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Abstract—This research report presents an introduction
to the design of reinforced concrete (RC) bridges
subjected to wind and seismic loading using the Limit
State Method (LSM) approach. The LSM provides a
comprehensive design framework to ensure the safety
and serviceability of RC bridges under dynamic
environmental loads. Wind loads, characterized by their
dynamic and time-dependent nature, along with seismic
forces, pose significant challenges in bridge design due to
their unpredictable intensity and direction. This study
explores analytical models and design principles that
incorporate both wind and seismic effects to optimize
structural performance and resilience. The report
discusses the application of LSM for structural analysis
and detailing of RC bridge components, focusing on
aspects such as load combinations, design limit states,
and safety factors. The integration of LSM facilitates an
effective balance between strength, ductility, and
durability requirements while addressing complex load
interactions. The research emphasizes the need for robust
design methodologies to withstand extreme loading
conditions, thereby improving the reliability and
longevity of RC bridges. Practical examples and case
studies demonstrate the implementation of LSM in
bridge design codes and standards, highlighting its
advantages over traditional methods for addressing wind
and seismic load effects comprehensively.

Index Terms— RC Bridges, Classification, IRC And

Railway Loading, Impact of load, Wind, Hydraulic,
seismic Load, Design Philosophy, Limit State approach.
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LINTRODUCTION

Reinforced concrete (RC) bridges are an essential part
of transportation infrastructure, valued for their
durability, versatility, and cost-effectiveness. In India,
the Indian Roads Congress (IRC) issues the core
standards that govern the classification, design, and
performance evaluation of bridges. The key IRC codes
for RC bridges, including IRC:112 for concrete bridges
and IRC:6 for general loading and design
requirements, provide comprehensive guidelines to
ensure safety, durability, and economy in bridge
construction and maintenance.

IRC classifies bridges based on function, span length,
material type, location, importance, superstructure
type, and other criteria, providing a structured
approach for scalable design and assessment.

II.CLASSIFICATION OF RC BRIDGE

Reinforced concrete (RC) bridges are classified based
on various criteria such as span length, structural
system, cross-section type, and construction method.
Common classifications of RC bridges include slab
bridges (culverts), girder and slab (T-beam) bridges,
hollow girder bridges, balanced cantilever bridges,
rigid frame bridges, and arch bridges.

2.1 Common RC Bridge Types

Slab Bridges (Culverts): Simple slab construction,
commonly used for small spans and drainage
crossings.
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Girder and Slab (T-Beam) Bridges: Use T-shaped
girders supporting a slab, suitable for medium spans.
Hollow Girder Bridges: Lightweight girders with
hollow sections, optimizing material use.

Balanced Cantilever Bridges: Constructed — with
cantilever arms balanced on piers, typically for
medium to long spans.

Rigid Frame Bridges: The superstructure and
substructure are rigidly connected, often cast
monolithically.

Arch Bridges: Use arch action for load support,
including three-hinged, two-hinged, and fixed arch
types.

Box Girder Bridges: Box-shaped girders provide good
bending and torsion resistance, often prestressed.

2.2 Classification by Span

Culverts: Span under 6 m.

Minor Bridges: Span 8-30 m.

Major Bridges: Span 30-120 m.

Long Span Bridges: Span over 120 m.

2.3 Classification by Structural System

Simply Supported Bridges: Single spans supported at
ends.

Continuous Bridges: Multiple spans with continuous
members.

Cantilever Bridges: Projecting arms from supports
balanced by counterweights.

2.4 Additional Notes

Prestressed concrete bridges are common for heavily
loaded or longer-span applications as they reduce
weight and improve shock absorption.

Classification also considers maintenance,
construction method, and load rating as per standards
(e.g., AASHTO).

III. IRC LOADING STANDARD

e The Indian Roads Congress (IRC) specifies
different classes of live loads for bridge design,
primarily:

e [RC Class AA Loading: Heavy loading for
national and state highways, considered the most
demanding.
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e IRC Class 70R Loading: Standard for roads with
permanent bridges and culverts.

e IRC Class A Loading: Standard live load for most
roads.

e IRC Class B Loading: Used mainly for timber or
temporary bridges.

