Shaft: Fresh air supply, exhaust
@ Drop Shaft: Material transfer via gravity

GTU Course Instructor (Civil Engineering) D104006071: Railway, Harbour & Tunnel Engg July 25, 2026 530 /606



Location Criteria for Shafts |

The positioning of a shaft is determined by geological, topographical, and
logistical factors. Ideally, a shaft should be located where the overburden
is minimal and ground conditions are stable, ensuring safety and reducing
excavation costs.

Proximity to the tunnel alignment

Favorable geological and hydrological conditions

Accessibility for construction equipment and transport

Avoidance of built-up areas and existing utilities
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Determining the Size of a Shaft |

Shaft dimensions are dictated by the required hoisting capacity, the size of
equipment to be lowered, and the ventilation needs. Working shafts must
accommodate muck buckets, material cages, and service pipes
simultaneously.

Diameter usually ranges from 3m to 10m based on purpose

Clearance required for hoisting skips and cages

Space allocation for dewatering pipes and power cables

Future capacity requirements for permanent shafts
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Geometrical Shapes of Shafts |

The structural integrity and excavation efficiency of a shaft depend heavily
on its cross-sectional shape. Circular shafts are most popular due to their
ability to withstand high lateral earth and water pressures efficiently.

Circular: Optimal stress distribution, ideal for weak soils

Rectangular: Easier to divide into compartments, suitable for rock
Elliptical: Used for accommodating dual large cages

Polygonal: Rarely used, mainly for specialized architectural shafts
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Typical Cross-sectional Shapes of Shafts |

Circular Shaft Rectangular Shaft Elliptical Shaft

o Circular shapes resist compressive forces radially

@ Rectangular shapes are easier for timbering in hard rock

o Elliptical shapes balance pressure resistance and spatial needs
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Shaft Sinking and Construction Methods |

The method chosen for sinking a shaft depends on the depth, ground
conditions, and water table level. Traditional drill and blast is used for
hard rock, while mechanized methods are deployed in softer, water-bearing
soils.

Drill and Blast: Standard for competent rock strata

Caisson Sinking: Used in soft, water-logged soils

Ground Freezing: Stabilizes flowing soils and groundwater

Raise Boring: Excavating upwards from an existing pilot tunnel
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77777 |- Hxcavatfon Arga— |- — - - — Groundwater Table

Cutting EdgeL Steel Cutting Shoe

Shaft lining is built above ground and sinks by its own weight

Cutting edge cuts into soil as interior is excavated
Ideal for penetrating loose, water-bearing strata

Skin friction must be overcome using bentonite slurry
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Safety and Temporary Support during Sinking |

Shaft sinking is a hazardous operation requiring rigorous safety protocols.
Temporary supports, also known as shaft timbering or primary lining, are
essential to prevent side collapse before the permanent lining is cast.

Shotcrete and rock bolts for initial stabilization in rock

Steel ring beams and lagging in weaker soils

Continuous dewatering and ventilation are mandatory

Protection against falling objects using headgear and penthouses
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Shafts are indispensable components of tunnel engineering, classified by
their lifespan and functionality. Their design—encompassing location, size,
and shape—requires careful geological consideration. Sinking methods
vary from traditional blasting to advanced caisson techniques, all
demanding strict adherence to safety standards.

Classification depends on operational longevity and specific use

Location and size dictate logistical efficiency

Circular cross-sections offer the best structural stability

Construction method is dictated by geotechnical conditions
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Introduction to Tunnelling Ground Conditions |

Tunnelling methods vary significantly depending on the geological
conditions. The primary distinction is made between soft soil (or ground)
and hard rock. Each requires distinct excavation techniques, support
systems, and safety measures.

@ Soft soil requires immediate support to prevent cave-ins during
excavation.

@ Hard rock provides varying degrees of self-support, allowing for
different excavation strategies.

@ Groundwater conditions heavily influence the choice of tunnelling
method in both soil types.
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Tunnelling in Soft Soil |

Soft soil tunnelling necessitates methods that provide immediate and
continuous support to the excavated face and perimeter. Traditional

methods include the forepoling method, needle beam method, and the
modern shield method.

o Forepoling Method: Uses timber or steel poles driven ahead of the
excavation face for support.

