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Abstract

Slab frame bridges are one of the most common bridge types in Sweden with a po-
tential in optimizing the design on the emissions from carbon dioxide and the costs.
Older graphs with recommendations for dimensions of cross-sections published by
the Swedish Road Administration, Vigverket (1996), are considered as conservative
and outdated.

This thesis presents updated dimensions that fulfils codes and standards that are
used today. The optimization parameters have been identified through theory of slab
frame bridges and a parameter study where different cross-sections have been anal-
ysed with respect to environmental, economical and constructability impact. The
parameters have thereafter been optimized in a two-dimensional analytical study by
implementing the moment distribution method and in a three-dimensional numer-
ical study. Differences in the results between the different studies are discussed as
well as the differences to the Swedish Road Administration’s graphs over preliminary
dimensions.

The theory of slab frame bridges and the parameter study show a correlation be-
tween the environmental and economical impacts where slender, heavy reinforced,
cross-sections are to prefer when optimizing. Results from the preliminary design
study shows a noticeable difference against the ones given by the Swedish Road Ad-
ministration. Today’s standards and optimization techniques enables an optimized
design of slab frame bridges, where a slender cross-section decreases the environ-
mental impact to a lower investment cost.

Keywords: slab frame bridge, preliminary design, moment distribution method,
analytical optimization, numerical optimization.
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Parameterstudie och optimering av plattrambroar

Optimerad utformning med avseende pa miljomassiga, ekonomiska och byggbarhet-
stekniska aspekter i ett preliminart skede

Examensarbete inom masterprogrammet Structural Engineering and Building Tech-
nology
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KAROLINA BESKOW
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Avdelningen for kontruktionsteknik
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Sammanfattning

Plattrambroar ar en av de vanligaste brotyperna i Sverige och det finns potential att
optimera broarnas tvarsnitt for att pa sa sitt minimera koldioxidutslapp och kost-
nader. Existerande grafiska hjalpmedel med prelimindra dimensioner for tvérsnitt
utgivna av Végverket (1996) anses konservativa och foraldrade.

Detta arbete presenterar uppdaterade dimensioner pa parametrar som uppfyller da-
gens normer och foreskrifter. Optimeringsparametrar har identifierats med hjélp
av teori om plattrambroar och en parameterstudie som studerat olika tvérsnitt
med avseende pa dess miljomassiga, ekonomiska och byggbarhetstekniska aspek-
ter. Parametrar har sedan optimerats i en tvadimensionell analytisk studie, dar
momentforskjutningsmetoden tillimpats, samt i en tredimensionell numerisk studie.
Skillnader i resultat mellan de olika studierna, samt skillnaderna mot Végverkets
grafer 6ver prelimindra dimensioner diskuteras.

Teorin och parameterstudien visar pa att sambandet mellan de miljoméassiga och
ekonomiska aspekterna korrelerar och dér slankare, tungt armerade, tvarsnitt ar att
foredra vid optimering. Resultatet fran den preliminédra designstudien visar pa an-
mérkningsvérda skillnader mot de som ges av Vigverket och déar dagens foreskrifter
och optimeringstekniker mojliggoér en design av framtida plattrambroar med slankare
tvarsnitt till en lagre kostnad och med mindre paverkan pa miljon.

Nyckelord: plattrambro, preliminar design, momentforskjutningsmetoden, analytisk
optimering, numerisk optimering.
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Nomenclature

Qeern  Cement content [kg/m?]

ag; Adaptation factor for concentrated loads

oy Adaptation factor for distributed loads

Betinker Clinker content in cement [%]

Ap  Assumed passive earth pressure [kPa]

dap  Horizontal displacement caused by the assumed passive earth pressure Ap
0pas  Fictitious horizontal displacement of the frame caused by gpqs
0res  Actual horizontal displacement of the frame

0sur  Fictitious horizontal displacement of the frame caused by ¢,
Ya,jinf Safety partial factor for favourable permanent loads

Va.jsup Safety partial factor for unfavourable permanent loads

Yo Safety partial factor for unfavourable variable loads

v Safety partial factor for favourable variable loads

. Utilization ratio

Yo Combination factor

Y,; Combination factor

Y,y;  Combination factor

& Reduction factor

A;  Cross-sectional area of the frame leg [m?|

Ay Cross-sectional area of the bridge deck slab [m?]

B Width of the bridge [m]

d Effective height of a concrete section

E Young’s modulus of elasticity [Pal

G jiny Characteristic, favourable permanent loads

G jsup Characteristic, unfavourable permanent loads

H  Height of frame legs [m)]

I Moment of inertia of the frame leg [m?]

I Moment of inertia of the bridge deck slab [m?]
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Nomenclature

L Theoretical span length of the bridge deck slab [m]

n; Number of load fields

Qi Characteristic axle-loads from vehicles

Qik Characteristic distributed loads from vehicles

gres  Counteracting lateral earth pressure

tr1 Thickness of the frame leg at the level of the foundation slab [m]

tro Thickness of the frame leg at the level of the haunch [m]

ths  Thickness of the haunch at the inside of the frame leg [m]

ts Thickness of the bridge deck slab / thickness at the end of the haunch [m)]
Veon ~ Concrete volume [m?]

w Width of one lane [m]

z Part of frame leg subjected to lateral earth pressure [m]
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Introduction

1.1 Background

Concrete slab frame bridges are frequently used around the world and it is the most
common bridge type in Sweden, especially for short spans (Trafikverket, 2008, p.
28). Slab frame bridges are limited, due to economical reasons, to a span width of
approximately 25 meters (Almén, 2016, p. 5). A slab frame bridge consists of a
bridge deck, frame legs and wing walls. It can be constructed with either open or
closed foundation slab, with traffic on one or two levels and as single or multi-span
bridge. The connections between the bridge deck and the frame legs are designed
to transfer section forces. A typical slab frame bridge can be seen in Figure 1.1.
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Figure 1.1 A common type of slab frame bridge with open foundation.

The construction sector plays an important role in the consumption of energy and
raw material and on the emissions of carbon-dioxides. In 2017 the construction and
real estate sector was responsible for 19 % of Sweden’s total emission of green-house
gases (Boverket, no date). The Swedish government decided in 2017 that Sweden
should be climate neutral with respect to emission green-house gases by the year
2045. The construction and infrastructure sector has set internal goals where the
sector’s emissions of carbon dioxide should be reduced with 50 % by the year 2030
compared to 2015 (Fossilfritt Sverige, 2018, p. 7). To reach this goal the construc-
tion industry needs to implement new techniques and new ways of working.

In order to give a tender for design of a structure in an effective way, the designers
needs to guess dimensions without performing detailed calculations in early stages.



1. Introduction

Today, graphs and previous experience are used as guidelines for the choice of di-
mensions of slab frame bridges at an early stage. These graphs are old and based on
information of dimensions of existing slab frame bridges, see Figure 1.2. Practicing
engineers are concerned that these diagrams result in bridges that are not optimized
with regard to material use, but also that the design process for optimization of slab
frame bridges is very time-consuming.
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Figure 1.2 Suggestion on dimensions of deck thickness in the bridge deck of slab
frame bridges (Viguerket, 1996, p. 42-43).

By implementing new knowledge and corresponding updated design codes it might
be possible to design slab frame bridges which are more optimized than previously. It
should be noted that this applies if the dimensions assumed in early stage are chosen
accordingly. A more optimized structure would mean that the environmental impact
and economic cost can be reduced as a result of the reduced amount of material.
The effect may be particularly large for such a common type of structure as concrete
slab frame bridges.

1.2 Aim and objectives

The aim of the project is to get a deeper understanding on how the design of slab
frame bridges can be optimized by identifying and take into account the main pa-
rameters that affect the design. The intention is to develop graphs for preliminary
design that facilitate optimized sizing. The goal is to enable a reduction of the
environmental and economic impact of future concrete slab frame bridges by imple-
menting the diagrams at early stages of the bridge design process.
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1.3 Limitations

In order to make this study doable the study will be limited with respect to the
following aspects:

o Slab frame bridges designed for road traffic only

o Straight slab frame bridges; vertical frame legs perpendicular to road direction

e Symmetric cross-section along the longitudinal section of the bridge

o Single span bridges

e Open foundation slab

e Reinforced concrete, with a predefined reinforcement amount limited to two
layers ¢25 in the tensile zone

o Wing walls are taken into account by adding equivalent forces from the wing
walls on the frame legs

e Design of reinforcement is limited to the longitudinal direction of the bridge.

1.4 Specific issues under investigation
In order to fulfil the aim of the thesis, following aspects are investigated:

o Which are the main parameters that affect the design of slab frame bridges?
o Is there any significant differences in the results between an analytical two-
dimensional optimization and a numerical three-dimensional optimization?

e How much can the cross-sectional area be reduced for a slab frame bridge
that has been preliminary designed from the updated graphs compared to an

already designed slab frame bridge?

1.5 Methodology

This master’s thesis consists of three different phases. The first phase of the project
will present theory of slab frame bridges to identify and evaluate critical parameters
that affect the design. The parameters are related to the geometry of the bridge
and its different structural parts. Interviews with experienced designers will be per-
formed as a complement to and verification of the theory. An investigation regarding
the environmental impact and economic cost of a concrete slab frame bridge will be
performed to identify the basis for optimization. Interviews with contractors will be
performed and evaluated as input for limitations of the optimization with respect to
constructability. When the most critical parameters have been identified from the
literature study a second phase of the project will start.

In the second phase the identified and selected parameters will be evaluated in a
parameter study for a two-dimensional model. Expressions for design moments in
critical sections of the frame will be used by implementing elementary cases for
frames. Relations between the dimensions of the structural parts will be predicted
and used for the optimization process in phase three. The two-dimensional analysis
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will be used to simplify and limit the extent of the third phase by stating relevant
load cases and giving start values for the iteration.

In the third phase of the study the programming language Python will be used to
build a plug-in code to the finite element software BRIGADE/Plus, where structural
analyses will be executed. The results from BRIGADE/Plus will then be evaluated
until the design fulfils requirements stated in design codes. The process will continue
until an optimized design of the slab frame bridge has been achieved.

Results from the study will be presented in graphs where parameters can be achieved
as a function of the span length which can be used in a preliminary design of slab
frame bridges. Dimensions of parameters of existing slab frame bridges will be com-
pared and discussed with the results obtained from the numerical analyses. More-
over, a comparison study of the carbon dioxide impact will be performed for slab
frame bridges with dimensions obtained from the optimization and older designs,
respectively.
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Design of slab frame bridges

The following chapter includes the theory of slab frame bridges, how they can be
designed and their structural parts. The chapter continues with describing different
loads that act on a slab frame bridge and how they are combined in the design
process. The traditional design process is described as well as the complexity of
the optimization procedures. Environmental impact and economical aspects of a
slab frame bridge follows and how these aspect affects the design. Conclusion are
drawn regarding optimal cross-section with respect to environmental impact and
cost, which are used further on as basis for the optimization. The chapter ends with
constructability.

2.1 Slab frame bridges

The slab frame bridge has traditionally been very popular in Sweden and consti-
tutes 46 % of all bridges in Sweden (Solat Yavari, 2017, p. 983). It is commonly
seen along bicycles roads, railways and smaller roads. The structural parts consist
of a bridge deck slab, frame legs (or frame walls) and wing walls. The frame legs
are connected to one continuous (closed) or two separate foundation slabs, creating
either an open or closed frame. Figure 1.1 shows an open slab frame bridge. Slab
frame bridges are rigid in their connections between the frame legs and the bridge
deck with continuous reinforcement through the connections (Trafikverket, 2008, p.
28). A typical reinforcement layout for a slab frame bridge with pinned and fixed
boundary conditions, respectively, is shown in Figure 2.1. In addition to the rein-
forcement shown in Figure 2.1, minimum reinforcement is added at all surfaces as
well as reinforcement in the transverse direction of the bridge.