Loads are generally represented as vehicular axle loads
with impact factors accounted for, varying based on
bridge span and type.

Different loading types apply for tracked and wheeled
vehicles with specific magnitudes specified in IRC:6-
2014 and related documents.

Additional considerations include thermal -effects,
wind, seismic forces, and other environmental loads.

3.1 INDIAN RAILWAY STANDARDS (IRS)
Railway bridges are designed as per Indian Railway
Standards (IRS) codes of practice detailed by RDSO.

Key load specifications include:

25t Loading-2008: With an axle load of 245.2 kN (25t)
for broad gauge locomotives, considered a current
standard.

Earlier standards such as BGML-1926, RBG-1975,
MBG-1987 also exist for different legacy bridges.

Loadings include axle loads, train loads, and dynamic
augment factors.

Railway bridge loading covers dead load, live load,
impact factors, lateral loads, seismic forces, and
derailment loads.

The loading intensities for railways are generally
higher than IRC loads due to train axle weights.

IV. COMPARISON AND APPLICATION

4.1 IRC vs. IRS Standards:

The IRC (Indian Roads Congress) standards are
primarily applied for road bridges, prescribing
standard live loads (Class AA, 70R, Class A, etc.) and
associated impact/dynamic factors for vehicles.

The IRS (Indian Railway Standards) codes are specific
to railway bridges, involving much heavier and
broader load categories, including BG (Broad Gauge)

© IJIRT | www.ijirt.org SDETB 2025 36



Structural design, Engineering and technology of Bridges 2025

and DFC (Dedicated Freight Corridor) axle loadings,
with demanding considerations for axle load, wheel
configuration, and dynamic effects induced by trains.
IRS loading per meter is significantly higher (by up to
210%) than IRC loading and bending moment and
shear force values are increased by up to 4-5x for
railway loading compared to road loading.

4.2 Combined Rail-Road Bridges:

e For bridges intended for both rail and road use,
both IRC and IRS standards must be factored into
design and analysis.

e The design must consider the maximum effect,
including any possible simultaneous or near-
simultaneous occurrences of both class loads, and
dynamic amplifications.

e Deck and floor systems must withstand the effect
of the worst load combination, and
impact/dynamic factors from both systems.

4.3 Dynamic Effects and Load Combinations:

e Load combinations are prescribed in both codes;
for composite or mixed-use bridges, the most
critical combination (whether IRC or IRS, or both)
governs the section design.

e Dynamic effects, such as those from speed,
vibration, resonance, and sudden
braking/acceleration, are included via dynamic
amplification factors in IRS and impact factors in
IRC.

e  Structural analysis and finite element modelling
(STAAD, Midas Civil, etc.) are required for
verifying critical sections under various
combinations.

4.4 Representative Studies and Design Manuals:

e “Analysis of Girder Bridge with IRC and IRS
Loadings” (IJIRSET).

e [RC:6-2014 for road bridge live loads
specification.

e IRS Bridge Rules for railway bridge design.

e "Assessing Load Carrying Capacity of Existing
RC and PSC Bridges in IRS" (IRICEN).

e “Rail Cum Road Bridge Ghazipur Flagship
Project” (case study).
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e “Load Combinations for Highway Bridges”
(Structville, Eurocode/IRC/AASHTO
comparison).

e  “Measurements of Bridge Dynamic Amplification
Factor” (Taylor & Francis, 2023).

V. RC BRIDGE LOADING IMPACT

Recent developments highlight that reinforced
concrete (RC) bridges encounter complex dynamic
loads, including wind forces, earthquake excitations,
and hydraulic pressures such as water flow and
scour—all of which critically influence their structural
response and safety margins. Bridges supported on
elastomeric  bearings, specifically High-Density
Rubber Bearings (HDRB) and Friction Pendulum
Systems (FPS), exhibit significant deck displacements
during seismic events, raising the risk of unseating or
collapse if not adequately constrained.