@ Needle Beam Method: Employs a stout timber beam to support the
roof during excavation.

@ Shield Method: The most common modern approach, utilizing a
protective steel cylinder during excavation.
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Shield Method Mechanism |

Advance
—

Q)

Shield Body (Hydraulic Jack| mpleted Tunnel

Cutting Face
Tail (Lining Assembly)

@ The shield provides temporary support while the permanent lining is
erected within the tail section.

@ Hydraulic jacks push against the completed lining to advance the
shield into the soft ground.

@ The cutting face can be open or closed depending on ground stability
and water pressure.

July 25, 2026
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Tunnelling in Hard Rock |

Excavation in hard rock typically relies on drilling and blasting or
mechanical boring. The stability of the rock dictates whether the entire
face can be excavated at once or if it must be done in stages.

Key Points

@ Full Face Method: The entire tunnel cross-section is drilled, blasted,
and mucked in a single operation.

@ Heading and Bench Method: The top portion (heading) is excavated
first, followed by the lower portion (bench).

o Drift Method: A small pilot tunnel (drift) is driven first, then enlarged
to the full section.

V.
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Heading and Bench Method |

Advance—> / Top Heading (Excavated First)

Benek—{Excavated Second)
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Heading and Bench Method Il

@ The top heading provides an initial working area and helps assess rock
conditions.

@ The bench can be excavated concurrently with the heading, separated
by a safe distance.

@ This method allows for simultaneous drilling of the heading and
mucking of the bench.
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Drill and Blast Technique |

The conventional drill and blast method remains highly relevant for hard
rock tunnelling. It involves a repetitive cycle of drilling boreholes, loading
explosives, blasting, ventilating, and removing muck.

@ Drilling: Jumbo drills are used to bore a specific pattern of holes into
the rock face.

o Charging and Blasting: Explosives are loaded and detonated in a
sequence to control rock fragmentation.

@ Ventilation and Scaling: Fumes are cleared, and loose rock (scaling)
is removed before mucking begins.
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Tunnel Boring Machines (TBMs) |

TBMs are massive machines used as an alternative to drilling and blasting.
They can excavate tunnels with a circular cross-section through a variety
of soil and rock strata using a rotating cutterhead.

@ Hard Rock TBMs: Use disc cutters to induce compressive failure in
the rock face.

o Earth Pressure Balance (EPB) TBMs: Used in soft soils, balancing
ground pressure with excavated spoil.

@ Slurry Shield TBMs: Use pressurized slurry to support the face in
highly permeable or water-bearing soils.
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Comparison: Soft Soil vs. Hard Rock Tunnelling |

Choosing the correct tunnelling method requires understanding the
contrasting behaviors of soft soil and hard rock environments. This table
summarizes the key operational differences.

o Attribute | Soft Soil Tunnelling | Hard Rock Tunnelling

@ Primary Method | Shield method, EPB TBM | Drill & Blast, Hard
Rock TBM

@ Support Needs | Immediate, heavy lining required | Often
self-supporting initially, rock bolts

@ Excavation Tools | Scrapers, drag teeth, cutting edge | Disc cutters,
explosives, jumbo drills

@ Groundwater Control | Critical, requires compressed air/slurry | Often
managed with standard pumping
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Mucking and Haulage Equipment |

Efficient removal of excavated material (muck) is critical for maintaining
the tunnel advance rate. The choice of mucking equipment depends on
the tunnel size, length, and excavation method.

o Loaders (Muckers): Specialized underground loaders like rocker
shovels or LHD (Load-Haul-Dump) vehicles.

@ Conveyor Systems: Continuous belts used behind TBMs for rapid,
high-capacity muck removal.

@ Rail Transport: Locomotives and muck cars are traditional and
effective for long, straight tunnels.

.
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Support and Lining Equipment |

Once excavated, the tunnel must be secured. Equipment is needed to
install initial ground support and the permanent structural lining to ensure
long-term stability.