Figure 2.1  Typical layout of main reinforcement for a slab frame bridge with pinned
connections to the foundation (left) and fixed connections to the foundation (right).
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The slab frame bridge is similar to the girder frame bridge where the bridge deck
slab is supported by girders under the slab connected to the frame legs. The general
definition for these types of bridges is given by Trafikverket (2008, p. 15, 20) and
can be read as:

o Girder frame bridge: The main structural parts should consist of one or
more girders with a width (B) which is less or equal to five times the height
(H), B <5H.

e Slab frame bridge: The main structural part can be considered as a plate
if the width (B) is larger than five times the height (H), B > 5H

Slab frame bridges can be both straight or skewed depending on the geometry of
the road. A straight slab frame bridge has frame legs perpendicular to the road
direction. Figure 2.6 (right) shows a plan-view of an straight and a skewed slab
frame bridge, where ¢ is the angle of inclination.

2.1.1 Bridge deck

The bridge deck slab transfers loads to the frame legs. The loads can be carried in
one or two directions depending on the support condition of the slab (Engstrom,
2014, p. 1-2). Since the deck slab in a slab frame bridge is supported by frame legs
on the opposite sides of the slab it acts mainly as a "one-way slab' (beam action).
However, the behavior of the slab is highly dependent on the load that is applied.
Uniformly distributed loads results in pure beam action while concentrated loads
(axle loads from vehicles, for instance) results in a slab that distributes the load in
two directions (plate action) (Engstrom, 2014, p. 2) and biaxial bending, see Figure
2.2 and 2.3.
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Figure 2.2 Fxample of a two-way behaviour for a simply supported slab on two
opposite edges: Influence area for the mid-section and how the bending moment m,
is affected by a concentrated load (Pucher, 1958).

Figure 2.3 shows a slab element which is divided into strips in its plane, longitudinal
and transverse. The slab is simply supported on all edges, is subjected to a uniformly
distributed load and acts in plate action ("two-way"). A relation between the out of
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uz(yy)

Longitudinal L |"stripy"
"strip x"
(X1, ¥
y
z uz(y)
X uz(Xx) N
> Transverse "strip y"

"strip x" (%)
Figure 2.3 A simply supported slab on all edges, divided into strips in the longitu-
dinal and transverse direction.

plane deformation in the two strips can be determined. The deformation in a certain
point must be equal in both strips - in order to fulfil the compatibility condition,

ier u,(ry) = u.(y1)

2.1.2 Frame legs

The frame legs carry the load from the bridge deck slab but are also subjected to
lateral earth pressure, and surcharge loads. The lateral earth pressure counteracts
lateral movements of the frame caused by horizontal loads. The rigid connections
between the frame legs and the bridge deck stabilize the structure and makes it
possible to carry horizontal forces. It is recommended that the frame legs are of
equal height because of the earth pressure. If the frame legs are of different height
the resulting lateral earth pressure will not be in equilibrium and additional stresses
will be induced in the shorter frame leg (Vagverket, 1996, p. 41). The height of
the frame leg for a reinforced slab frame bridge should be at least 1/4 of the span
length. In cases with span lengths up to 12 meter ans when the foundation consist
of soft soil (clay, for instance) it is advised to make use of a closed frame (Vigverket,
1996, p. 41).

The stiffness in the connection between the frame legs and the foundation is im-
portant for the overall behavior of a frame structure, as can be seen in Figure 2.4.
The frame legs can be either cast together with the foundation or not. When the
frame legs are cast together with the foundation the boundary condition depends
on the geotechnical condition. In a simplified analysis based on hand-calculations
it is common to assume either a fixed boundary condition (for instance when the
foundation is cast on a bedrock) or pinned. However, for any type of soil, it is more
realistic to assume a partially fixed connection by including the stiffness of the soil.
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Figure 2.4 Principal sketch on how the boundary condition between the frame legs
and the foundation influence the behavior due to horizontal forces. a) In case of
fized connections. b) In case of pinned connections.

2.1.3 Haunches

Haunches are used to increase the shear capacity in critical sections, frame corners,
and to transfer moment and shear force to the frame legs. By using haunches,
the amount of shear reinforcement can be reduced. According to the former Road
Administration of Sweden, Vigverket (1996), different types of haunches are recom-
mended depending on the span length, see Figure 2.5. For span lengths up to 12
m the haunch are normally predefined as a right-angled triangle with dimensions of
the cathetus of 500 mm. For longer spans the thickness of the haunch is designed

and the length is often around a quarter of the span length.

0.1-0.5L

500

500

L L < 12000 L L > 12000

Figure 2.5 Recommendations according to Vigverket (1996) for execution of
haunches. Dimensions in millimeter.
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2.1.4 Wing walls

Wing walls are used to keep adjacent soil in place and give an extra contribution
to the stiffness of the frame legs as a result (Difs & Karlsson, 2015, p. 14). The
arrangement of the wing walls depends on how the embankment is formed as well
as the geometry of the bridge. The wing walls are normally arranged such that they
follow the bisection. Figure 2.6 shows a straight and a skewed slab frame bridge and
how the wing walls are arranged for the two cases following the bisection.
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Figure 2.6 Top-view over wing-walls parallel to the bisection of the slab for a
straight slab frame bridge (left) and for a skewed slab frame bridge (right).

2.2 Loads

A structure is subjected to different kinds of loads that it needs to be designed
for. It is the designer’s responsibility to design a robust structure to ensure the
safety. The common approach to fulfil the requirements is to design all cross-sections
to withstand all possible load combinations and load positions. Besides the load-
carrying capacity the structure must fulfil requirements regarding serviceability and
fatigue.

2.2.1 Type of loads

There are many different types of loads that needs to be designed for. The loads can
for instance be static or dynamic and can act in the vertical or horizontal direction.
Loads that typically are of interest in the design of a slab frame bridge are listed
below.

Permanent loads

o Self-weight: Constant in time and acts in the vertical plane.
« Paving: Constant in time and acts in the vertical plane.
e Shrinkage: Increases with time and creates restraint forces.
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o Creep: An effect of loading the concrete. Depends on time and the magnitude
of the loads.

o Earth Pressure: Acts both in the vertical and horizontal plane. The lateral
earth pressure is of particular interest in the design of slab frame bridges.

« Pore water pressure: Acts both in the vertical and horizontal plane.

» Differential displacement: Uneven settlement of the foundations may result
in horizontal and vertical displacement at the support.

Variable loads

o Vertical traffic load: Not constant in time and with a variation of magnitude
and position.

o Acceleration/braking: Caused by traffic loads and acts in the horizontal
plane.

« Transverse horizontal load: Caused by a quick in-plane motion from vehi-
cles.

o Centrifugal force: An horizontal force from vehicle loads is developed when
the bridge deck is performed with a horizontal radius.

e Surcharge load: Vertical loads from vehicles on the embankment creates a
uniformly distributed lateral earth pressure on the frame legs.

o Accidental load: These are loads that are included to ensure the load-bearing
capacity in case of an accident.

o« Wind load: Acts horizontally on the bridge and vehicles driving over the
bridge.

o Temperature effects: Hydration of young concrete creates internal stresses
that can induce cracking of concrete. In the normal service state temperature
changes of the surrounding air creates stress-independent strains. If the con-
crete is prevented from movements, restraint forces occurs which can induce
cracking.

2.2.2 Vehicle models used in the design of road bridges

In Sweden it is the Swedish Transport Administration (Trafikverket) and the Swedish
Transport Agency (Transportsstyrelsen), that sets the regulations for all bridges that
are to be designed. The Swedish Transport Agency (STA) demands the designer to

design according to the requirements and recommendations stated in the European
standard, Eurocode (EC).

According to EC, CEN (2003b, p. 33), the traffic loads should be implemented
in design by using several load models. Number of lanes subjected to traffic loads
within the width of the bridge is given as a function of the width itself and is ex-
plained in Table 2.1 and Figure 2.7.

There are several load models defined in EC for vertical traffic load (CEN, 2003b).

These models are equivalent traffic load models that give approximately the same
load effect as the real traffic situation on the bridge. Load model 1 (LM1) and

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 10



2. Design of slab frame bridges

Table 2.1 Calculation of number of lanes and corresponding widths (CEN, 2003,

p.33)
Lane-width Number of | Width of one | Width of re-
load fields load field maining area
w < b4dm n =1 3m w-3m
54 m < w<6|n =2 % 0
m
6m<w ny = integer(%) | 3 m w—3xn
(4) Remaining area

Wi @ Load field 3
w T

Wi @ Load field 2

W (1) Load field 1

w: Lane-width, w;: Width of load field

Figure 2.7 Ezample of load fields (CEN, 2003b, p. 31).

Fatigue load model 3 are used in this thesis.

2.2.2.1 Load model 1

Load model 1 (LM1) consist of a uniformly distributed load per unit area and one
group of concentrated axle loads. The uniformly distributed traffic load act verti-
cally over the bridge deck. The concentrated axle loads act vertically and with a
position given in EC. Figure 2.8 shows how LM1 is applied.
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Figure 2.8 Illustration of how LM1 is applied on different traffic lanes (CEN,
20030, p. 34).
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The reduction factors ag; and ag account for road conditions. In the Swedish
national annex, ag; is set to 0.9 for traffic lane 1 and 2 and 0.0 for traffic lane 3. «a;
is 0.8 for traffic lane 1 and 1.0 for traffic lane 2 (Transportstyrelsen, 2018, p. 36).
2.2.2.2 National Vehicle model

The Swedish Transport Agency requires the designer to also take national load mod-
els into account, here referred to as vehicle models (Transportstyrelsen, 2018, p. 35).
These models are used to represent the actual vehicles and axle combinations that
pass over the bridge. There are fourteen vehicle models ,A - N, according to Trans-
portstyrelsen (2018, p. 35) which are presented in appendix B.

2.2.2.3 Fatigue load model 3

Fatigue load model 3 consists of 4 concentrated axle loads, each with two identical
wheels. Each axle load is of magnitude 120 kN. The local placement of the load
model is presented in Figure 2.9.

1,2 m T
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Figure 2.9  Fatigue model 3 (CEN, 2003b, p. 45).

—

2.2.3 Load combinations

The ultimate limit state (ULS) is in EC, CEN (2002, p.40) divided into different
categories that are used depending on what is going to be designed. The different
groups are defined as follows:

« EQU: Loss of static equilibrium for a structure, or a part of it, when it is
regarded as a rigid body.

o« STR: Internal failure or large deformations of the load-bearing structure or
the structural parts where the strength of the material is decisive.

o GEO: Failure or large deformation of the foundation where the strength of
the soil or bedrock is decisive.

o FAT: Failure of the load-bearing structure or its structural parts caused by
fatigue.
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The different categories of failure stated above has their own expression of combin-
ing loads. Permanent and variable loads are combined. In case of several permanent
and /or variable loads it has to be investigated which combination of loads that gives
the worst case scenario with respect to each category, when the loads are considered
as either favorable or unfavorable.

The expression for loss of static equilibrium (EQU) is defined according to CEN
(2002, p. 48) and yields:

> 6gsunGrjsup + V65 Grging” + "101Qk1" + 7Y 70.:Y0,iQk,i (2.1)
i>1 i>1

The same expressions are used for STR and GEO and is stated in Equations 2.2 and
2.3. Equation 2.2 is desicive when permanent loads gives the most unfavourable ef-
fect and Equation 2.3 when variable loads gives the most unfavourable effect (CEN,
2002, p. 48).