Supplemental damping devices, such as fluid viscous
dampers, are increasingly recognized for their
effectiveness in dissipating seismic energy, with
studies demonstrating that their integration can reduce
pier top displacements by approximately 47%, thereby
enhancing seismic resilience. Nonlinear time history
analysis and sophisticated finite element modelling are
standard tools in contemporary research to simulate
bridge response under combined dynamic loadings,
capturing complex interactions that linear methods
might miss.

The Limit State Method forms the backbone of bridge
design codes, applying factored load combinations—
covering dead load, live load, wind, seismic, and
hydraulic actions—to guarantee safety under both
ultimate and serviceability limit states. Major
performance influencers include bearing type, span
configuration, scour depth, pier stiffness, and ground
motion characteristics.

Retrofit strategies, such as the use of supplemental
dampers, restrainers, and isolation bearings, prove
effective in mitigating seismic vulnerability and
improving serviceability following earthquake events.
The literature underscores the necessity of integrated
seismic design that considers the synergistic effects of
environmental loads, advanced energy dissipation
solutions, and detailed modelling of both structural
components and load combinations for optimal safety
and post-earthquake functionality.
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5.1 WIND LOAD

Wind loads induce significant lateral forces on RC
bridge  components, especially  piers  and
superstructures, which must be accounted for in design
to ensure safety and serviceability. The dynamic nature
of wind load requires evaluation of transverse and
longitudinal forces, which significantly influenceMA
reinforcement detailing and structural stability under
both ultimate and serviceability limit states.

Studies show that wind load effects on tall RC piers
and girders can approach or exceed the design capacity
if not adequately considered. The LSM approach is
used to assess the utilization ratio under ultimate limit
states and to ensure stresses in concrete and steel
reinforcement remain within permissible limits under
serviceability conditions, thus ensuring ductility and
displacement capacity are adequate.

Wind effects vary during construction stages, often
increasing lateral forces on partially completed girders
due to exposed surfaces. LSM guidelines integrate
consideration of drag coefficients and modifying
factors to address this evolving load scenario, ensuring
stability and safety throughout bridge erection phases.

The inclusion of wind load in design load
combinations as per LSM follows prescribed safety
factors and load factors, integrating with seismic and
other environmental loads. This approach enables
optimized design that balances strength, economy, and
durability in RC bridges.

5.2 HYDRAULIC LOAD

Hydraulic loads, mainly involving water forces such as
flow-induced forces, scour effects, and hydrostatic
pressure, significantly influence the design of bridge
substructures like piers and abutments. These loads
often cause additional bending moments, shear forces,
and potential foundation destabilization that must be
accounted for in LSM design to ensure structural safety
and serviceability.

The design under LSM typically integrates hydraulic
loads with other load combinations (dead, live,
seismic, wind) using prescribed load factors from
codes such as IRC or AASHTO. This ensures that
ultimate limit states (strength) and serviceability limit
states (deformation, stability) consider hydraulic
impacts during flood or high flow events.
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Studies emphasize the importance of considering
dynamic impact loading effects, for instance, from
debris or water surge, on RC bridge columns,
demonstrating that traditional static load approaches
may underestimate the actual demand on structural
components. Finite element analyses and experimental
tests are used to develop more accurate hydraulic load
models integrated with LSM design.

Scour protection and foundation design are critical
components influenced by hydraulic loads. LSM
applications assess the residual capacity of foundations
under probable scour depths and flow velocities,
addressing safety margins and durability for long-term
bridge performance.

5.3 SEISMIC LOAD

Seismic loading imposes dynamic lateral forces on RC
bridge elements, especially piers and decks, requiring
careful consideration of ductility, strength, and
deformation capacity under ultimate and serviceability
limit states. The LSM approach integrates these
seismic demands with safety factors and load
combinations to ensure both life safety and structural
integrity during earthquakes.

Performance-based seismic design (PBSD) methods
extend traditional LSM by using nonlinear static
pushover analysis and capacity-demand evaluations to
predict structural behaviour under seismic events. This
allows for identifying damage states, hinge formations,
and displacement demands to meet specified
performance objectives such as Immediate Occupancy
or Collapse Prevention.

