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Abstract—Prestressed concrete bridges represent a
critical advancement in modern bridge engineering,
offering superior strength, service life, and economy
compared to conventional reinforced concrete
structures. This paper investigates the design principles
of prestressed concrete bridges with particular emphasis
on serviceability and ultimate limit states as defined in
contemporary design codes. The study outlines the
fundamental behavior of prestressed members under
various loading conditions and examines analytical
procedures for deflection control, cracking limitation,
and ultimate strength assessment. Typical design
equations, stress relationships, and prestress loss
mechanisms are discussed to establish a comprehensive
framework for structural analysis. The interaction
between serviceability and ultimate design criteria is
analyzed to highlight their combined influence on safety,
durability, and material efficiency. The paper concludes
that balanced consideration of both limit states ensures
optimal structural performance, extending the
operational lifespan of bridges while maintaining
economic feasibility.
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I. INTRODUCTION

Bridges are among the most essential components of
transportation infrastructure, providing critical
connectivity and enabling efficient movement of
goods and people. The continuous demand for longer
spans, slender profiles, and reduced maintenance has
driven the evolution of bridge engineering toward
more advanced structural systems. Among these,
prestressed concrete bridges have become increasingly
prominent due to their superior performance in
strength, durability, and economy compared to
conventional reinforced concrete bridges.

Prestressing technology, first introduced in the early
twentieth century, fundamentally altered the way
concrete structures resist loads. By introducing a pre-
compression through high-strength steel tendons, the
tensile stresses induced by service loads are
significantly reduced or eliminated, resulting in
improved crack control, higher load-carrying capacity,
and longer service life. This makes prestressed
concrete particularly suitable for bridge applications
where repeated loading, environmental exposure, and
deflection control are critical considerations.

The design of prestressed concrete bridges is governed
by two principal design philosophies: the
serviceability limit state (SLS) and the ultimate limit
state (ULS). The serviceability limit state ensures that
the bridge remains functional and comfortable under
normal use by limiting deflections, cracking, and
vibrations. The ultimate limit state, on the other hand,
ensures structural safety against collapse under
extreme loads such as heavy traffic, wind, or seismic
actions. Both limit states are interdependent and must
be satisfied to achieve an efficient and reliable bridge
design.

This paper aims to present a comprehensive study on
the design considerations of prestressed concrete
bridges under serviceability and ultimate limit states.
It explores theoretical concepts, design procedures,
and practical implications, providing an integrated
understanding of how these design criteria influence
bridge performance and durability.

II. LITERATURE REVIEW

Prestressed concrete bridge design has undergone
significant development over the past century, shaped
by advances in materials, analysis techniques, and
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design philosophies. Early theoretical contributions by
engineers such as Eugeéne Freyssinet laid the
foundation for the concept of prestressing, introducing
the idea of pre-applying compressive stress to concrete
to offset tensile stresses under service loads. This
innovation enabled the construction of longer and
more slender bridge spans, which were previously
impractical using conventional reinforced concrete.

Over the decades, design methodologies have evolved
from purely empirical approaches to rational limit-
state design frameworks. The introduction of limit
state design, replacing the traditional working stress
method, allowed engineers to explicitly separate
serviceability (performance under normal use) and
ultimate strength (safety against collapse). Modern
design codes such as the Eurocode 2 (EN 1992-2),
AASHTO LRFD Bridge Design Specifications, and
IRC:112 provide systematic approaches for both SLS
and ULS verification, incorporating load factors,
partial safety factors, and material models based on
probabilistic principles.

Several researchers have focused on analytical models
describing prestress losses, long-term deflection, and
cracking behavior. Prestress losses—comprising
elastic shortening, creep, shrinkage, and relaxation—
significantly  influence the effectiveness of
prestressing and must be accurately estimated. The
total loss of prestress (Afp) is generally expressed as:

Afp = Afpe+ Afp,cr + Afp,sh + Afp,rlx

where Afp, is the elastic shortening loss, Afp,cr is
the loss due to creep of concrete, Afy, s, due to

shrinkage, and Af}, ;-5 due to relaxation of steel.

Analytical studies have also emphasized the
importance of time-dependent effects on both
serviceability and ultimate performance. Models such
as the CEB-FIP Model Code 2010 and AASHTO
provisions incorporate creep and shrinkage
coefficients that depend on humidity, member size,
and age at loading. At the ultimate limit state,
nonlinear stress-strain relationships for concrete and
steel are employed to determine moment capacity
using stress block parameters derived from
experimental calibration.
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Recent research continues to enhance the predictive
accuracy of these models, incorporating numerical
simulations and finite element analysis to capture
complex phenomena such as tendon-concrete
interaction, shear lag, and time-dependent
redistribution of stress. Theoretical formulations
derived from these studies provide the foundation for
the design equations and checks discussed in
subsequent sections.