Z VG,5,5upGhjsup + VG j,inf Grjing” + 7701 Y0,1Qr1” +7 Z 70.i%0,iQk.i (2.2)

j>1 i>1

Z §76.5,5upGrjsup + VG j,inf Grjing” + "701Qk1" +7 Z 70.i%0,iQk.i (2.3)

>1 i>1

"+"in (2.1), (2.2) and (2.3) means that the loads are combined with each other, G,
and @ corresponds to permanent loads and variable loads, respectively. According
to EC, there are three different methods that uses different sets of equations for load
combination in ULS, set A-C. According to Trafikverket (2019b, p. 76), method two
should be used for STR and method three for GEO. Method two should be com-
bined with set B, and method three as a combination with set B and C. Values
of the partial safety factor -, the reduction factor £ and the combination factor W
are given in set B and C (CEN, 2002, p. 58, 63-64) and in Trafikverket (2019b).
According to Transportstyrelsen (2018, p. 10) the variable loads and unfavourable
permanent loads should be multiplied with a partial factor v, considering safety
class. The partial factor v4 is 0.83 for safety class 1, 0.91 for safety class 2, 1.0 for
safety class 3 and 1.1 for safety class 4. For bridges for road traffic with a theoretical
span length shorter than 15 meters safety class 2 should be applied. Safety class 3
applies for bridges with longer spans (Transportstyrelsen, 2018, p. 9).

In Serviceability limit state (SLS), three different load combinations are used; Char-
acteristic combination, Frequent combination and Quasi-Permanent combination

(CEN, 2002, p.40).

The Characteristic combination is used for irreversible limit states, see Equation 2.4.
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> Grjsup + Grging” +7Qr1” + 7> YWo0.Qki (2.4)

§>1 i>1

Frequent combination is used for reversible limit states and yields:

> Grjsup + Grjing” + Y11Qr1” + 7> Yo, Qr (2.5)

§>1 i>1

The Quasi-permanent combination is applied for long term effects and is expressed
as:

Z Gk,j,sup + Gk,j,inf” + 7 ZWZ,iQk,i (26)

§>1 i>1

Load combination for check of deflection is frequent values of the vertical traffic load
(Trafikverket, 2019b, p.77).

2.3 Finite element analyses for concrete structures

3D finite element analyses are used widely in design of concrete structures and pro-
vide a possibility of accurate structural analyse. However, there are several issues
regarding the nature of the model and the evaluation of results that needs to be
considered (Johansson, Plos, & Pacoste, 2012, p.7).

2.3.1 Restraint forces in linear elastic FE-analyses

One issue that has been discussed is the effect of restraint forces forces from tem-
perature loads and shrinkage in a linear elastic finite element analyses, especially
for design of slab frame bridges. A linear elastic analyses will predict large tensile
forces in the transverse direction of the bridge, due to the connection between the
bridge deck and frame leg (Zangeneh Kamali, Johansson, & Svedholm, 2013, p.
9). In reality, cracking of concrete will lead to a stiffness reduction and hence a
reduction of the restraint forces (Zangeneh Kamali et al., 2013, p. 9). According
to Zangeneh Kamali et al. (2013, p. 37), it is recommended to ignore the effects of
temperature differences in the linear elastic FE-analyses and design the bridge with
respect to temperature and shrinkage in the transverse direction manually.

2.3.2 Post processing

A three-dimensional structure will give rise to a bending moment in two directions,
in the longitudinal and transverse direction of the bridge, respectively, and a tor-
sional moment. According to Johansson et al. (2012, p. 24) the reinforcement
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2. Design of slab frame bridges

moment resistance must be able to balance the complete linear moment field, and
it is therefore of importance to include the effect of the torsional moment in design.

Design reinforcement moment is determined as following (Johansson et al., 2012, p.
24):

Mg =My £ [t |[May| My = my & 1 mgy| (2.7)

m, and m, are the linear bending moments in x- and y-direction (longitudinal and
transverse direction, respectively) and my, is the torsional moment. p is a factor
that can be chosen with that, according to Johansson et al. (2012, p.24), normally
is chosen close to 1. Associated membrane forces are evaluated as:

Ny = Ny = 1 Ngy| My = 1y & iy | (2.8)

Finite element analyses also generates shear force in two directions. The structure
should be designed for the resultant shear force, which can be expressed as (Johans-
son et al., 2012, p. 25):

vo = 4/ + vf, (2.9)

2.4 Traditional design process

The traditional design process for structural design of concrete members is based
on trial and error or past experience (Behrooz & Hinton, 1999, p. 2). Initially the
designer assumes dimensions and performs analyses of the structure and compare
results against requirement from design codes. If the initial configurations meet the
requirements of the code, the section is approved. Otherwise the configurations are
updated until the sections fulfil the requirements (Behrooz & Hinton, 1999, p. 2).
One consequence of this design process is that it is time consuming if the assumed
initial parameters are chosen wrong. Another consequence is that there is no way
to know weather the approved configurations result in the best and most optimized
design considering environmental impact and cost.

Since almost all bridges are unique it is not economically defensible to spend time
on an optimized design for each individual bridge. A design scheme showing the
traditional design process can be seen in Figure 2.10.

2.4.1 Complexity of finding the most optimized design

In order to explain the complexity of finding the most optimized bridge design one
may study the optimization objectives. The most optimized design is the design
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Figure 2.10 Traditional design process applied in the design of slab frame bridges.

beyond which there is no other design that has a lower environmental impact, lower
cost and higher utilization ratios. The complexity of finding the optimal design
requires an iterative process that quickly becomes huge because of the large amount
of parameters that has to be analysed. The iteration process is very time consum-
ing and the number of iterations increases exponentially to the parameters that are
included in the optimization process (Venkataraman & Haftka, 2004, p. 380).

The level of complexity of a structural optimization can be broken-down and di-
vided into sub-levels, the model complexity level, the analysis complexity level and
the optimization complezity level (Venkataraman and Haftka, 2004, p. 378-380).

Model complexity level

The model complexity level is associated with the computational time due to the size
of the topology of the finite element model (Venkataraman & Haftka, 2004, p. 378).
The degree of complexity is related to the degree of freedom (DOF) within the sys-
tem and constitutes the number of equations in the system. The degrees of freedom
increase substantially when a 3D-problem is analysed. Hence, use of symmetry is a
useful trick to reduce the size of matrices and vectors in the system. Furthermore,
element types and boundary conditions also affect the model complexity.

Analysis complexity level

The complexity regarding the analysis is dependent on which type of analysis that
will be executed. A linear elastic analysis, which has a constant rate of change, is the
simplest and should be used, if possible, to reduce the computational time. When
material and/or geometrical nonlinearities are included in a non-linear analysis the
rate of change is no longer constant and thus the computational time increases. The
degree of analysis complexity is highly dependent on the problem that is of interest
(Mathisen, 2012, p. 6-10).
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2. Design of slab frame bridges

Optimization complexity level

Venkataraman and Haftka (2004) describe the optimization complexity level as a
function of the optimization algorithm applied. The simplest optimization method
is the graphical optimization where one or two variables are of interest and the prob-
abilistic optimization as the most complex and time consuming.

Complexity triangle

The complexity levels can be summarized and visualized in a complexity triangle,
see Figure 2.11. The general definition of the most optimized design stated earlier
can now, with the understanding of complexity of optimization and the understand-
ing of Figure 2.11, reformulate the definition into a more case specific formulation.
The need of finding the theoretically most optimized design with the highest level of
model, analysis and optimization complexity requires a substantial amount of work
and may not be time or economic defensible in a designer’s point of view. Instead,
the designer should aim for an optimization level that lies somewhere within the
triangle, where the complexity levels are delicately balanced.

Model complexity

High model & High model & analysis
optimization complexity, complexity, low
low analysis complexity optimization complexity

TN

Optimization High optimization & Analysis

complexity analysis complexity, low complexity
model complexity

Optimized
complexity
level

Figure 2.11 Level of complexity can be described by a complexity triangle. The
border of the triangle represent the highest level of complexity. The optimized design
s found inside the circle.

2.5 Structural optimization

Optimization problems arise everyday but with different complexities and in differ-
ent areas. Evolution has formed animals and vegetation for millennia to best match
their conditions and will continue to optimize them to match the future conditions.
Engineers have always, in one way or another, aimed for an optimization process but
with different methods in different engineering areas. For all types of optimization

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 17
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problems there are three central parts that are included in an optimization process,
the objectives, the optimization parameter and constraints (Bhatti, 2000, p. 2).

The objective of an optimization problem can be found by answering the question
why there is need for optimization. The overall goal does not need to be one but
several.

The optimization parameter is a quantitative variable that will be optimized in or-
der to fulfil the objective. Similar to the objective, the optimization parameter can
consist of several variables. The variables must affect the objective of the optimiza-
tion process (primary) and can not be of secondary importance (Bhatti, 2000, p. 2).

The structural design of a bridge must always follow regulations regarding safety of
the structure but it is also common that the contractor specifies other conditions.
These regulations and conditions constitute constraints for an optimization. The
constraint can be either implicit or explicit and affects the output of the optimiza-
tion (Sioshansi & Conejo, 2017, p. 3).

An optimization problem can be visualized with its different components, as illus-
trated in Figure 2.12; or in mathematical form.

Optimization

Objectives
parameters

~
Optimization

Figure 2.12 Parameters that influence the optimization process.

2.5.1 Optimization classes and optimization algorithms

Optimization problems can be either continuous or discrete. A continuous optimiza-
tion problem is a problem that can take any value within a certain range as long as
it fulfils the constraints (Gould and Leyffer, 2003, p. 1). A continuous optimization
parameter in the design of a slab frame bridge can be the thickness and span length
of the bridge deck. The complexity of solving a continuous optimization problem
depends on where the objective function has a linear or nonlinear relation. A dis-
crete optimization problem is a problem where one or several variables only can take
discrete (integer) values (Lee, 2004, p. 1).
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There are several different optimization methods to implement in an optimization
process. The methods which are explained are the stochastic and the deterministic
method which are either constrained or unconstrained, or a combination of both.

The stochastic optimization is based on that the optimization parameters are cho-
sen randomly and is not to prefer in the optimization process of slab frame bridges,
since the optimization parameters are predefined. Francisco, Revollar, Vega, and
Lamanna (2005, p. 336), implies that a stochastic optimization with constraints is
often time consuming and that the risk of producing an infeasible solution is sub-
stantial. The implementation of a deterministic optimization with constraints gives
a better model in the optimization of a slab frame bridge since the optimization
parameters will be predefined.

Depending on the complexity of the optimization problem different optimization
algorithms for solving the problem can be applied. Bhatti (2000) explains how the
graphical optimization algorithm can be used when one or two variables are to be
optimized. The solution is obtained by specifying a certain range for each vari-
able. By execution of the data in this range the solution is found. The graphical
optimization requires, however, that the solution is given within the range of data.
Otherwise the optimized solution can not be found and the operation tends to be
time-consuming.

A more complex and time-consuming way of finding an optimized solution is the
probabilistic optimization algorithm. The algorithm is not only dependent on one
objective function but several and is based on reliability (Venkataraman & Haftka,
2004, p. 380). No parameters are predefined but stochastic.

An optimization algorithm that is easy to implement is the iterative optimization
algorithm. By defining a set of variables with a certain range, the optimization
process can be iterated for each step (Wynn, Eckert, & Clarkson, 2007, p. 2). The
designer can then decide which execution that gives the best design. In an iterative
optimization process it is important to minimize the number of iterations to reduce
the computational time (Wynn et al., 2007, p. 2).