Seismic design codes, including IRC and international
standards, specify response reduction factors and
design ground motions with probabilities of
exceedance aligned to expected service life. Seismic
zone factors, soil conditions, and structural importance
influence reinforcement detailing, member sizing, and
load combinations under LSM frameworks.

Studies emphasize the necessity of considering bar
buckling, low-cycle fatigue, and nonlinear material
behaviour in seismic design to capture realistic
response and prevent premature failures in RC piers.
Seismic vulnerability analyses also compare different
steel reinforcement types to optimize seismic
resilience in RC bridges.
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VI. LOAD COMBINATIONS

The Limit State Method (LSM) for reinforced concrete
(RC) bridge design involves applying prescribed load
combinations using factored loads to ensure design
safety at both ultimate limit states (ULS) and
serviceability limit states (SLS). The load
combinations integrate dead loads, live loads, wind
loads, seismic forces, hydraulic pressures, and other
relevant environmental and operational effects as
codified in standards such as IRC 6:2010 and IRC
112:2011.

6.1 Load Combinations in LSM for RC Bridges

The factored load combinations apply partial safety
factors to characteristic loads reflecting their
variability and likelihood of simultaneous occurrence.
Wind loads (horizontal and vertical pressures) are
considered both on superstructure and substructure,
often represented by WS (wind on structure) and WL
(wind on vehicles).

Seismic and hydraulic loads are combined with wind,
live, and dead loads to reflect extreme event
conditions.

During construction, special load combinations
account for increased wind effects on partially
completed girders.

Example Load Factored Combinations (based on IRC
guidelines)
e Ultimate Limit State (ULS):
1.5 X Dead Load + 1.5 X Live Load + 1.5 X Wind Load
+ 1.5 X Seismic Load + -+
e  Serviceability Limit State (SLS):
1.0 X Dead Load + 1.0 x Live Load + 0.7 X Wind Load
+ e
6.2 Design Considerations
The load factors and combinations ensure
reinforcement stresses and concrete capacity remain
within permissible limits under both ULS and SLS.
The dynamic nature of wind loads warrants assessment
of transverse and longitudinal effects, influencing
reinforcement detailing and overall stability.
The LSM also incorporates modifications to drag
coefficients during construction to address changes in
exposure and lateral load demand.

187071

ISSN: 2349-6002

Combined loading ensures optimized design balancing
strength, ductility, displacement capacity, economy,
and durability.

VII. DESIGN PHILOSOPHY

Reinforced concrete (RC) bridge design philosophy is
primarily based on the Limit State Method (LSM),
which integrates safety, serviceability, and durability
considerations to ensure structural reliability
throughout the bridge's life. The philosophy
encompasses the principles that the structure must
perform safely under ultimate loads and maintain
usability under service loads.

Key Aspects of RC Bridge Design Philosophy

e Limit States: The design verifies two main limit
states:

e Ultimate Limit State (ULS): Ensures strength and
stability to resist maximum loads (dead, live,
wind, seismic, impact) without collapse or
excessive deformation.

e Serviceability Limit State (SLS): Ensures proper
function, limiting deflections, vibration, and crack
widths under normal use.

e Load Factors & Combinations: Loads are factored
with partial safety coefficients reflecting
uncertainties and combined per standards like IRC
or AASHTO.

e  Material Behaviour: Concrete is assumed to have
negligible tensile strength; reinforcement carries
tensile stresses. Stress-strain relationships and
strain compatibility govern design.

e  Structural Components: Design addresses
superstructure, substructure, foundations,

bearings, and expansion joints holistically.

e Durability & Constructability: Design accounts
for environmental exposure, fatigue, corrosion,
and ease of construction.

7.1 Modern Design Approach

Probabilistic design philosophies such as Load and
Resistance Factor Design (LRFD) focus on reliability-
based safety assessments.
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Nonlinear analysis techniques model realistic
behaviour under seismic and dynamic loads.

Use of prestressed concrete enhances span length and
durability.