III. FUNDAMENTALS OF PRESTRESSED
CONCRETE

Prestressed concrete is a structural system in which
internal stresses are intentionally introduced into the
concrete before it is subjected to external loads. The
objective is to counteract the tensile stresses that
develop under service conditions, thus improving
strength, crack control, and service life. The
fundamental principle involves the application of a
pre-compressive force using high-strength steel
tendons that are either pre-tensioned or post-tensioned,
depending on the construction method.

3.1 Principles of Prestressing

When a prestressing force P is applied eccentrically at
a distance from the centroidal axis of a beam, it
induces both a uniform compressive stress and a
bending moment. The resulting stresses at the top and
bottom fibers are given by:

P Peyt P Peyp
=-— —Zy
ft 4 7 fb A I

where:
A = cross-sectional area,

I = moment of inertia,
yt , yb = distances to top and bottom fibers
respectively.

The resultant effect is that the lower fiber, which
would normally be in tension under external loads, is
pre-compressed, effectively delaying or preventing
cracking during service.

3.2 Material Properties

e  Concrete: Typically high-strength concrete (40—
80 MPa), chosen for its ability to resist
compressive stresses and minimize creep and
shrinkage. The stress—strain relationship for
concrete in compression is nonlinear and can be
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represented by the parabolic expression:

2
Oc Ec Ec
— = 2(—)—(—) ] fore, < €
fek [ &o 0] ¢ 0
where f,, is the characteristic compressive strength,

and & is the strain at peak stress.

e  Prestressing Steel: High-strength wires, strands,
or bars with yield strengths typically in the range
of 1,570-1,860 MPa. The steel exhibits a linear
elastic response up to about 80-90% of the
ultimate strength, with relaxation behavior
considered in long-term analysis.

3.3 Prestress Losses

The effectiveness of prestressing is reduced over time
due to several loss mechanisms. Total loss of prestress

(A fp) is estimated as the sum of:

e  Elastic Shortening (Immediate loss)

e  Creep of Concrete

e  Shrinkage of Concrete

e Relaxation of Steel

e Anchorage Slip and Friction (for post-tensioned
members)

The effective prestress after all losses can be
approximated as:

foe = foi = Ay

where fp; is the initial prestress immediately after

transfer.

3.4 Stress Distribution Under Loads
When external loads act on the beam, the total stress
at any fiber is the algebraic sum of stresses due to
prestress and due to applied bending moment:

A I I
The correct sign convention ensures that compressive
stresses are taken as positive.

Understanding these fundamentals allows designers to
predict how the member behaves both in the
serviceability state (elastic range) and ultimate state
(nonlinear or failure range).
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IV.DESIGN FOR SERVICEABILITY LIMIT
STATE (SLS)

The Serviceability Limit State (SLS) ensures that a
prestressed concrete bridge performs satisfactorily
under service (unfactored) loads throughout its life.
The aim is to limit stresses, cracking, and deflections
so that the structure remains functional, durable, and
visually acceptable.

Serviceability checks are based on the effective
prestress after losses, and they ensure that the stresses
in concrete and steel stay within permissible values
under working loads, as prescribed by IS 1343:2012
(Cl. 22.2), AASHTO LRFD (Section 5.9.4), and
Eurocode 2 (EN 1992-1-1, Cl. 7.2).

4.1 Stress Limitation in Concrete

The concrete at any section should not experience
tensile stress beyond the allowable limits under service
loads. The stress at the top and bottom fibers due to
combined prestressing and applied loads is determined
by:

where:

M = service bending moment,

P, = effective prestress,

and other terms as previously defined.

Permissible stresses in concrete at service:
According to IS 1343, the stress limits depend on
whether the section is at transfer (immediately after
prestressing) or under service loads.

.. Stress in . .
Condition . Stress in Tension
Compression

0 (Type 1), limited

At transfer 0.5f (Type 2-3)

Under service limited based on crack

0.45f .k

loads control

Eurocode 2 and AASHTO adopt similar approaches
but specify the limits in terms of characteristic
compressive strength and tensile stress class.

4.2 Control of Cracking

Crack control is vital for durability, particularly for
bridge decks exposed to environmental actions. In
partially prestressed members, a small amount of
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tensile stress is allowed, but the width of cracks must
remain within permissible limits.