2.6 Stopping criterion

In optimization it is of importance to define the point where the calculation can
be stopped since the optimization problems often include computationally heavy
objectives and constraint functions (Zielinski & Laur, 2008). The point when the
calculations can be stopped is when a global optimum is reached and the absolute
lowest value of the objective function is found. Detection of a suitable stopping
criterion is a difficult task and varies depending on optimization algorithm. However,
in engineering applications, the aim is normally to find a solution that is adequate
within a practical time range (Solat Yavari, 2017, p. 17). This means that a more
suitable stopping criterion for practical engineering applications is a limit on the
calculation time as for example maximum numbers of iterations.
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2.7 Environmental impact of concrete structures

The environmental impact of a construction material can be defined as its Embodied
carbons (EMC). The EMC is the sum of the fuel and process related emissions of
carbon dioxides (Geoff & Craig, 2008). The carbon impact of a reinforced concrete
structure is the sum of the carbon impact from reinforcement steel and concrete,
respectively.

2.7.1 Concrete

Concrete is a flexible and durable construction material but it also has a large envi-
ronmental impact due to emissions of carbon dioxides. The main part of concrete’s
carbon impact arises from the production of cement with 90 % of the total emissions
of carbon-dioxides. The main ingredient in cement is typically clinker. Clinker is
manufactured by heating limestone up to 1400-1500 degrees Celsius. This process
requires large amount of energy and emits carbon-dioxides when the limestone is
transformed into clinker (Betonginitiativet, 2018). The carbon impact of concrete
can be approximated as:

(EMC)concrete = Veon * Acem * ﬂclinker : (EMC>clinker (21())

where

Veon = concrete volume [m3]

Qteern = cement content [kg/m?]

Betinker = clinker content in cement [%]

(EMCQC)cinker = embodied carbons in clinker [kg C'Os-eq/kg]

From the expression above it can be seen that the carbon impact of concrete is influ-
enced by the cement content and the clinker content in the cement. A high cement
content results in a larger carbon impact. The cement content of concrete is defined
as the water-to-cement-ratio, w/c-ratio. There are several concrete classes which are
defined by their w/c-ratio which corresponds to the strength of the concrete. The
cement content of different concrete classes is presented in Table 2.2. The w/c-ratio
is often given by required exposure class of the concrete.

The other factor affecting the carbon impact of concrete is the clinker content in
the cement. There’s different types of cement with varying clinker contents. In
Sweden, the most common cement type for infrastructure is CEM I which has a
clinker content of 90-100 %. Environmentally improved cement types are created by
substituting some of the clinker to another binder as for example fly-ash or ground
granulated blast-furnace slag (ggbs). Clinker content and corresponding EMC-values
for different types of cement are presented in Table 2.3.
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Table 2.2 Cement content in concrete classes, from AB Svenska Byggtjinst and
Cementa AB (1994)

Concrete class | w/c-ratio | Cement content Unit
C28/35 0.55 348 kg cement/m® concrete
C30/37 0.5 355 kg cement,/m? concrete
C32/30 0.45 390 kg cement/m” concrete
C35/45 0.4 413 kg cement/m® concrete
C45/55 0.36 450 kg cement/m® concrete
C50/60 0.34 460 kg cement/m? concrete

Table 2.3 Clinker content and EMC' for different cement types.

Cement type Clinker content COs-eq Reference
CEM I, Norcem 91 % 758 kg/ton | (Norcem AS, 2013)
CEM I, Cementa 95-100 % 873 kg/ton | (Cementa AB, 2014a)

CEM II/A-V, Cementa 80-94 % 678 kg/ton | (Cementa AB, 2014b)
CEM II/A-V, Norcem 76 % 637 kg/ton | (Norcem AS, 2014)
CEM II/B-M, Norcem 73 % 604 kg/ton | (Norcem AS, 2014)

2.7.2 Reinforcement steel

The carbon impact of steel is mainly a cause of the manufacturing-process of steel
and internal transports. The production process of steel can have larger or smaller
carbon impact depending on energy source and use of raw material. There is one
company, Celsa, that produces reinforcement with energy from 100% hydroelectric-
ity and the material is from recycled waste. Celsa’s reinforcement has a carbon
impact of of 370 kg C'Os-eq/ton reinforcement (Celsa Steel Service AS, 2015). This
type of reinforcement has traditionally not been used in large scale since it is more
expensive compared to traditional reinforcement. The mean value for carbon impact
of reinforcement in infrastructure in Europe is 1030 kg C'Oy-eq/ton reinforcement
(Trafikverket, 2019a). The global mean value for reinforcement consists of 30 %
recycled steel and has a embodied carbon value of 2043 C'Oy-eq/ton reinforcement
(Ecoinvent, 2019). A summary of the embodied carbons of a selection of types of
reinforcement steel is presented in Table 2.4.

Table 2.4 EMC for reinforcing steel.

Type COs-eq | Unit Reference
Reinforcement steel, Global | 2043 | kg/ton (Ecoinvent, 2019)
Reinforcement steel, Celsa 370 kg/ton | (Celsa Steel Service AS, 2015)
Reinforcement steel, Europe | 1030 | kg/ton (Trafikverket, 2019a)
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2.8 Production cost of concrete structures

The production cost of a structure is calculated as the sum of material cost and cost
for execution. For a reinforced concrete structure the cost is therefore a function
of the material cost of concrete and reinforcement, and the cost of labour work
for execution of concrete and mounting of reinforcement. Costs for mounting the
concrete form itself has been neglected to simplify the calculations.

2.8.1 Concrete

The total cost for concrete consist of material cost and cost of concrete work, as for
example vibrating during casting. Unit prices for material and execution of concrete
is presented in Table 2.5 which, according to Yavari, Pacoste, and Karoumi (2016),
is acquired from construction companies in Sweden.

Table 2.5 Unit prices for Concrete, from Yavari et al., (2016).

Description Price Unit
Material C35/45 1800 | SEK/m?
Concrete work frame leg 750 | SEK/m?
Concrete work bridge deck | 800 | SEK/m?

2.8.2 Reinforcement

The total cost for reinforcement consist of material cost of reinforcement bars and
cost for mounting of reinforcement. The labour cost of mounting reinforcement is
influenced by the difficulty of mounting since that strongly effects the time required
per kg reinforcement. A thin section results in both higher amount of reinforcement
and higher ratio between reinforcement and concrete compared to a thicker section.
Unit prices for reinforcement steel is presented in Table 2.6.

Table 2.6  Unit prices for Reinforcement.

Description Price Unit Reference
Reinforcing 9000 | SEK/ton (Yavari et al., 2016)
steel
Reusltfzzf e 6100* | SEK/ton | (Géransson and Nilsson, 2017)
Reinforcement work | 7504 | gpic ton (Yavari et al., 2016)
frame leg
Reinforcement work | 1254 | sy /on (Yavari et al., 2016)

bridge deck

!Goransson and Nilsson (2017) presents the total amount of reinforcing steel and the corre-
sponding total material costs. Hence, the unit price has been calculated by Alhede and Beskow.
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2.9 Optimal cross-section with respect to envi-
ronmental impact and production cost

From the carbon impact and cost of concrete and reinforcement presented in section
2.7 and 2.8 it is possible to determine optimum ratio between concrete and rein-
forcement with respect to the two criteria. A simply supported bridge deck with
length 10 meter and varying slenderness is compared with respect to the total carbon
impact and total cost. Four different decks with different slenderness; L/18, L/21,
L/24 and L/30 and corresponding decks heights 560 mm, 480 mm, 420 and 330 mm
are investigated. A two-dimensional analyses is performed with a meter strip of the
deck. The required reinforcement amount for each bridge deck is calculated based
on design codes in ULS with respect to bending moment and shear force. The total
mass of concrete and reinforcement for each beam is multiplied by the corresponding
EMC-value and unit price according to previous section.

The bridge deck is subjected to a uniformly distributed load of 20 kN/m. The
maximum flexural reinforcement requirement in span is assumed to be 50 % higher
than the mean requirement. The materials and corresponding EMC-values (using
equation (2.10)) and unit prices assumed in the comparison is shown in Table 2.7.
One should note that both the material costs and the production costs (for the
bridge deck) are included in the price. Factors for compensating the complexity in
constructability are neglected since the interview in section 2.10 shows that it is no
remarkable difficulties to account for, considering the deck slab.

Table 2.7 Assumptions for comparison.

Material Type/Class COs-eq Price
Reinforcement | Mean Europe | 8034 kg/m? | 184080 - 206700 SEK/m?
Concrete C35/45 CEM I | 360 kg/m? 2400 SEK/m?

2.9.1 Results

The results from the comparison is presented in Table 2.8 in terms of concrete and
reinforcement amount and total carbon impact and cost. Observe that the results
only are valid for the bridge deck studied. The costs are presented within an interval
where the lower values are calculated based on a cost for the reinforcement of 6100
SEK/ton (see Table 2.6) and the upper value based on a cost for reinforcement of

9000 SEK /ton.

2.9.2 Conclusion

It can be seen that the thickest bridge deck has the highest total carbon impact. The
results show the same trend for all combinations of material presented in section 2.7
when it comes to the carbon impact. Hence, from an environmental point of view
it is more efficient to optimize the bridges in terms of the slenderness.
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Table 2.8 Results from comparison.

Slenderness | Reinforcement | Concrete | Total C'Os-eq Price
L/18 0.0220 m3 5.58 m? 2185 kg 17440 - 17940 SEK
L/21 0.0251 m3 4.77 m? 1921 kg 16070 - 16640 SEK
L/24 0.0283 m? 4.17 m? 1729 kg 15215 - 15860 SEK
L/30 0.0408 m? 3.26 m? 1501 kg 15330 - 16260 SEK

It can clearly be seen that the costs decrease with an increased slenderness until a
slenderness of 1./24. Below this limit the costs increase and can be explained by that
the section is heavily reinforced. However, the costs do not increase substantially and
one may argue that a further investigation is needed in order to calculate the price in
more detail. The costs are also highly dependent on the price of the reinforcing steel.

From the comparison it can be concluded that the bridges shall be optimized based
on slenderness in order to reduce the carbon impact and the costs. The increase
in costs for very slender structures is small and will be neglected. However, the
comparison study gives an indication on how the environmental impact and costs
varies for different cross-section types but a further study is needed to confirm the
trend.

It should be noted that the comparison is general and not based on detailed design
of an entire bridge but on a separate slab with simplified preliminary design. There
might exist cases where the optimal combination of concrete and reinforcement
differs from the results presented, see Figure 2.13.

2] Total

g Optimized material SO Optimized

o o ~

S cost o N CO, -¢eq

< ! S

‘: Q ~.

5] J o ~.

= | Concrete ~\ - O Concrete ~>~

= ~ — )

R ——4”"K\\\\\_ Reinforcement /:><::
\Reinforcement - N o =
Slenderness Slenderness

Figure 2.13 How an optimized solution of an engineering optimization problem may
be illustrated with respect to material costs and environmental impact.
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2.10 Constructability

An optimization process does not only require the engineer to meet the design cri-
teria regarding the structural response, it is also important to include practical
constraints in order to avoid a "fictitious" optimization that is not practicable. The
border between where an engineering solution turns out to be practical unfeasible
is diffuse, and in many cases the engineering solution is feasible but with increased
investment costs and additional construction time as a result.