This comprehensive design philosophy balances
safety, service needs, and economy, ensuring RC
bridges meet functional demands over their intended
lifespan, supported by codes like IRC 112, AASHTO
LRFD, and relevant international standards.

VIIL.LIMIT STATE APPROACH

The Limit State Method is widely recognized as a
preferred structural design philosophy for reinforced
concrete (RC) bridges. It accounts for both ultimate
and serviceability limit states, ensuring safety,
strength, durability, and usability of bridges under
various load conditions. This method has been
integrated into modern design codes like IS 456:2000
and IRC 112:2011, replacing traditional working stress
methods due to enhanced material efficiency and
reliability.

Research emphasizes that LSM facilitates a more
rational and economic approach to material use, often
resulting in 25-30% concrete saving compared to
working stress methods. It incorporates safety factors
and load combinations, including vehicle loads, dead
loads, wind, seismic, and hydraulic forces, making it
comprehensive for bridge design.

Literature discusses advanced analytical and design
procedures like performance-based seismic design
within the LSM framework, focusing on ductility
capacity, damage limit states, and nonlinear behaviour
to improve seismic resilience of RC bridge
components.

Studies also review different structural components
such as T-beams, box girders, and pile foundations,
exploring their behaviour under limit states and the
influence of load types. Finite element modelling,
moment distribution methods, and experimental
investigations are noted as valuable tools for validating
designs following LSM principles.

Overall, the literature reveals growing consensus on
the superiority of the Limit State Method in RC bridge
design due to its balance of safety, economy, and
performance, supported by robust code provisions and
contemporary research advances.
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IX. RESULTS AND DISCUSSION

The Limit State Method has emerged as a scientifically
rigorous and practical design philosophy for reinforced
concrete (RC) bridges. It ensures safety by verifying
structural performance against two primary limit
states: the Ultimate Limit State (ULS), which
addresses strength, stability, and collapse, and the
Serviceability Limit State (SLS), which focuses on
deflection, cracking, vibration, and durability. This
dual approach helps balance structural reliability with
material efficiency, making LSM more economical
compared to earlier methods such as working stress
design.

Research across various loadings—wind, seismic, and
hydraulic—confirms that the LSM framework
effectively integrates complex load combinations with
calibrated partial safety factors, thus capturing realistic
service conditions and extreme events. For wind loads,
LSM ensures lateral stability and dynamic effects are
controlled, improving girder and pier resilience.
Hydraulic loads are evaluated for forces including
water pressure, scour, and impact, ensuring foundation
safety and durability. Seismic loads necessitate ductile
detailing and nonlinear behaviour assessments, which
LSM supports through performance-based design
enhancements.

Results indicate that RC bridges designed by LSM
exhibit improved ductility, strength, and longevity
while achieving material savings of around 25-30%.
The method's adaptability to modern challenges—
including evolving codes, dynamic load -effects,
construction phase stability, and environmental
durability—further  reinforces its  superiority.
Experimental validations and numerical simulations
underpin these conclusions, demonstrating both the
method’s reliability and economic advantage.

In conclusion, the Limit State Method is a
comprehensive and robust approach that addresses the
full spectrum of design requirements for RC bridges. It
ensures safety at ultimate loads while maintaining
serviceability, optimizing resource use, and
accommodating complex environmental and loading
scenarios, making it the preferred standard in modern
bridge engineering.
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9.1 DESIGN PARAMETERS AND ASSUMPTIONS

Design Parameters Assumptions

Loads and load Material behaviour:
combinations (dead, live, concrete nonlinear, steel
wind, seismic, hydraulic) elastic-perfectly plastic

Load application:
gradual/static or dynamic
based on analysis

Material strengths (fck, fy)
and safety factors (yc, ys)

Limit states: ultimate

(ULS) and serviceability Plane sections remain plane

before and after bending

(SLS)

Reinforcement detailing: Perfect bond  between
cover, spacing, lap splices, = concrete and steel
ratios reinforcement

Design  moments, shear
forces from ULS load
combinations

Safety factors to account for
uncertainties

Secondary  effects  like
temperature or minor creep
often neglected

Structural dimensions,
spans, bearing conditions

Ductility and deformation = Construction stage loads
limits considered separately