@ Shotcrete Machines: Spray concrete onto the rock surface to provide
rapid temporary support.

@ Rock Bolters: Specialized rigs used to drill and install rock bolts and
dowels into the tunnel roof.

@ Segment Erectors: Integrated into TBMs to place precast concrete
segments for the final tunnel lining.
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Summary |

Tunnelling methodologies are strictly dictated by the geological
environment, necessitating completely different approaches for soft soil
and hard rock. The evolution of construction equipment, particularly
TBMs, has revolutionized the efficiency and safety of these projects.

@ Soft soil requires immediate support, prominently utilizing shield
methods or EPB TBMs.

@ Hard rock allows for staged excavation like heading and bench,
relying on drill and blast or rock TBMs.

@ Specialized equipment for mucking, support (shotcrete/rock bolts),
and lining are essential for project success.
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Tunnel Support Systems |

Tunnel excavation alters the in-situ stress state of the surrounding rock
mass, necessitating support systems to ensure stability. These systems
manage the redistribution of stresses and prevent uncontrolled rock mass
deformation.

@ Support systems counter inward displacement of the tunnel perimeter.

@ They maintain the structural integrity of the surrounding ground.

@ Crucial for the safety of personnel during construction and the
operational lifespan of the tunnel.

@ Selected based on geological conditions, excavation method, and
tunnel dimensions.
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Temporary vs. Permanent Supports |

Support systems in tunneling are broadly classified into temporary

(primary) and permanent (secondary) supports, each serving distinct roles
during different phases of the project.

e Temporary Support (Primary): Installed immediately after excavation

to stabilize the opening, ensure worker safety, and control short-term
ground movement.

@ Permanent Support (Secondary): Installed later to provide long-term
stability, accommodate ultimate ground loads, and provide a finished
interior surface.

@ In modern practices like NATM, primary supports often become part
of the final composite permanent support structure.
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Rock Bolts: Principles and Types |

Rock bolts are reinforcing elements inserted into boreholes in the rock
mass to stabilize excavations. They improve the rock’s natural strength by
tying discrete blocks together or anchoring weak zones to stable rock.

@ Mechanically Anchored Bolts: Utilize an expansion shell at the end of
the bolt to grip the rock.

@ Fully Grouted Bolts (Resin or Cement): The annulus between the
bolt and borehole is fully filled with grout, providing load transfer
along the entire length.

o Friction Bolts (Split Sets, Swellex): Rely on frictional resistance
between the bolt and borehole wall.

@ Key functions include rock reinforcement, suspension of detached
blocks, and building a structural rock arch.
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Mechanism of Rock Bolting |

Excavation Surface / Tunnel Wall

<———— Grout / Resin Annulus

¢———— Steel Tendop (Bolt)

Competent Rock Mass
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Mechanism of Rock Bolting Il

Key Points

@ The diagram illustrates a fully grouted rock bolt installed in a tunnel
wall.

@ The bearing plate provides immediate surface support and tensioning
capability.

@ Grout or resin transfers stress from the rock to the high-tensile steel
tendon.

@ Bolts anchor potentially unstable near-surface rock to the deeper,
competent rock mass.
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Shotcrete (Sprayed Concrete) |

Shotcrete is concrete or mortar conveyed through a hose and
pneumatically projected at high velocity onto a surface. It provides
immediate, continuous surface support and seals the rock mass.

@ Dry-Mix Shotcrete: Dry ingredients are mixed with water at the
nozzle. Generates more dust and rebound.

@ Wet-Mix Shotcrete: Pre-mixed concrete is pumped to the nozzle
where compressed air is introduced. Offers better quality control and
less rebound.

@ Can be reinforced with steel mesh or steel /synthetic fibers to improve
ductility, toughness, and energy absorption.

@ Rapid strength gain is achieved using chemical accelerators.
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e-Rock Interaction |

Rock Mass

Ground Pressu; LininE Resistance

Shear stress at interface
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Shotcrete-Rock Interaction |l

@ Shotcrete creates a stiff, semi-rigid shell closely conforming to the
excavation profile.