If an engineering optimization process affects the constructability, factors taking the
complexity into account can be defined. According to Chalouhi (2019, p. 17-19)
the complexity is related to the investment cost, since an increased complexity is
related to the time needed to construct an element.

Through an interview with two experienced contractors of slab frame bridges and
one experienced advisor at Swedish Transport Administration, the need for any
constructability factors to adjust the investment cost can be predicted. The inter-
viewees answered several questions regarding constructability of slab frame bridges.
The contractors answered similarly and as following?:

o The work cost is not considerably affected by the slenderness of the cross-
section.

e The complexity in mounting the top reinforcement increases for slender cross-
sections.

e The complexity in mounting the reinforcement does not increase with an in-
creased number of reinforcement layers, as long as the designer follows regu-
lations and recommendations.

o The work cost does not necessarily increase for mounting of the third rein-
forcement layer, compared to the second reinforcement layer. The contractors
was, however, a bit unsure.

o Shear reinforcement is always complicated when using it in frame legs; closed
stirrups are tricky to get in place and to enclose the longitudinal reinforcement
while open stirrups are tricky to mount in place.

The advisor at STA (Swedish Transport Administration) had a slightly different
approach?:

o The minimum thickness of a cross-section should be 400 mm when using two
layers of reinforcement, to ensure that the reinforcement is active with a suf-
ficient internal lever arm.

o In design, one should as far as possible aim for using one layer of reinforcement.
In critical sections such as corner and mid-span, two layers may occur.

2 According to Hannrup, G. (personal communication, 4 May 2020) and Johansson, N. (personal
communication, 27 April 2020)
3 According to Karlsson, M. (personal communication, 6 May 2020)
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e The complexity in mounting the reinforcement increases with an increased
number of reinforcement layers. The mounting cost of a third layer of rein-
forcement is approximated to double the cost of the second layer.

e Shear reinforcement should as for as possible be avoided in both frame legs
and bridge deck. However, it can not always be avoided in the bridge deck.
Especially in corner sections. In frame legs, the large compressive normal force
can be utilized and increases therefore the concrete shear capacity. The con-
crete shear capacity would therefore be enough, given a sufficient construction
height.

o Shear reinforcement is complicated due to the complexity of getting the stir-
rups in the right place with overlapping splice. It is even more tricky in frame
legs compared to bridge deck.

The interviews in their entirety can be found in Appendix A.
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3

Optimization study for slab frame
bridges

The following chapter is a description of the basis for the optimization presented
in chapter 4 and 5. The geometry of the bridges investigated in the optimization
is presented as well as optimization parameters, constraints and objectives for the
optimization. The chapter also include which loads and load combinations that were
used in the optimization study.

3.1 Slab frame bridges investigated

The geometry of the slab frame bridges that were investigated is the following;
straight bridges with a constant width of 6 meters and with constant dimensions in
transverse direction. Edge beams and wing walls were not included in the models.
Equivalent forces from the wing walls were added to the edges of the frame legs.
The wing walls were assumed to be inclined 45 degrees from the frame legs when
calculating the equivalent forces.

The haunches can be designed in different ways and this study focused on four dif-
ferent layouts of the longitudinal section, see models a-d in Figure 3.1. Frames with
spans up to 12 m were modelled with haunches of predefined dimensions (Figure 3.1,
a-b). Frames with spans 12 m < L. < 25 m were modelled with haunches for which
the length is a function of the span length (Figure 3.1, c-d), and the thickness of the
haunches were to be designed. If the difference in thickness between the haunch and
the bridge deck slab was less than 0.1 m, the thickness of the haunch was defined as
the thickness in span plus the additional difference of 0.1 m (i.e., thaunch = tspan +
0.1 m). This was due to economical reasons of the formwork, it is not economically
defensible to construct a form with a low inclination of the haunches. The thickness
of the frame legs were kept constant for span lengths up to 12 m. For longer spans,
the frame legs were designed with a linear variation in thickness, if the thickness
was larger than 0.4 m. The frames were given fixed or pinned boundary conditions,
respectively.

The frames were optimized in two different studies. An analytical two-dimensional
study and a numerical three-dimensional study.
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Figure 3.1 Two-dimensional representation of the models studied. a) € c) fixed, b
€ d) pinned.

3.2 Parameters studied

The variables studied were distinguished as "input variables" and "optimization pa-
rameters'. Input variables were variables that were defined beforehand in order to
optimize the "optimization parameters" of the bridges. Input variables were in this
study the theoretical span length, the theoretical height of the frame legs and the
geometry of the haunches. The input variables constituted geometrical constraints
in the structural optimization, as presented in section 2.5.

Optimization parameters were variables that were optimized, given the input vari-
ables. The optimization parameters were the thickness of the bridge deck, thickness
of the haunches, thickness of the frame legs at the support and thickness of the
frame legs below the frame corner. The notations used in the study is illustrated
in Figure 3.2. The thickness parameters of the different structural parts were es-
sential for the amount of material used and so also for the economic cost and were
therefore valid parameters in the optimization study. The thickness of each member
contributes to the stiffness and played a major role to the internal force distribution
of the frame. A representation of the optimization parameters is shown in Figure
3.2. The optimization parameters were:

 Thickness of frame leg at support, ¢4

« Thickness of frame leg below haunch, ¢,
e Thickness of bridge deck, t,

e Thickness of haunch, ¢,
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Figure 3.2 Notations used for the optimization parameters.

3.3 Material properties

The material qualities used in the study are presented in Table 3.1. Strength pa-
rameters for concrete were defined according to CEN (2004, p. 29) and can be found
in Appendix F.

Table 3.1 Material properties

Slenderness | Reinforcement
Concrete class C35/45
Reinforcement K500C-T

3.4 Loads included

There are several loads that need to be taken into account in the design of a slab
frame bridge. The loads that were included in the analyses are presented in Figures
3.3 to 3.8.

The bridge is subjected to both permanent and variable loads. Permanent loads that
were taken into account was the self-weight of the structure, paving, earth pressure
on the frame legs, shrinkage and differential settlement of the frame legs. Differ-
ential settlements of the frame legs cause displacement induced forces. When any
displacement of the frame occur, either by vertical settlement of the soil or horizon-
tal displacement, internal forces arise in the frame. Figure 3.4 shows two common
types of displacement induced forces. All other loads presented in this section were
taken into account as variable loads.

Figure 3.5 shows a symbolic traffic load model including a distributed load and point

loads from axles of vehicles. Design traffic load model for varying span lengths was
investigated in Section 3.5.1
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Figure 3.5 Vertical traffic load.

The frame is subjected to surcharge loads when a vehicle is on the embankment be-
hind the bridge, creating a lateral earth pressure. There are two cases of surcharge
loads that need to be considered; surcharge load from one side and from both sides.
When the surcharge load is applied on the embankment from one side it results in
a passive earth pressure from the counteracting soil on the other side of the bridge.
The surcharge load is acting with a constant magnitude over the depth whereas the
passive earth pressure is, according to Trafikverket (2016, p. 33), assumed to coun-
teract with a triangular shape (see Figure 3.6). The magnitude of the passive earth
pressure depends on the horizontal deflection of the frame, caused by the surcharge
load and can be compared with the effect of a spring. The same applies for the
braking force. See section 3.4.2 for a further explanation of this phenomena.
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Surcharge load Surcharge load Surcharge load

Passive
earth
pressure

Figure 3.6 Two cases of surcharge loading.

Braking

Passive
earth
pressure

Figure 3.7 Braking force. The passive earth pressure arise as a result of the hori-
zontal displacement of the frame due to the braking force.

Since the wing walls were excluded in the model, equivalent forces from the wing
walls were added on the edges of the frame legs to include the effect of the wing walls.
Forces from the wing walls arise from earth pressure on the wing walls, surcharge
load acting on the wing walls and self-weight from the wing walls. The equivalent
forces were added to the edges of the frame legs.

Figure 3.8 Loads from wing wall on the frame. Equivalent lateral forces and bending
moment.
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3.4.1 Restraint forces

The effect of temperature, shrinkage and creep was important to include in the
design since it give rise to early cracking of the concrete. When movement of the
concrete is prevented, restraint forces appears. Shrinkage give rise to contraction
and temperature variations gives rise to expansion and/or contraction which results
in tensile and/or compressive stresses. Creep was included in the design by calcu-
lating the effective modulus of elasticity.

In EC, CEN (2003a), the effect of several cases of temperature variations should be
included in the design of structures. Following cases was defined:

Uniform high temperature

Uniform low temperature

Temperature gradient 1, with higher upper surface temperature
Temperature gradient 2, with lower upper surface temperature
Temperature difference between structural parts

AR

In this thesis, the fifth loading case with temperature difference between structural
parts was excluded since the structural response was assumed to not differ from the
other temperature load cases to a greater extent. Loading case 1 was accompanied
with a counteracting (passive) earth pressure. The earth pressure was simplified as
a triangular shape just like the passive earth pressure due to surcharge and braking
force.

The effect of shrinkage was simulated by applying an equivalent temperature de-
crease. The strain from shrinkage was represented by the strain due to the equivalent
temperature.

3.4.2 Determination of passive earth pressure due to brak-
ing and surcharge load

The frame is subjected to lateral earth pressure on both sides of the bridge which
are in horizontal force balance. When surcharge loading takes place behind one of
the frame legs an additional lateral earth pressure is induced on the frame. The
additional earth pressure is acting with a constant magnitude on one side of the
frame creating a horizontal displacement of the frame. When the frame is pushed
against the soil a passive earth pressure is activated, which counteracts the horizon-
tal movement of the frame. The shape of the passive earth pressure was assumed to
be triangular with its highest magnitude at the middle of the height of the frame.
The magnitude of the passive earth pressure is dependent on the horizontal displace-
ment of the frame caused by the surcharge load (¢s.). The horizontal displacement
caused by ¢, is in turn dependent on the magnitude of the passive earth pressure,
since the passive earth pressure will prevent the free movement of the frame. As
a visualization one may think about a case where one frame leg is subjected to a
surcharge load and the other frame leg is supported on a spring bed.
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Figure 3.9 The actual displacement of the frame (0,.s), the fictitious displacement
from the surcharge load (su) and the fictitious displacement from the passive earth
pressure (Opqs).

The procedure of finding the resisting earth pressure can be explained as:

1.

Calculate the horizontal displacement dg,,. of the frame caused by the surcharge
load @y

. Calculate the magnitude of the passive earth pressure (Ap) by assuming an

initial displacement of the frame of 10 mm.

Calculate the horizontal displacement da, of the frame caused by the assumed
passive earth pressure Ap.

Determine the actual displacement of the frame, d,.,, as a relation to d,,, and
Opas-

5res = 5sur - 5pas (31)
Divide Ap by 10 mm to obtain a scale factor that explains the magnitude
of the passive earth pressure per unit of displacement. If the scale factor is

multiplied by the actual displacement of the frame the actual resisting earth
pressure can be obtained:

Ap

—_— 3.2
10 mm (3:2)

Qres = 61”68
The displacement of the frame from the passive earth pressure can be calcu-
lated by dividing the the horizontal displacement d,, by the assumed passive
earth pressure Ap. This explains the actual displacement of the frame per unit
load. Multiply the fraction with the resisting earth pressure ¢,., to obtain the
displacement of the frame caused by the passive earth pressure:

)
5pas = QTCSAA; (33)

The expressions in (3.1) - (3.3) does all contain one unknown. By implementing
(3.1) in (3.2) and then (3.2) in (3.3) the following expression is obtained after some
mathematical operations:

5P

10 mm

—= 3.4

L .
10 mm

Qres =
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3. Optimization study for slab frame bridges

In order to ease the analyses in the 2D study, and to calculate ¢,.s without getting use
of numerical computational programs, theory of structural mechanics was applied.
For each load case and support conditions, expressions of the horizontal displacement
were determined and (3.4) was used subsequently.

as a3 as ag
by sty s ady s b
E, Ay L E, AL
E A, E, A, I,
= =
a, arg a ar
%%al %@0 %% uy
as ajy ag~>a aj;
L | | L |

1 7 1 7

Figure 3.10 The lateral earth pressure from the surcharge load is causing a hori-
zontal displacement (az7) of the frame (left) which leads to a counteractive passive
earth pressure (right) that gives an additional displacement (a7), but with opposite
S1gNS.