According to IS 1343:2012 (Cl. 22.4.3) and Eurocode
2 (CL 7.3.4), the crack width wkw_kwk is limited to:
Wy, <0.2 mm for moderate exposure, and

0.1 mm for severe exposure

The theoretical crack width can be estimated as:
W = Spm(Esm — €cm)
where:
S;ym = average crack spacing (mm),
Egm = mean steel strain at crack formation,
&cm = mean concrete strain at surface.
The value of S;.p, is determined based on the cover,

bar spacing, and reinforcement ratio as per Eurocode
2 guidelines.

4.3 Deflection Control
Deflection is controlled to ensure comfort and
serviceability. IS 1343 specifies the following limits

for total long-term deflection:
L

Total Deflection < 50

Deflection after erection of

superimposed dead load < =——=

250

The instantaneous deflection di\delta idi due to
service load is calculated by elastic analysis:

SwlL*

384E,]
where:
W = service load intensity,
L = span length,
E . = modulus of elasticity of concrete,
I = moment of inertia.
The long-term deflection accounts for creep and

shrinkage, using a multiplier from IS 1343 (typically
between 1.5 and 2.0 for bridge spans).

4.4 Limitation of Steel Stresses

At SLS, the stress in prestressing tendons must not
exceed the value corresponding to the effective
prestress plus the service load increment:

fpe + Afy < 0.8fp
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Where
fpk is the characteristic tensile strength of the
prestressing steel.

This ensures the steel remains elastic under service
conditions, preventing progressive loss of prestress.

4.5 Fatigue Considerations

Bridges are subject to repeated loading from vehicles,
so fatigue verification is essential.

According to AASHTO and Eurocode 2, the stress
range in both concrete and steel must not exceed the
allowable fatigue limits:

Afps < 200MPa (for prestressing steel)

Af. < 6MPa (for concrete in compression)

4.6 Summary of SLS Requirements

Governing  Code .
Parameter Limit Typical Range
Compressive
10-20 MP
stress <0.45 for 0-20 MPa
Tensile stress <0.25 fcko's 2-4 MPa
Crack width ~ ||<0.2 mm Moderate
exposure
Deflection HS L/250 HTotal
Steel stress <0.8 fpk —

V. DESIGN METHODOLOGY

The Ultimate Limit State (ULS) ensures that a
prestressed concrete bridge possesses adequate
strength and ductility to withstand the maximum
possible load combinations without collapse or brittle
failure. It represents the boundary of structural safety
and is governed by equilibrium, compatibility, and
material strength principles. The design must consider
ultimate load effects such as flexure, shear, torsion,
and combined actions in accordance with IS
1343:2012 (CL. 23), AASHTO LRFD (Section 5.9.3),
and Eurocode 2 (EN 1992-2, CL. 6.1-6.2).

5.1 Ultimate Load Combinations
According to IS 1343 and AASHTO LRFD, the
factored ultimate design load WuW_uWau is obtained
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using appropriate partial safety factors for dead and
live loads:

W, = 1.5(D + L)

or, for bridges subjected to multiple loads,
W, = 1.35D + 1.5L + 0.9W

where:

D= dead load,

L = live load,

W = wind or secondary load.
The factors ensure that uncertainties in load estimation
and material strength are covered.

5.2 Flexural Strength

Flexural failure in prestressed members occurs when
the prestressing steel yields or ruptures before the
concrete in compression reaches its ultimate strain.
The flexural strength is derived by satisfying internal
force equilibrium:

C=T
0.45fcbx, = Apfp
where:
fek = characteristic compressive strength of concrete,
b = width of section,
X, = neutral axis depth,

Ap = area of prestressing tendons,
fpa = 0.9fpi/vs = design strength of prestressing

steel,
vs = 1.15 (per IS 1343).

The ultimate moment of resistance is then:

M, = A,f,q(d — 0.42x,)
In Eurocode 2, a similar equation is used with the
rectangular stress block parameters (o= 0.85, L= 0.8).
The maximum strain in concrete is limited to 0.0035,
and the tendon strain must satisfy the compatibility
condition between concrete compression and tendon
elongation.

5.3 Shear Strength

Shear design in prestressed concrete differs from that
of reinforced concrete because the inclined
compression due to prestressing reduces the effective
shear demand.

The nominal shear resistance is given by:
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Vea = Ve + Vs
where:
e I/, = concrete contribution,

e Vi=contribution of shear reinforcement.

As per IS 1343 (Cl. 23.5.1):
V. = 0.67bd+/fo; + 1.5P, sin 6

In AASHTO LRFD, the shear resistance is expressed
as:

ho=Ve+ W +V

where V;, is the vertical component of prestressing.