@ It prevents loosening of rock blocks and restricts immediate
deformation.

@ Adhesion to the rock surface allows shear stress transfer between the
ground and lining.

@ Acts compositely with rock bolts to form a reinforced arch around the
tunnel.

v
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Steel Arches and Ribs |

Steel sets (arches or ribs) are passive support elements fabricated from
rolled steel sections (like H-beams or I-beams). They are used primarily in
heavily squeezing ground or fault zones where immediate, high-capacity
support is required.

Key Points

@ Installed in sequence as excavation advances, blocked against the
rock with timber or concrete.

@ Can handle significant immediate loads, preventing total collapse in
poor ground.

@ Yielding steel arches incorporate sliding joints (e.g., TH profiles) to
accommodate large rock deformations without buckling.

@ Often combined with lagging and backfilling to distribute rock loads
evenly.
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Lattice Girders |

Lattice girders are lightweight, three-dimensional spatial structures made
of steel rebars. They are increasingly preferred over solid steel ribs in
modern tunneling methods like NATM.

@ Constructed typically of three primary reinforcing bars connected by
diagonal lacing.

@ They offer low resistance to shotcrete application, reducing shadow
zones and rebound.

@ Act as templates for excavation profiling and thickness control of the
shotcrete layer.

o Fully embedded in shotcrete, they form a composite, reinforced
concrete support structure.
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Comparison of Support Systems |

A comparative overview of the primary tunnel support elements,
highlighting their structural characteristics, typical applications, and
relative costs.

@ | Feature | Shotcrete | Rock Bolts | Steel Arches | Lattice Girders |

| **Action Type** | Surface Seal / Arch | Reinforcement | Heavy
Passive Support | Composite (w/ Shotcrete) |

| **Flexibility** | High (Conforms) | High | Low (Rigid) | Moderate |
@ | **Application Speed** | Fast | Moderate | Slow | Fast |

@ | **Ground Type** | Most ground types | Blocky/Jointed Rock |
Squeezing/Faults | Most (NATM style) |

@ | **Cost** | Low to Medium | Low | High | Medium |
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Integrated Support (NATM Approach) |

The New Austrian Tunneling Method (NATM) or Sequential Excavation
Method (SEM) relies on integrating various support elements to mobilize
the inherent strength of the rock mass.

@ Instead of heavy, rigid linings, NATM uses a combination of
shotcrete, rock bolts, and lattice girders.

@ Support is applied dynamically based on continuous monitoring of
tunnel deformations.

@ The surrounding ground is transformed from a loading element into a
load-bearing structural ring.

@ Ensures safety while optimizing the cost and material usage for
support systems.
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Summary |

Effective tunnel design relies heavily on the appropriate selection and
integration of temporary and permanent support systems to ensure
stability.

@ Temporary supports (primary lining) stabilize the tunnel during
construction.

@ Rock bolts reinforce the rock mass internally, preventing block falls
and delamination.

@ Shotcrete provides immediate surface sealing and structural
continuity.

@ Steel arches and lattice girders provide robust support in challenging
geological conditions.

@ Modern techniques favor composite, flexible systems over rigid,
massive supports.

.
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Introduction to Tunnel Environment |

A tunnel is a confined underground space where environmental control is
critical for the safety of workers during construction and passengers during
operation. Effective management of air quality, visibility, and water ingress
determines the success and safety of the tunneling project.

Provides safe breathing environment by removing harmful gases and
dust

Maintains adequate visibility to prevent accidents

Prevents flooding and structural damage through effective drainage

Controls temperature and humidity levels inside the tunnel
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Tunnel Ventilation During Construction |

During construction, ventilation is required to supply fresh air and remove
noxious gases produced by blasting, mucking, and internal combustion
engines. Natural ventilation is rarely sufficient, necessitating mechanical
systems such as blowing, exhausting, or a combination of both.

