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Calculation of sti [ndss in slender reinforced columns and arches in concrete bridges
A parametric study on sti[ndss calculation for isolated columns according to Eu-
rocode
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Technology
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MAJA LAGESON
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ABSTRACT

For slender compressed reinforced concrete members such as bridge columns and
arches, high sti[ndss is essential to limit deformations and ensure stability. How-
ever, increasing sti [ndss can generate significant restraint forces within the struc-
ture. Previous Norconsult projects on strengthening old bridges in Jamtland
showed that the nominal sti[ndss values prescribed by EC2 are insu Lcieht. Like-
wise, Norconsult’s design of the Bukkestein Bridges demonstrated that when the
superstructure deforms due to temperature changes and concrete shrinkage, it
develops high forces that subject the substructure to loads beyond the intended
design forces.

This thesis presents a parametric study of slender reinforced-concrete columns
using nonlinear analysis in accordance with EC2’s general method. The proposed
calculation approach is validated by finite-element simulations in DIANA.

With the revised version of EC2 set to be adopted in the coming years, this study
also evaluates its new provisions. The updated code replaces the nominal sti[-]
ness concept with an e [edtive sti[ndss calculation that accounts for reinforcement
yielding in the cross section and introduces a simplified global analysis method for
column sti [ndss. Both revised-code approaches yield sti [ndss estimates compara-
ble to those from the nonlinear analysis.

The parametric study examines how axial load, reinforcement ratio, and concrete
strength influence sti[ndss and overall performance of slender columns. Results
show that sti[ndss increases with higher axial force and reinforcement content.
Analyses across various concrete-strength percentiles demonstrate that equivalent
sti[ndss often exceeds nominal values making it possible to increase stilndss in
capacity calculations by at least 29 %. The analysis shows that a reduction factor
of approximately 0.45 can be applied to single, isolated columns, whereas columns
with adjacent structural elements require a uniform reduction factor of 0.85 for all
cases considered. By incorporating these factors into calculations, restraint forces
can be mitigated, resulting in more e [cieht structures.

Key words: Equivalent stil[ndss, nominal stil[ndss, nonlinear analysis, concrete
bridges, restraining forces, normal force, reinforcement content.
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Berékning av styvhet i slanka armerade pelare och bagar i betongbroar
En parameterstudie av berdkning av styvhet i enskilda pelare enligt Eurocode

Examensarbete inom masterprogrammet Structural engineering and buildning tech-
nology

THERESE HAAR
MAJA LAGESON

Institutionen for arkitektur och samhallsbyggnadsteknik
Avdelningen for konstruktion och byggnadsteknologi
Chalmers tekniska hdgskola

SAMMANFATTNING

For slanka, tryckta armerade betongmedlemmar, sasom bropelare och bagar, ar
hog styvhet avgdrande for att begréansa deformationer och sakerstélla stabilitet.
Samtidigt kan 6kad styvhet ge upphov till betydande tvangskrafter i konstruk-
tionen. Tidigare Norconsult-projekt for forstarkning av gamla broar i Jamtland
visade att EC2:s nominella styvhetsvarden inte ger tillracklig kapacitet. Vid ut-
formningen av Bukksteinbron noterades stora tvangskrafter orsakade av temper-
aturforandringar och krypning, vilket utsatte de barande pelarna fér betydande
laster utdver huvudlasterna.

Denna avhandling presenterar en parametrisk studie av slanka armerade betong-
pelare med icke-linjar analys enligt EC2:s generella metod. Berékningsmetoden
valideras med FE-analys i DIANA.

Med den reviderade versionen av EC2, som vantas antas inom de narmaste aren,
utvarderas aven nya bestdmmelser. Den uppdaterade koden ersatter nominell
styvhet med en berdkning av e[eltiv styvhet som tar hansyn till nar armerin-
gen flyter i tvarsnittet, och introducerar en forenklad global analysmetod for
pelarstyvhet. Bada de reviderade metoderna ger styvhetsvarden som ar jamfor-
bara med dem som fas fram via icke-linjar analys.

Den parametriska studien undersoker hur axiell last, armeringskvot och betongens
hallfasthet paverkar styvhet och prestanda hos slanka pelare. Resultaten visar att
styvhet 6kar med hogre axiell kraft och mer armering. Analyser éver olika be-
tongstyrkepercentiler visar att ekvivalent styvhet ofta 6verstiger nominella varden,
vilket mojliggor en okning av beréknad styvhet med minst 29 %. Studien pavisar
vidare att en reduktionsfaktor pa cirka 0,45 kan anvandas for enskilda isolerade
pelare, medan pelare med angransande strukturella element kraver en enhetlig re-
duktionsfaktor pa 0,85 i alla undersokta fall. Genom att inkludera dessa faktorer
i berakningarna minskas tvangskrafterna och e [eKtiviteten i konstruktionen okar.

Nyckelord: Ekvivalent styvhet, nominell styvhet, icke-linjar analys, betongbroar,
tvangskrafter, normalkraft, armeringsméangd.
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De nitions and acronymns

The following is a list of all acronyms and de nitions used in this master's thesis,
presented in alphabetical order.