The displacement a7 in Figure 3.10 caused by the surcharge load for a pinned frame
yields:

J96A HA T2 + 1041 Ay HATZL2 + 144 A H3I2 I, L + 19A, Ay H3 I I, L
ASET I, A L2(2A, 1, H? + 3A,0, LH? + 31,1, L)

55ur = Qsur

s 6AAH?T2LA + 144HI2IZL — 12A, 121, L3
ASET I, A L?(2A51,H? + 34,1, LH? + 31, 1,L)

+ QS’IL'I‘H
(3.5)

The displacement caused by the counteracting triangular earth pressure is given in
(3.7). It is important to note that the magnitude of the additional counteracting
earth pressure is so far assumed, based on a support displacement of 10 mm. The
expression for the additional earth pressure is given in (3.6) and follows the recom-
mendation given by the Swedish Transport Administration (Trafikverket, 2016, p.
32-33).

10 mm

Ap = Cr, 7

z [kN/m?| (3.6)

Where

C = 300 (Unfavourable)
C =600 (Favourable)
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384A HALLIZ + 4241 Ay HAIZL? + 576 Ay H3I2 I, L + T9A Ay H3 I I, L

Sap = —ApH®
A b 3841, 1, A1 L?(2A5 1, H? + 3A, 1 LH? + 31,1, L)

24A, Ay H?T2LA + 5T6HIZIZL — ARA 121, L*
384E 1 [, A1 L?(2A, [, H? + 3A, s LH? + 3L I, L)

— ApH?
(3.7)

The procedure described above can also be used for other load cases that give rise
to the same phenomena. In Appendix D expressions for the displacement of the
frame corner can be found in case of a braking force (pinned and fixed boundary
conditions), surcharge load with fixed boundary condition and counteracting soil
pressure with fixed boundary condition.

For the numerical three-dimensional analyses, the displacements of the frame were
extracted from the finite element analyses. The magnitude of the counteracting load
was calculated according to equation 3.4 and after that the loads were updated for
the main analyses.

3.5 Design load combination

The bridges were designed to meet the requirement stated in EC for ULS, SLS and
Fatigue Limit State. The design load combination in ULS was assumed to be given
by equation 2.3. Based on this assumption, the way of combining loads according
to equation 2.2 was neglected to ease the design process in the analytical study, and
to reduce the computational time in the numerical study. Design bending moment
and shear force in critical sections was determined from one of those combinations.
In SLS, several load combinations were used. The design load combination for de-
flection is for frequent load values where the vertical traffic load was the only load
taken into account. Design load combination for crack width is quasi permanent
equation presented in 2.6.

Design section forces and deflections in ULS, SLS and fatigue constituted structural
constraints in the optimization.

3.5.1 Design variable load

LM1 and vehicle-model A-N, presented in section 2.2.2.1 and 2.2.2.2, was evaluated
for a simply supported beam in the program STRIPSTEP2. The maximum moment
and shear force for the worst placement of each load model was evaluated. The de-
sign loads for span 6 to 25 meters is presented in Figure 3.11 and 3.12.

For bending moment it can be seen that LM1 was decisive until a span length of
around 22 meters which after vehicle-model I gives a slightly larger bending moment.
Since the difference was very small, 2.5 % at span length 25 m, LM1 was used for all
span lengths to ease the study. Considering shear force it can be seen that LM1 was
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Figure 3.11 Design load model with respect to bending moment for varying span
length.
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Figure 3.12 Design load model with respect to shear force for varying span length.

decisive up to a span length of around 16 meters. After that point, the design load
model shifted between vehicle-model M, H and I. In this investigation vehicle-model
I was used from span length 16-25 m since the difference between the three decisive

models was small.
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3.5.1.1 Placement of design loads

For maximum moment, the resultant of the concentrated loads from the load model
should be placed with equal distance between the mid-span and the closest concen-
trated load (Ljungberg, no date). The principle is illustrated in the middle and the
right Figure in Figure 3.13. For maximum shear force, point loads should be placed
as close to the support as possible. The closest point load is normally placed 0.9d
from the support (where d is the effective height). If the load is placed closer to the
support, the load will transfer through arch action and no shear force develops.

L2
L2 a
a R=P +P, iR|
P P, P | P, P | P
P . [ .

TRy TRy oo | TRy £z TRy

[ L L Moment caused by R shall l 22 \’

be equal as the moment L
X caused by the concentrated X
H M(x) forces: H M(x)
Rx=P,b
R,&-a) Ra&)-P x=220 Ry&-a) RyG+3) -Patd)
A3 A7) - Pa R A A 7))

Figure 3.13 How concentrated loads normally are placed to obtain maximum mo-
ment (left) and how the concentrated loads should be placed in theory to obtain

mazximum moment (right) (Ljungberg, no date).
The worst placement with respect to moment for LM1 and vehicle model T can be

seen in Figure 3.14 and 3.15. Please note that R stands for the resultant of the
forces. The worst placement for shear force for the same models is shown in Figure

3.16 and 3.17.
1.2m,,

QR Q
q
! Ll

0.6m 0.3m

Figure 3.14 Placement of loads for mazimum moment, LMI.
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Figure 3.15 Placement of loads for mazimum moment, vehicle-model I.
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Figure 3.16  Placement of loads for maximum shear force, LM]I.
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Figure 3.17 Placement of loads for maximum shear force, Vehicle-model I.

3.5.2 Ciritical sections

A structure is to be designed to resist the worst case scenario that may affect any sec-
tion of the structure. This thesis used critical cross-sections to determine the worst
case scenarios. Critical sections were predefined in order to limit the computational
time of the optimization process. Critical sections with respect to bending moment
and shear force for a slab frame bridge is illustrated by the left Figure in Figure 3.18.
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3. Optimization study for slab frame bridges

Vehicle loads are movable loads. However, analyses were executed for static ve-
hicle loads with predefined positions along the bridge deck. The loads were then
successively moved to new positions until the worst load position was found.

Critical sections are sections in the frame that are subjected to high concentrations
of internal forces and are therefore the sections that will obtain its load-bearing
capacity first. In case of a slab frame bridge the critical sections are the corners
between the frame legs and the bridge deck, the mid-span of the bridge deck and
in the span of the frame legs. The boundary conditions between the frame legs and
the connections do, however, affect the distribution of internal forces and in case of
fixed connections one may also check the bending moment at the supports.

The critical sections have been determined by cutting the frame into sub-parts, as
illustrated in the right Figure in Figure 3.18. It is important to note that the frame
corners have been checked both in the x-direction (the vertical section in the longi-
tudinal section of the bridge) and in the y-direction (the horizontal section in the
longitudinal section of the bridge). Even though the design moment is equal for both
sections due to the compatibility condition, the normal force varies which affects the
design tensile force of the reinforcement. The capacity of the two sections may also
vary depending on the reinforcement layout and the size of the cross-section.
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Figure 3.18 C'ritical sections and design checks that are controlled in each section.
M: bending moment, V: shear force, w: crack width, u: deflection.
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3. Optimization study for slab frame bridges

The positions where the design section forces were extracted in frame corners have
been simplified. In the two-dimensional study, the design section forces were ex-
tracted in the corner of the system line, since the haunches were neglected from
the study. However, in the three-dimensional numerical study the positions of the
critical sections were determined following the haunches. For frames with right-
angled haunches the design bending moment was extracted from the corner of the
system line, whereas the design shear force was extracted at a distance that equals
half the width of a wheel away from the start of the haunch. The design shear
force in frame corners considering the frame leg have been extracted at the vertical
distance of the system line where the haunch and frame leg connects. For frames
with haunches with a length that equals a quarter of the span, the design bending
moment was extracted from the corner of the system line whereas the design shear
force was extracted at a distance of half the width of a wheel away from the inside
of the frame leg, and in the position where the haunch and frame leg connects. All
design section forces extracted in frame corners were checked against the sectional
capacity with the actual thickness of the critical sections (the sections where the
design shear force were extracted). A further explanation about the critical sections
for the three-dimensional numerical study is given by section 5.3.1.

3.6 Optimization

The aim of the optimization was to minimize the environmental impact and the
economic cost of the structure. According to section 2.9, the environmental impact
of a concrete structure was minimized by optimizing the slenderness of each sec-
tion. However, the increase in cost for very slender members was neglected since
environmental aspect was evaluated as more important. The optimization objective
was therefore to minimize the thickness of the structural parts. The optimization
parameters were optimized by seeking the smallest possible values.

Contractors have different experience regarding constructability of slab frame bridges
and the answers obtained from three different contractors (section 2.10) were differ-
ent. Studying the answers in detail one may think that it is, from a constructability
point of view, possible to mount several layers of reinforcement in a slender cross-
section but that it is not preferable. Two of the contractors answered that the labour
costs did not increase as the number of reinforcement layers increased, whereas the
third contractor pointed out that the labour costs increases considerably. However,
in the optimization, the increase in labour cost for several reinforcement layers was
neglected, but a maximum number of reinforcement layers was used as a constraint.

3.6.1 Constraints

General structural constraint in the optimization were all ULS, SLS and fatigue limit
state requirements according to EC as well as the Swedish Traffic Administration’s
requirements from the Swedish appendix for design of bridges.
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As mentioned in Section 3.2, the input variables constituted constraints for the op-
timization. Besides those geometric constraints, there were additional constraints
regarding minimum dimensions of the structural parts. Due to constructability, a
minimum thickness of 300 mm was defined for any optimization parameter.

Structural constraints regarding reinforcement design were implemented to ease the
optimization process. Reinforcement amounts were predefined to a "maximum'
amount of what was practical with respect to constructability and was not nec-
essary the required reinforcement amount for each section. However, the study did
not aim for a complete design of the bridges but dimensions of the optimization
parameters that can be used in the design.

The tensile reinforcement was predefined and limited to two layers of 25 mm due
to constructability. The tensile reinforcement was arranged in groups according to
Figure 3.19, resulting in an equivalent spacing of s100 mm. In sections where shear
reinforcement may be needed, the shear reinforcement have been predefined to 6¢10
5120 per unit width which is the maximum amount of shear reinforcement due
to requirement on minimum spacing between stirrups and constructability. Frame
legs were designed without any shear reinforcement due to practical difficulties in
mounting and work costs (section 2.10). The reinforcement arrangement used in the
analyses is presented in Figure 3.19.

The stopping criteria was in the study defined as a limit of the calculation time in
the form of maximum iterations. The maximum number of iterations was set to 15.
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Figure 3.19 Reinforcement layout used in the preliminary design. a) In sections
without shear reinforcement. b) In sections with shear reinforcement.
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4

Analytical optimization of
two-dimensional frames

The following chapter is a presentation of an analytical optimization of two-dimensional
frames. The aim of the two-dimensional analyses was to generate values for the op-
timization parameters (the thickness of the bridge deck and frame legs, respectively)
that could be used as start values in the numerical analyses (chapter 5) in order to
reduce the computational time. Moreover, the analyses were performed to study
the relation in results compared to the numerical analyses and how well the results
corresponded to each other.