@ Blowing System: Forces fresh air to the working face through ducts
o Exhausting System: Extracts foul air and dust from the face

@ Combination System: Utilizes blowing for fresh air and exhausting for
foul air

@ Air requirements depend on the number of workers and equipment
used
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Mechanics of Construction Ventilation |

Blowing System

Blowing Fan Fresh Air Duct Tunnel Face

Exhausting System

Foul Air Duct
Exhaust Fan oul A Jue Tunnel Face

@ Blowing systems provide immediate fresh air to workers at the face.

@ Exhausting systems quickly remove smoke and dust after blasting.

@ Ducts must be durable, flexible, and leak-proof.
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Tunnel Ventilation During Operation |

Operational ventilation ensures a safe environment for vehicular or rail
traffic by diluting exhaust emissions, particularly carbon monoxide and
diesel particulates. It also plays a vital role in fire life safety by controlling
smoke movement during an emergency.

Key Points

o Longitudinal Ventilation: Air flows from one portal to another using
jet fans

@ Semi-Transverse Ventilation: Fresh air is supplied uniformly, exhaust
exits via portals

@ Transverse Ventilation: Both supply and exhaust are uniformly
distributed along the tunnel

@ Choice depends on tunnel length, traffic volume, and fire safety
requirements
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Transverse Ventilation System Profile |

Fresh AirDN

T
1
1
U
v

Traffic Space
(Vehicles/Trains)
1

1
1
h¥d

Exhaust Air Duct
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Transverse Ventilation System Profile Il

@ Fresh air is supplied from a dedicated upper or side duct.

@ Exhaust air is collected in a separate duct, usually at the invert or
crown.

@ Provides the highest level of safety and air quality control.
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Dust Control in Tunneling |

Dust generation is a major hazard in tunneling, causing respiratory
diseases such as silicosis and reducing visibility. It primarily originates from
drilling, blasting, mucking, and shotcreting. Strict control measures are
mandatory to protect worker health.

@ Wet Drilling: Using water flushed through the drill steel to suppress
dust at the source

@ Water Sprays and Atomizers: Deployed during and after blasting to
settle airborne particles

@ Dust Collectors: Mechanical extraction systems integrated into tunnel
boring machines (TBMs)

@ Proper use of Personal Protective Equipment (PPE) like respirators

<
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Comparison of Construction Ventilation Methods |

Different mechanical ventilation systems offer unique advantages and
limitations depending on the tunneling phase.
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Comparison of Construction Ventilation M

o | Feature | Blowing System | Exhausting System | Combination

System |

o | — | — | —|—|

o | **Air Flow** | Fresh air to face | Foul air from face | Fresh to face,
Foul away |

@ | **Setup Time** | Fast clearance at face | Slow clearance at face |
Rapid overall clearance |

@ | **Tunnel Atmosphere** | Foul air travels through tunnel | Fresh air

drawn through tunnel | Keeps both face and tunnel clean |

| **Best For** | General mucking, drilling | Post-blasting clearance |
Long tunnels, high-gas areas |
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Tunnel Lighting Requirements |

Adequate lighting is essential to prevent accidents, guide traffic, and
facilitate construction work. In operational highway tunnels, lighting must
adapt to the external ambient light to prevent the 'black hole effect’ at
the entrance and the 'glare effect’ at the exit.

@ Threshold Zone: High-intensity lighting to match bright external
conditions

@ Transition Zone: Gradual reduction in lighting intensity
@ Interior Zone: Constant, lower-intensity lighting for regular driving

o Emergency Lighting: Uninterruptible power supply (UPS) backed
systems for evacuation

.
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Tunnel Drainage During Construction |

Groundwater ingress is a frequent challenge during tunnel excavation.
Uncontrolled water can destabilize the tunnel face, flood the invert, and
damage equipment. Temporary drainage systems are installed to manage
this water safely.

@ Sumps and Pumps: Water is collected in low-point sumps and
pumped out to the portal

@ Gravity Drainage: Usable if the tunnel is excavated on an upgrade

@ Wellpoints and Deep Wells: Pre-drainage of the ground ahead of the
excavation face

@ Grouting and Freezing: Ground treatment methods to seal off water
inflows
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Permanent Tunnel Drainage |

Once the tunnel is completed, a permanent drainage system must be in
place to handle groundwater seepage, roadway runoff, and potential wash
water or spillages. This prevents hydrostatic pressure buildup behind the
final lining.