If V,, > Vg4 additional stirrups or web reinforcement
must be provided to satisfy:

Asvfd .
= sina

Vs

where Ag,, = area of shear reinforcement, S = spacing,

and a = angle of inclination.

5.4 Torsional Strength

Torsion is significant in curved or eccentrically loaded

bridge girders.

According to IS 1343 and Eurocode 2, the torsional

resistance Tpy of a prestressed concrete section is:
Tra = 0.9fckAxt

where:

A}, = area enclosed by the centerline of the walls of

the hollow section,

t = wall thickness.

The design should also ensure that torsion and shear

interactions satisfy:

T, |4
—~ 4+ 1 <10
Tra Rd

5.5 Anchorage and Bond Strength

The anchorage zones must resist the bursting and
spalling forces generated by the transfer of prestress to
concrete.

IS 1343 recommends using end blocks designed with
transverse reinforcement capable of resisting 4% to
6% of the total prestressing force.

The bond stress tb between tendon and concrete is
given by:
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b = T[dpr

where dp is the tendon diameter and Ly, is the transfer

length.
Adequate bond ensures proper stress transfer and
prevents slippage under load.
5.6 Ductility and Ultimate Strain Limits
A ductile failure mode is preferred to ensure warning
before collapse.
The strain compatibility condition requires that the
steel strain at ULS should exceed the yield strain,
while the concrete strain in compression should not
exceed 0.0035.
Eurocode 2 introduces the strain compatibility
equation:

Ecu  Esu — Epe

—_— + _—

Xy d — xy,
which governs the depth of neutral axis and ensures
adequate rotation capacity.

5.7 Summary of ULS Design Requirements

Limit Saft
m Governing Equation alety Reference
State Factors
M L5, IS
ye=1.o,
=4 d
Flexure ppal vs=1.15  |[1343:22012
—0.42x,,)
IS
Shear Vea = V. + 1% ve=1.5 1343:2012 /
AASHTO
‘Torsion H Tra = 0.9f 1 Axt H — HEurocode 2
Load IS
Combinati|| W, =1.5(D + L) — 13432012
on
. Strain limits
Ductility ccu=0.0035 — Eurocode 2

VI. DISCUSSION AND CONCLUSION

The analytical and code-based review of prestressed
concrete bridge design highlights the essential balance
between serviceability and ultimate limit states in
ensuring both safety and durability. The theoretical
framework and governing equations demonstrate how
prestressing efficiently counteracts tensile stresses,
enhancing load-carrying capacity and controlling
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deflections and cracking under service conditions.
From the Serviceability Limit State (SLS) perspective,
maintaining adequate levels of effective prestress after
losses is critical. Excessive stress losses due to creep,
shrinkage, and steel relaxation can lead to cracking,
reduced stiffness, and excessive deflection. The code
provisions of IS 1343, AASHTO LRFD, and Eurocode
2 converge on similar principles—Ilimiting tensile
stresses, crack widths, and deflections to preserve the
structure’s appearance and functional reliability. The
differences lie primarily in the stress limits, exposure
classifications, and long-term deflection multipliers.
At the Ultimate Limit State (ULS), the design
philosophy ensures sufficient strength against flexure,
shear, torsion, and combined loading effects. The limit
state approach provides a rational framework, where
characteristic material strengths are reduced using
safety factors, and loads are amplified to cover
uncertainties. The use of partial safety factors (yc , ys
) and load combinations ensures consistent reliability
across different design codes.

Comparative evaluation indicates that IS 1343:2012
aligns closely with Eurocode 2 in terms of stress block
parameters and limit state formulations, while
AASHTO LRFD introduces greater refinement for
bridge-specific  load models and  fatigue
considerations. This reflects the growing emphasis on
probabilistic and  performance-based  design,
integrating fatigue, durability, and ductility into a
unified framework.

Overall, the study reinforces that:

1. Prestressed concrete bridges achieve superior
structural efficiency through a balanced design for
both SLS and ULS.

2. Code-based equations provide consistent
methodologies for stress, deflection, and strength
verification, ensuring global safety and
serviceability.

3. Future advancements should focus on time-
dependent effects, high-performance materials,
and reliability-based optimization for long-span
bridges.

In conclusion, prestressed concrete bridge design

exemplifies the integration of material mechanics,

analytical modeling, and code provisions. Proper
understanding and application of serviceability and
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ultimate limit state principles remain fundamental to
achieving economical, safe, and durable bridge
structures.
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