4.1 Geometry

In the two-dimensional analyses, some simplifications regarding the geometry of the
bridge were made. The haunches were neglected from the geometry which means
that constant thickness was assumed for each member. The frame legs were assumed
to be extended to the bottom of the foundation slab where the boundary conditions
were applied. Furthermore, a meter strip of the three meters wide Load field 1
was studied (Figure 2.7). Any effects of transverse force distribution was therefore
neglected from the analyses. The geometry used in the 2D-analyses can be seen in
Figure 4.1. The optimization parameters were limited to ¢; and ¢ since the haunches
were neglected in the analyses.

ts, Is ts, Is
t, If tf? If

A D A D

B3 SN

Figure 4.1 Two-dimensional models studied for a frame with pinned and fixed BC's,
respectively.
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4. Analytical optimization of two-dimensional frames

4.2 Structural behaviour of a 2D frame

The moment distribution for a statically indeterminate structure can be both com-
plicated and time-consuming to calculate. One way of solving this is to implement
the moment distribution method developed by Hardy Cross in 1932. Expressions
for moments in critical sections of a frame can be found in section 4.4, which is based
on the moment distribution method, and has been used to study relations and un-
derstanding on how the optimization parameters affects the moment distribution.
The expressions are valid under the assumptions that the frame is symmetric and
that the moment of inertia of the frame walls and the bridge deck are constant along
their lengths.

The moments in critical sections are highly dependent on the bending stiffness rela-
tion between the frame legs and the bridge deck. Forces are attracted towards stiffer
regions so if the bending stiffness of the frame legs is increasing, the moment at the
frame corners will increase as a result. Thus, the moment in span of the bridge deck
slab will decrease in order to satisfy equilibrium condition.

The bending stiffness relation between the frame legs and the bridge deck is in the
moment distribution method taken into account with a factor k:

IsH

k=—— 4.1

I (4.1
Where I, and I; is the second moment of area of the bridge deck and frame leg,
respectively. Observe that the relation is valid only if the frame is symmetric along
the longitudinal section.

The contribution to the second moment of area from the haunches can not be in-
cluded directly into the formulas for the moment in critical sections as the equations
only are valid for a member with constant cross-section. The influence from the
haunches can, however, be taken into account afterwards.

4.3 Loads

The following loads were included in the two-dimensional analyses:

Self-weight of the bridge
Lateral earth pressure
Vertical traffic load
Surcharge load on one side
Surcharge load on both sides
Braking force

SR

The representation of the loads can be found in Section 3.4. Characteristic values of
all loads used in the study is presented in Appendix E. The combination of loads was
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4. Analytical optimization of two-dimensional frames

analysed in detail to make sure that the most unfavourable case was found. Since
different loads are acting in different directions, both in the vertical and horizontal
plane, it is unambiguous if a certain load give rise to a favourable or unfavourable
effect in a certain section.

Some loads that normally need to be included in design were not taken into account
in the two-dimensional analyses. Loads from the soil, embankment and surcharge
on the wing walls were excluded. The two-dimensional analyses considered a meter-
strip in the middle of the bridge and therefore the forces from the wing walls were not
included. Temperature variations were not included in the two-dimensional analyses
as well as shrinkage of the concrete. Differential settlements of the supports were
not included.

4.4 Moment equations

Elementary-cases for a frame with pinned and fixed BC’s were used to derive design
moments for the frame (Wahlin, 1947). Elementary-cases based on the moment dis-
tribution method for all relevant loads are presented in this section. The moments
were superimposed with corresponding load combination factors in order to obtain
design moments for each section of interest. The variables are defined in Figure 4.1.
The stiffness relation factor k is given in expression (4.1).

Flexural moments in span were calculated with a linear elastic relation and the lower
bound solution when moments in frame corners are known. The expressions in table
4.2 - 4.14 assumes a positive moment (tensile stresses on the inside of the frame).
Hence, a negative moment symbolize tensile stresses on the outside of the frame.
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4. Analytical optimization of two-dimensional frames

4.4.1 Self-weight

Figure 4.2 shows a frame with different boundary conditions subjected to its self-
weight and the bending moment distribution. Corner and support moments due to
self-weight for frames with pinned and fixed BC’s are presented in Table 4.1 and

4.2.
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Figure 4.2  Self-weight acting on a frame with pinned and fized BC’s, respectively.

Table 4.1  Moment due to self-weight for a frame with pinned BC’s (Wdhlin, 1947,

p. 394).

Corner moment \ Support moment

L2

Mp = _4(gk+3) My =0
L2

Mc = _4(gk+3) Mp =0

Table 4.2 Moment due to self-weight for a frame with fized BC’s (Wahlin, 1947,

p. 399).

Corner moment \ Support moment

L? L?
Mp = _6(q1c+2) My = 12((1k+2)

L2 L2
Me = _6(3€+2) Mp = 12((]k+2)
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4. Analytical optimization of two-dimensional frames

4.4.2 Earth pressure

The lateral earth pressure increases linearly with depth and results in negative mo-
ments in frame corners (tensile stresses on the outside of the frame corners). Since
the frame legs are of equal length the magnitude of the lateral earth pressure is equal
on both frame legs and, hence, the moments in frame corner are equal. The mo-
ment in the bridge deck is constant and equal to the corner moments. The moment
distribution can be seen in Figure 4.3.

B C B C
\ / \ /]
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Figure 4.3  Triangular earth pressure acting on a frame with pinned and fized BC's,
respectively.

Table 4.3 Moment due to triangular earth pressure, pinned BC’s (Wdhlin, 1947,
p. 394).

Corner moment \ Support moment

_ _TqH? Kk _ _
Mp = 60  2k+3 My =0

_ _TqH? &k _
Mo = 60  2k+3 Mp =0

Table 4.4 Moment due to triangular earth pressure, fived BC’s (Wahlin, 1947, p.
399).

Corner moment ‘ Support moment

__qH? &k ___gH%? 3k48
Mp = 30  k+2 My = 60  k+2
_ _4H* |k — _gH®  3k+48
Me¢ 30 k+2 Mp = 60 = k+2
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4.4.3 Vertical traffic load

The models used for vertical traffic load in the design was LM1 and vehicle model
I, as presented in section 3.5.1. The load models consisted of concentrated loads
and uniformly distributed loads of varying magnitude. Expressions for moments
due to concentrated load and uniformly loads were superimposed to simulate the
full load models. Moments from uniform distributed loads along the entire length
of the bridge deck were the same as used for moments due to self-weight, which
were presented in Table 4.1 - 4.2. In case of a uniformly distributed load that is
not acting over the entire bridge deck the distributed load have been considered
as an equivalent point load with the same magnitude as the total load from the
distributed load. The load effect does not represent the real load case fully, but
was assumed to be good enough. Corner and support moments from concentrated
loads are presented in Tables 4.5 and 4.6. Figure 4.4 shows the bending moment
distribution for a frame with pinned and fixed BC’s, respectively.
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Figure 4.4 Concentrated load on a frame with pinned and fized BC'’s, respectively.

Table 4.5 Moment due to axle-load. Frame with pinned BC’s (Wahlin, 1947, p.
394).

Corner moment \ Support moment

o 3Qab o
Mp = — 5290 - My=0

_ 3Qab .
Mo = — 57292 - Mp =0
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Table 4.6 Moment due to axle-load. Frame with fized BC’s (Wahlin, 1947, p. 400).

Corner moment \ Support moment

_ Qab  13k+4—2a(k+2) Qab  5k—1+2a(k+2)
Mp = =57 - (k+2)(6k—+1) My =57 - (k+2)(6k+1)

_ Qab 11k+2a(k+2) _ Qab  Tk+3—20(k+2)
Mo = =51 - (k+2)(6k+1) Mp = 37 - (k+2)(6k+1)

Where o = %
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4.4.4 Surcharge load - one side

The load case with a surcharge load on one side was, as presented in section 3.4.2,
divided in two loads; surcharge load and counteracting earth pressure. Expressions
for corner moments and support moments are presented separately. Each moment
was then superimposed to generate the action of the full load-case.

4.4.4.1 Surcharge load on one side

Figure 4.5 represents the bending moment distribution for a frame subjected to
surcharge load on one frame leg. Expressions for corner moments and support
moments due to surcharge load on one side is shown in Tables 4.7 and 4.8.

/
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/

|

|
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Figure 4.5 Surcharge load acting on one frame leg, pinned and fized BC'’s, respec-

tively.

Table 4.7 Moment due to surcharge load on one frame leg, pinned BC’s (Wahlin,
1947, p. 394).

Corner moment \ Support moment

_ 3qH? k42 _
Mp =~ 355 My=0
_ __gH? 5k+6 _
Me =% 53 Mp =0

Table 4.8 Moment due to surcharge load on one frame leg, fized BC’s (Wahlin,
1947, p. 400).

Corner moment \ Support moment

_gH? (12 k __ gqH? _ 5k+9 12k
Mp = 24 (6k+1 k+2) My = or (12 k+2 6k+1

__gqH? [ 12k k _ gH? (5k+9 12k
Me = =% <6k+1 + k+2) Mp = %53 k2 T Gkl
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4.4.4.2 Counteracting earth pressure

The elementary cases for a triangular shaped load on a frame has been derived from
the displacement method presented in Algers, Forsby, and Tell (1959). The derived
expressions for moments are presented in Tables 4.9 and 4.10. Figure 4.6 represents
a frame subjected to a triangular shaped load and the bending moment distribution.
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Figure 4.6 Counteracting triangular shaped load on a frame with pinned and fized

Table 4.9 Moment due to counteracting triangular shaped load, pinned BC's.

Corner moment \ Support moment

__ _ 3qH?  Tk+8 _

Mp = 64  2k+3 Mp=0
qH?  11k424 —

Me 64 2k+3 Mp =0

Table /.10 Moment due to counteracting trapezoidal load, fixed BC's.

Corner moment

\ Support moment

_ __gH%?  72k%489%k _ qH?  72k®4133k433

Mp = —Tg5 6k2+13k+2 Ma = T3 6k2+13k+2
_ gH? | 12K24+79% __ gqH?  132k24323k+63

Me = 95 6k2+13k+2 Mp = —5 6k2+13k+2
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4. Analytical optimization of two-dimensional frames

4.4.5 Surcharge load on both frame legs

Corner moments and support moments due to surcharge load on both frame legs are
presented in Tables 4.11 and 4.12. The surcharge loads were assumed to be of equal
magnitude resulting in a symmetric moment distribution along the longitudinal
section of the frame, Mp = M¢, and at supports, M4 = Mp (Figure 4.7).
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Figure 4.7 Load from embankment on two sides, pinned and fixed BC's, respec-
tively.

Table 4.11 Moment due to load from embankment from two sides. Pinned BC's
(Wahlin, 1947, p. 394).

Corner moment \ Support moment

_ _gH? &k _
Mg = T Mys=0
_ _qH?*  k
Mo = 23 Mp =20

Table 4.12  Moment due load from embankment from two sides. Fized BC’s (Wah-
lin, 1947, p. 399).

Corner moment \ Support moment

_ _qH® &k _ _gqH? k43
Mp = 12 " k+2 My = 12 k+2
_ _4H* |k — _gH® k43
Mc = 12 k+2 Mp = 12 k+2
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4.4.6 Braking force

The load case for braking force consists of two loads; braking force and counteracting
trapezoidal load. The moments due to trapezoid load are presented in Table 4.9 and
4.10. Figure 4.8 shows the bending moment distribution caused by a concentrated

horizontal load placed in a frame corner.
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Figure 4.8 Braking force acting on a frame with pinned and fized BC'’s, respectively.