Key Points

o Waterproofing Membranes: Installed between primary and secondary
linings to direct water downward

@ Longitudinal Side Drains: Collect seepage water at the base of the
tunnel walls

@ Central Invert Drain: Collects surface runoff and roadway wash water

@ Oil Interceptors: Installed at portals to treat polluted runoff before
discharge
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Summary |

Effective environmental control in tunnels is a multifaceted engineering
challenge. Robust ventilation systems, proactive dust suppression,
adaptive lighting, and reliable drainage are not merely accessories, but
integral components that ensure structural integrity, operational efficiency,
and human safety.

Key Points

@ Construction ventilation requires careful selection of blowing or
exhausting methods.

@ Operational ventilation must handle routine emissions and emergency
fire scenarios.

@ Dust control protects worker health, while proper lighting prevents
visual hazards.

@ Drainage systems manage water ingress to protect the tunnel lining
and interior operations.

.
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Introduction to Tunnel Environmental Control |

Maintaining a safe and comfortable environment within a tunnel is a
complex engineering challenge. It requires integrated systems for air
quality, visibility, and water management during both construction and
permanent operation.

@ Protects workers during the hazardous construction phase.

@ Ensures user safety and comfort during normal traffic operations.

@ Provides critical life-safety functions during emergency scenarios (e.g.,
fires).

@ Preserves the structural integrity of the tunnel lining and embedded
equipment.
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Ventilation During Operation |

Operational ventilation systems are designed to dilute vehicle exhaust
emissions, manage thermal loads, and critically, control smoke propagation
in the event of a tunnel fire.

Key Points

@ Longitudinal Systems: Utilize jet fans mounted on the tunnel crown
to push air lengthwise.

@ Semi-Transverse Systems: Supply fresh air uniformly via a parallel
duct, with exhaust exiting the portals.

o Fully Transverse Systems: Feature dedicated supply and exhaust
ducts for precise, localized air management.

.
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Fully Transverse Ventilation Schematic |

Exhaust Air Duct

TFOuI Air / Smoke

Traffic Space

Fresh AirT

Fresh Air Supply Duct
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Fully Transverse Ventilation Schematic |l

o Fresh air is supplied from a continuous duct beneath the roadway.

@ Foul air and smoke are extracted through a ceiling duct.

o Creates a vertical airflow pattern that is highly effective during fire
incidents.
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Ventilation During Construction |

Construction ventilation provides breathable air to workers while removing
blasting fumes, silica dust, and exhaust from diesel equipment. Temporary
ducting and high-pressure fans are utilized.

@ Blowing Systems: Supply fresh air directly to the tunnel face,
displacing dirty air towards the portal.

@ Exhausting Systems: Extract contaminated air from the face, drawing
fresh air in through the main tunnel.

@ Combination Systems: Utilize a main exhaust line with a smaller,
secondary blowing fan at the face to eliminate dead zones.
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Comparison of Ventilation Methods |

| Feature | Longitudinal | Semi-Transverse | Fully Transverse |
| | -| | | | **Air Supply** | Portal
| Uniform along tunnel | Uniform along tunnel | | **Exhaust** | Portal |
Portal | Uniform extraction | | **Cost** | Low | Medium | High | |
**Tunnel Length** | Short to Medium | Medium to Long | Very Long |

@ Selection is driven by cost, length, and strict fire safety codes.

o Fully transverse provides the highest safety margins during
emergencies.
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Dust Control Strategies in Tunneling |

Tunnel construction generates significant airborne particulates from
drilling, blasting, mucking, and shotcreting. Strict control measures are
mandatory to prevent silicosis, protect equipment, and maintain visibility.

@ Wet drilling techniques suppress dust at the source.

@ Water sprays and misting cannons are used during mucking and
hauling.

@ Dust scrubbers integrated with localized ventilation systems.