Foundation  parameters:
soil bearing capacity, scour
depth

Design satisfies all limit
state checks

9.2 STRUCTURAL DESIGN OUTCOMES

Limit states for various bridge components such as
columns and girders are quantitatively defined to
capture performance levels like cracking, yielding,
buckling, and ultimate failure. These states help in
assessing damage progression under applied loads,
ensuring ductility and resilience in design.
Experimental and numerical analyses focus on key
performance parameters such as displacement
ductility, load carrying capacity, stress-strain
behaviour, and P-delta effects (second-order effects
from large displacements) to refine design outputs and
establish safety margins.

Design outputs include detailed reinforcement
requirements, cross-sectional dimensions, and load
resistance factors calibrated to meet both serviceability
and ultimate limit states. The designs are validated
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through simulation or experimental data comparing
predicted vs actual behaviour.

Safety and redundancy factors, performance-based
seismic criteria, and serviceability checks form
integral parts of the output ensuring that the bridge
meets reliability and durability standards under
combined loading scenarios including wind, seismic,
and hydraulic forces.

Summaries of research reports often emphasize the
improvements offered by LSM in achieving
economical use of material (often saving 25-30%
concrete), enhanced ductility and deformation
capacities, and better representation of real load effects
through sophisticated load combination factors and
nonlinear analyses.

9.3 FUTURE SCOPE

Further refinement of limit state criteria through
extensive experimental and analytical studies to
accommodate new materials (e.g., high-strength
concrete, fiber-reinforced polymers) and novel
construction techniques.

Enhanced integration of performance-based design
practices for better prediction of damage and service
life under seismic and extreme environmental loads.
Development of advanced computational tools
incorporating nonlinear behaviour, dynamic load
effects, and sustainability metrics for optimized and
resilient RC bridge designs.

Expanding research into hydraulic impact, scour
effects, and climate change impacts on bridge
foundations and superstructures within the LSM
framework to improve durability and safety.

Adoption of reliability-based design methods linked
with LSM for probabilistic assessment and risk-
informed decision-making to enhance bridge safety
and lifecycle management.

X. CONCLUSION

LSM effectively balances safety and serviceability by
considering ultimate and serviceability limit states,
ensuring the structure performs adequately under all
probable loads including dead, live, wind, seismic, and
hydraulic loads.

It results in material savings (typically 20-30% less
concrete and steel) due to optimized reinforcement
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design and realistic safety factors compared to the
Working Stress Method.

LSM-based RC bridge design adheres well to modern
codes (IS 456, IRC 6/112) and allows integration of
performance-based seismic design, enabling accurate
prediction of damage states and ductility requirements.
Design outputs from LSM include detailed
reinforcement requirements, cross-sectional
dimensions, and structural behaviour predictions
validated by simulations and experiments, enhancing
reliability and service life.

10.1 FINAL REMARKS
The Limit State Method represents a significant
advancement over traditional design approaches by
effectively balancing safety, serviceability, and
economy in reinforced concrete bridge design. It
ensures that RC bridges achieve adequate strength and
ductility to withstand varied and combined loads—
including dead, live, wind, seismic, and hydraulic—
while explicitly controlling deflection, cracking, and
durability for long-term performance. With calibrated
partial safety factors and load combinations tailored to
realistic service conditions, LSM optimizes material
usage, often resulting in substantial savings compared
to working stress methods. Furthermore, LSM's
adaptability to incorporate performance-based seismic
design and evolving environmental challenges makes
it highly suitable for modern bridge engineering.
Future research should focus on refining limit state
criteria by incorporating advanced materials, nonlinear
dynamic analyses, and probabilistic reliability
methods to enhance predictive accuracy and resilience.
Additionally, integration of sustainability
considerations and climate impact modelling within
the LSM framework will further extend the method’s
relevance and application. Overall, LSM stands as a
comprehensive and rational design methodology
ensuring safety, durability, and cost-effectiveness of
RC bridges in current and forthcoming infrastructural
demands.
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