EC2 Eurocode 2

EC2:2023 Eurocode 2 revision 2023

FE Finite element

LEA Linear Elastic Analysis

NLEA Non-linear Elastic Analysis

NLFEA Non-linear Finite Element Analysis

SLS Service Limit State

State | Uncracked state of reinforced concrete
State Il Cracked in tensile zone of reinforced concrete
State 1l Fully cracked state of reinforced concrete
ULS Ultimate Limit State
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Notations

Below are all the notations used in the thesis, listed in alphabetical order:

Roman upper case letters

cross-section areanj?]
modulus of elasticity P a]
load [N]

moment of inertia [m*]

m m >

moment Nm]

N normal force N]

Roman lower case letters

b width of a cross sectionm]
C concrete cover thicknesa]
fe compression strength of concretd[q]
fed design value of compression strength of concrefed]
f ok characteristic compression strength of concret® p]
fem mean compression strength of concret® §]
f otk characteristic tensile strength of concreteHa]
fetm mean tensile strength of concretea]
fya design value of tensile strength for reinforcing steePf]
fyk characteristic tensile strength for reinforcing steeHa]
h height of a cross-sectionn]
Kn notional size coe cient
l; L length of a member in]
=r curvature [1=m]
t time [s; day]
u circumference fn]
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Greek letters

coe cient [-]

coe cient [-]

partial coe cient [-]
deformation or de ection [m]
distribution coe cient [-]
strain [-]

rotation [rad]

curvature [1/m]
slenderness [-]

density [kg=n7]

stress [Pa]

diameter [m]

creep [l=m]

CHALMERS Architecture and Civil Engineering, Master's Thesis ACEX30






1 Introduction

For slender, compressed reinforced concrete members, such as columns and arches
in bridges, achieving high sti ness is essential for reducing the in uence of second-
order e ects. While this increased sti ness helps control deformations and main-
tain stability under load, it also introduces a challenge related to thermal expan-
sion and shrinkage. These deformation-induced loads, which are typically not
considered as the primary loads on a bridge, can still lead to severe load e ects,
especially if the bridge is highly restrained. As the concrete expands or con-
tracts due to temperature changes and shrinkage, internal forces develop within
the structure. These forces arise because the rigidity of the member restricts the
free movement of adjacent structural components, such as the superstructure and
foundations. The stiness of a bridge substructure plays a signi cant role, as it
connects the superstructure to the foundations. A decrease in the sti ness of the
bridge substructure generally leads to a proportional decrease in restraining forces.

It is complex to calculate the correct sti ness due to the non-linear response of
reinforced concrete, and as a result, the calculation is often simpli ed for prac-
ticality, as it can be too time-consuming to perform in every case. With better
guidance on how to incorporate sti ness reduction, restraining forces could be fur-
ther minimized, leading to potential material and cost savings within the eld of
concrete bridge engineering. At the same time, there are situations where higher
stiness is bene cial, particularly for slender members subjected to signi cant
second-order e ects. In such cases, simpli ed methods outlined in Eurocode for
nominal sti ness or nominal curvature, are often used. However, more detailed
sti ness calculations based on the general method in Eurocode, may lead to a
higher sti ness, which in turn results in increased capacity. Understanding how
di erent parameters a ect the sti ness of a bridge structure is crucial, as it o ers
opportunities for innovative solutions that enhance both performance and cost-
e ectiveness.

It is important to ensure that structures are not over-engineered, as reducing
the amount of material used is better for the environment. In Sweden alone,
the construction sector accounted for 22.1% of the country's total greenhouse gas
emissions in 2022 [1]. This highlights the need for sustainable design practices
that minimize material use without compromising structural safety. By optimiz-
ing design, engineers can contribute to signi cant reductions in emissions while
also lowering construction costs.

1.1 Background

In early design stages, simpli ed methods of calculating sti ness are often used as
they are time-e ective. In Eurocode 2 [2], from this point forward referred to as
EC2, two simpli ed methods are provided, nominal sti ness and nominal curva-
ture. Both methods are considered conservative and yield results on the safe side,
which often returns structures with excessive dimensions. It has been discussed

CHALMERS Architecture and Civil Engineering, Master's Thesis ACEX30 1



whether the simpli ed methods are accurate enough [3], and the discussion con-
cluded that practical usability was considered important. It is also noted that in
later design stages, a non-linear analysis should be performed for more accurate
results.

Norconsult has undertaken two projects in Jamtland focusing on arch bridges to
assess whether their load-bearing capacity can be enhanced through refurbish-
ment. Older bridges often su er from capacity limitations stemming from the
simpli ed design practices used at the time of their original conception. There
are several factors that contribute to this, tra c loads have increased since the
bridges were built, modern nite-element analysis enables far more detailed stud-
les, and the understanding of structural instability has improved signi cantly. In
addition, today's reinforcement materials and detailing di er in both design and
quality from those used when these bridges were constructed.

The rst bridge is located over the river Ammerén in Are. Figure 1.1 shows a

structural drawing of the bridge. This is a deck arch bridge, where the arch is
positioned below the deck, supporting it from underneath. The bridge deck spans
143.3 m and the arch span is 72 m, the bridge is 4 m wide.

Figure 1.1:  Structural drawing of the bridge over Ammeran in Are, provided by
Norconsult.

In total, ve vertical supports rest on the arch, creating four intermediate spans

in addition to the two end spans at the abutments. Notably, the supports are not
symmetrical as the right support does not rest on a solid foundation. This asym-
metry introduces a potential for rotational and stability issues. Furthermore, the
arch lacks a transverse brace at its crown, resulting in a structurally weaker point
at the top. This makes the crown more susceptible to out-of-plane deformation
and increases the risk of local buckling under compressive forces. Figure 1.2 shows
a photograph taken from the site in 2017.
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