@ Application of chemical dust-binding agents on temporary haul roads.)
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Wet Scrubber Dust Suppression Schematic |

Water Supply
| ‘ |

| | |
Dusty Ai ! ! ! i
usty Air | Spray | Spray | Spray  |Clean Air

~ ~ ~

Sludge Collection

Dusty air is drawn into the scrubber chamber.

High-pressure water sprays capture airborne dust particles.
The resulting sludge is collected at the bottom for safe disposal.

Cleaned air is exhausted back into the tunnel or out the portal.
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Tunnel Lighting Requirements |

Tunnel lighting must ensure safe entry, passage, and exit of vehicles by
minimizing the 'black hole effect’ during daylight and allowing sufficient
time for visual adaptation.

@ Threshold Zone: Highest luminance to help eyes adapt from bright
daylight.

@ Transition Zone: Gradual reduction of luminance into the tunnel
interior.

@ Interior Zone: Constant, lower baseline luminance for normal driving.

@ Exit Zone: Increased luminance to prepare drivers for bright daylight
glare.

.
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Tunnel Drainage Principles |

Effective drainage prevents water accumulation that can compromise
structural integrity, damage electromechanical equipment, and create
hydroplaning hazards for users.

e Longitudinal slopes (minimum 0.5%) are required to ensure gravity
flow.

@ Strict separation of groundwater (clean) and roadway runoff
(contaminated).

@ Sump pits and automated pump stations are necessary in
sub-aqueous or dipping tunnels.

@ Use of oil /water separators for roadway runoff before environmental
discharge.
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Drainage System Cross-Section |

Side Drain (Runoff) O Side Drain (Runoff)

Main Groundwater Pipe
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Drainage System Cross-Section Il

o Waterproofing membranes guide groundwater behind the lining to
side base drains.

@ Roadway runoff is collected in separate continuous surface gutters.

@ Both systems prevent hydrostatic pressure buildup against the tunnel
lining.
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Summary |

The comprehensive management of ventilation, dust, lighting, and
drainage is essential for the safe and efficient construction and operation
of tunnels.

@ Ventilation systems must be carefully selected based on length and
fire safety needs.

@ Dust control requires a combination of source suppression and active
filtration.

@ Lighting design focuses heavily on facilitating the visual adaptation of
drivers.

@ Robust drainage systems are critical to handle both infiltration and
surface spills.
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Introduction to Tunnel Lighting |

Adequate lighting in tunnels is critical for the safety and efficiency of both
construction workers and future users. The primary goal is to ensure
visibility and prevent the 'black hole’ effect at tunnel entrances, while
providing consistent illumination throughout the interior.

Prevents visual adaptation issues for drivers entering and exiting.

Enhances safety and productivity during the excavation phase.

Requires specialized fixtures resistant to moisture, dust, and vibration.

Energy efficiency and maintenance accessibility are key design factors.
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Luminance Zones in Operational Tunnels |

To accommodate the human eye's adaptation from bright daylight to a
dark tunnel, operational tunnel lighting is divided into specific zones. Each
zone has distinct luminance requirements based on the speed of traffic and
ambient outside light.

@ Threshold Zone: Highest illumination to counter the 'black hole’
effect.

@ Transition Zone: Gradual reduction in lighting level to allow eye
adaptation.

@ Interior Zone: Constant, lower baseline illumination for the main
tunnel length.

o Exit Zone: Increased lighting to prepare drivers for bright exterior
conditions.
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Tunnel Lighting Luminance Curve |

High Luminance

Luminance Level

Low Baseline

Portal Threshold Transition Interior Exit
Distance into Tunnel

@ Visual representation of the CIE tunnel lighting curve.

@ Shows the dramatic drop in required luminance from the threshold to
the interior zone.
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Tunnel Drainage During Construction |

Managing groundwater and construction water (from drilling and concrete
works) is essential to prevent flooding, maintain face stability, and ensure
a safe working environment. Temporary drainage systems must be robust
and adaptable to advancing excavation.

Sources include groundwater infiltration, drill water, and wash water.

Utilizes temporary sumps and high-capacity submersible pumps.

Drainage pipes are advanced along with the tunnel heading.

Treatment of water (e.g., settling tanks for suspended solids) is
required before discharge.
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Permanent Tunnel Drainage Systems |

Permanent drainage ensures the long-term structural integrity and
usability of the tunnel. It typically consists of a combination of
waterproofing membranes and physical drainage channels to collect and
divert groundwater away from the tunnel interior.

Key Points
@ Invert Drains: Central or side channels located under the road/track
bed.

@ Fleece and Membrane: Collects water behind the concrete lining and
directs it to the invert.

@ Transverse Drains: Connect longitudinal side drains to the main
collector pipe.

@ Maintenance access via manholes or catch basins is necessary to clear
blockages.
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Cross-Section of Permanent Drainage |

Waterprsefing Membrane

Tunnel Cross-Section

Side Drain Side Drajn

Main Collector

o lllustrates the typical arrangement of side drains and the main central
collector.

@ Shows the flow path from the membrane collection system to the
longitudinal drains.
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Dust Control in Tunneling |

Tunnel construction generates significant airborne dust, primarily from
drilling, blasting, and mucking operations. Silica dust is a major
occupational health hazard, requiring stringent control measures to protect
workers from respiratory diseases like silicosis.

@ Wet Drilling: Injecting water through the drill steel to suppress dust
at the source.

@ Water Spraying: Misting muck piles before and during loading
operations.

@ Ventilation: Providing sufficient fresh air to dilute and remove
airborne particles.

@ Personal Protective Equipment (PPE): Respirators as a secondary line
of defense.

v
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Mechanical Dust Extraction Systems |

In highly mechanized tunneling (like TBM operations) or where natural
ventilation is insufficient, dedicated mechanical dust extraction systems are
employed. These systems capture dust-laden air near the face and clean it
before exhausting it.

@ Dry Scrubbers: Use fabric filters to trap dust particles; require
periodic cleaning.

@ Wet Scrubbers: Use water sprays or water baths to capture dust;
highly effective but produce sludge.

@ Exhaust Ventilation: Draws contaminated air away from the working
face through ducting.

@ Integrated Systems: Roadheaders and TBMs often have built-in
extraction units.
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Environmental Control Parameter Comparison |

Comparison of environmental control requirements during construction
versus operational phases.

o | Parameter | Construction Phase | Operational Phase |
o |i—[—]—|
o | **Lighting Level** | Moderate (Constant) | Variable (Zoned for

adaptation) |

| **Dust Source** | High (Drilling, Blasting, Mucking) | Low (Vehicle
exhaust, tire wear) |

| **Drainage Need** | High (Dewatering, unpredictable inflows) |
Steady (Controlled via permanent systems) |

@ | **Ventilation Goal** | Dilute dust, gases (CO, NOx), provide O2 |
Dilute vehicle emissions, manage fire smoke |
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Integration of Tunnel Support Systems |

Modern tunnels rely on integrated SCADA (Supervisory Control and Data
Acquisition) systems to manage lighting, drainage, ventilation, and dust
control simultaneously. This ensures optimal safety, energy efficiency, and
rapid response to emergencies.

Key Points

@ Sensors monitor air quality, water levels, and ambient light
continuously.

@ Automated adjustments to fan speeds and lighting intensity based on
real-time data.

@ Pump stations are activated automatically when sump levels rise.

o Fire detection systems trigger specialized emergency ventilation and
lighting protocols.
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Summary of Environmental Control S

Effective management of lighting, drainage, and dust is critical for the
lifecycle of a tunnel. During construction, these systems protect worker
health and enable excavation. In operation, they ensure user safety,
structural longevity, and operational efficiency.

Key Points

@ Lighting must address human visual adaptation across distinct tunnel
zones.

@ Drainage systems (both temporary and permanent) are vital for
stability and dry conditions.

@ Dust control relies on a combination of suppression at source (wet
methods) and robust extraction.

@ Integrated monitoring and automation are essential for modern tunnel
operations.

o
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