Corner moments and support moments due to braking force are shown in Table 4.13

and 4.14.
Table 4.13  Moment due to braking force. Pinned BC’s (Wahlin, 1947, p. 394).

Corner moment \ Support moment

MB:% My=0

Table 4.14 Moment due to braking force. Fized BC’s (Wahlin, 1947, p. 399).

Corner moment \ Support moment

—9d | 3k _ — _49H  3k+1
Mp = 2 6k+1 My = 2 6k+1
— _gH  _3k — g | 3k+l
Me = —% 6k+1 Mp = %5 6k+1

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



4. Analytical optimization of two-dimensional frames

4.5 Analyses

Design moments and shear force in critical sections were used to evaluate the frames.
Design checks according to EC regarding ULS (bending moment and shear force),
SLS (crack widths) as well as fatigue design were taken into account. The equations
used for each design check is presented in Appendix F. Utilization ratios (the frac-
tion between load effect and sectional capacity) were evaluated for each design check.

Before any design could be performed, load effects were superimposed and summa-
rized. At predefined span length of the bridge deck and height of the frame legs,
thicknesses of the bridge deck and the frame legs were iterated until a utilization
ratio of ~ 95 % was reached in any control. Arrangement of reinforcement is given
in section 3.6.1. Analyses were performed for frames with heights of 4 m, 6 m and
8 m with span lengths in the range 6 m - 25 m.
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4.6 Results

Thicknesses of the frame legs and the bridge deck have been plotted against the
span length and is marked with black dots. Trend lines based on the set of data
illustrates the trend of how the parameters varies with the span length. To give
an estimation over the prediction interval, the mean value of the standard error
(Mean(A)) is presented for each trend line. ¢t + Mean(A) and ¢ + 2Mean(A) repre-
sents the 68 % and 95 % prediction of the parameter (confidence limits), respectively.

Figure 4.9 shows the notations of the optimization parameters. Figure 4.10 to 4.12
represent the thicknesses of the frame legs and the bridge deck in case of pinned
connection to the foundation and Figure 4.13 to 4.15 for fixed connection.

\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
| |
L L]

Figure 4.9 Notations of optimization parameters in the 2D-optimization.

Thickness of the frame leg at the level of the foundation slab (¢;;) and in frame
corner (tg2), respectively, as a function of the span length for slab frame bridges
with 13-25 m spans and fixed BC’s. Results from numerical optimization of three-
dimensional frames (scatter plots) are compared to trend lines for different bridge

heights (H).
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Figure 4.10 Thickness of frame leg and bridge deck, respectively, as a function
of span length, for a frame height of H = / m and with pinned BC’s. Results
determined through analytical optimization of two-dimensional frames (scatter plots)
are compared to trend lines.
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Figure 4.12 Thickness of frame leg and bridge deck, respectively, as a function
of span length, for a frame height of H = 8§ m and with pinned BC’s. Results
determined through analytical optimization of two-dimensional frames (scatter plots)
are compared to trend lines.

50 Thickness of Frame Leg, H=4m Thickness of Bridge Deck, H=4m
® Thickness Frame Leg (study) 7501 ® Thickness Bridge Deck (study) .
t,=295-5.5L +0.9L°, Mean(A) =7 mm t,=300- 7L + L Mean(A) =7 mm
700
650
—_ ,E 600
E E
e x
=) S
3 & 550
o
£ )
s =
& =
o
2 @ 500
2 @
c 1]
£ c
S =
g 2
F 450
400
350
300
| | I | | I I |
5 10 20 25 5 10 20 25

15 15
Span length, L [m] Span length, L [m]

Figure 4.13 Thickness of frame leg and bridge deck, respectively, as a function of
span length, for a frame height of H = 4 m and with fired BC’s. Results deter-
mined through analytical optimization of two-dimensional frames (scatter plots) are
compared to trend lines.
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Figure 4.14 Thickness of frame leg and bridge deck, respectively, as a function of
span length, for a frame height of H = 6 m and with fired BC’s. Results deter-
mined through analytical optimization of two-dimensional frames (scatter plots) are
compared to trend lines.
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Figure 4.15 Thickness of frame leg and bridge deck, respectively, as a function of
span length, for a frame height of H = 8§ m and with fived BC’s. Results deter-
mined through analytical optimization of two-dimensional frames (scatter plots) are
compared to trend lines.
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4.7 Discussion

It is important to note that the results presented in section 4.6 do not represent
the final values of the parameters. There are several factors that have not been
taken into account to ease the calculations and to reduce the working hours in
the two-dimensional optimization process. Haunches were ignored since the mo-
ment equations becomes invalid for varying cross-section. The overall stiffness of
the frame has been overestimated since the calculated thicknesses have been as-
sumed along the whole member when in reality it would have been more efficient to
strengthen the member only in local areas (the critical sections) by using haunches.
Another aspect that did affect the results was the exemption of 3D effects. Concen-
trated loads placed on top of the bridge deck tends to be spread in the transverse
direction, as described in section 2.1.1. Moreover, any influence of temperature has
been neglected in the analyses. In case of an expansion of the bridge deck due to
temperature, an additional passive earth pressure is induced in the soil behind the
frame legs. The effect is similar to the braking force, where the additional passive
earth pressure depends on the expansion of the bridge deck. However, these simpli-
fications are judged to have a minor influence on the frame dimensions.

One can clearly observe a quadratic behaviour on how the thicknesses varies with
the span length. Each case has been described with a polynomial of second degree.
The differences in thicknesses between the bridge deck and the frame legs are small
for short spans but increases when the span length increases. Studying the trend
lines it is possible to observe that the linear term in the equations is dominating the
thickness for short spans while the quadratic term in the equations is dominating
for large spans. This phenomena can be explained by the design process. For short
span bridges the bending moments are smaller and it is possible to compensate the
short effective height (d) with a larger amount of reinforcement. At a particular
span length, the tensile capacity of the reinforcement is reached and to increase the
moment capacity the effective height must be increased.

It is possible to conclude that the bending moment is the decisive factor for the
thickness of the structural parts and thus the quadratic behaviour of the trend
lines. Other design checks, such as fatigue, crack widths and shear can be controlled
by different reinforcement layouts. As a final remark the deflection criteria have not
been checked and it is possible that the deflection governs the final design for longer
spans.
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Numerical optimization of
three-dimensional frames

The optimization parameters were in this chapter designed by using Python (“Python.org”,
2020) and BRIGADE/Plus (Scanscot Technology AB, 2018). Python was used as
programming language to define geometry, loads and load-combinations, and design
checks whereas the finite element software BRIGADE/Plus was used to perform fi-

nite element analyses and to extract and evaluate results obtained from BRIGADE/-

Plus. By constructing the finite element model with Python-code, the input vari-

ables and optimization variables, or anything else in the model, could easily be
changed. Coding the model enabled the optimization parameters to be updated
automatically by iterating a range of thickness values until an optimized thickness

was found for each member of the frame.

BRIGADE/Plus performed the finite element analyses, performed load combina-
tions and returned section forces where the most unfavourable load effects for each
cross-section were summarized.

5.1 General Python script for optimization

The models were built with the programming language Python and were then im-
ported to BRIGADE/Plus. The principle was that Python contained information
about the model and BRIGADE/Plus executed the analyses. Internal forces and
displacements were then extracted from BRIGADE/Plus to Python where load ef-
fects in a certain section were checked against the capacity of the section. The
working tree is shown in Figure 5.1.

The principle used to update the thickness of the section was the following. For
each design check that was performed an utilization ratio, p, was computed. If
the utilization ratio was within a certain range, 0.90 < p < 0.97 (with the aim of
obtaining 0.94), the input thickness was returned. If the utilization ratio was higher
or lower than this range a new thickness was computed and the model was updated
accordingly. "

tnew - told0'94 (51)

The linear thickness relation in expression (5.1) holds for all design checks except
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5. Numerical optimization of three-dimensional frames

for deflection and fatigue checks, since these checks depend on the moment of inertia
rather than the thickness directly. However, the same approach can be implemented:
1

Tow = Lojg—— 5.2
"0.94 (52)

For which the updated thickness can be solved:

)
thew = Y tildo 94 (53)

For each design check the thickness of the investigated section was stored in a vec-
tor. The final value of the thickness that was used in the upcoming iteration was
the largest value that was stored in the vector. This process continued until each
thickness of the sections converged, see Figure 5.1. The optimization technique
memorization was implemented to reduce computational time, by keeping track of
which calculations that have been made with certain input. If the calculations ended
up in a loop hole, where the solutions jumped between two different values which
neither one is converged, this have been captured by memorization. At that point,
the algorithm for updating thicknesses was changed. This have been done by defin-
ing a new guess manually to make the update smaller. In this thesis the manual new
guess, to avoid loop hole problems, was the old thickness plus/minus an additional
10 mm, depending on if the thickness needs to increase or decrease (equation (5.1)
or (5.3)).

— [ Define the model (Python) |

| Loads and load combinations (Python) |

[ Mesh size and mesh elements (Python) |

Compute resisting earth pressure
from initial guess (Python)

(BRIGADE)

[ Execute full analysis (BRIGADE) |

| Update mapped field (Python) |

| Update resisting (counteracting) earth pressure

Extract results and check against
design codes (Python)

Update thickness (Python):
= L
Check utilization ratios (Python): thew =g §.94
— False—> or
0.90 <pu<0.97 A
| tnew = W toriglag
True

End, save results. Update span length
and/or height (Python)

Figure 5.1  Working tree implemented in Python and BRIGADE/Plus for optimiza-
tion of slab frame bridges.

With respect to analysis complexity it is important to think of what kind of results
that are of interest and what numerical model that is representative. As described
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in section 5.2.3, a linear elastic model is effective with respect to computational time
and is suitable for design in ultimate limit state and was therefore chosen.

In the model complexity level one may investigate how the bridge can be modelled
to reduce the computational time but still describe the behaviour in an appropriate
way. Shell elements are effective with respect to computational time and due to the
less complexity in meshing and were therefore been chosen. A mesh convergence
study was also performed to found out for which mesh size the results converged,
and where finer mesh does not affected the results to greater extent.

5.2 Model in BRIGADE /Plus

The finite element software BRIGADE/Plus was used to compute internal forces
and deflections based on the codes from Python. There are tools available in
BRIGADE/Plus that were used to get combined load effects from load combina-
tions, here referred to as load-envelopes. The load combinations can be defined
manually or generated from the BRIGADE /Plus library (Scanscot Technology AB,
2018).

5.2.1 Geometry of structural model

One notable difference from the 2D-analyses was the influence of haunches. Geo-
metrical variations affects the moment of inertia throughout the member and thus
the centre of gravity lines. In Sweden, the National Board of Housing (Boverket)
states in the document BBK 04 (Boverket, 2004, p. 153-154) the maximum change
of height that should be accounted for. The maximum change of height that should
be used in the analyses is 3:1 for vertical members and 1:3 for horizontal members.

Figure 5.2 Maximum slope of geometrical changes that can be accounted for (Bover-
ket, 2004, p. 153-154).
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Four-noded quadratic shell elements with equal size along the entire structure were
used in the analyses and the shell thickness was described with the analytical mapped
field in BRIGADE/Plus. The mid-plane of the shell elements followed the system
lines of the frame, see Figure 5.3(a), and the shell thickness was described symmetric
around the mid-plane for each element (Figure 5.3(b)). This is because mapped
fields can only extend the thickness symmetric around the element mid-planes. The
members were then assembled (Figure 5.3(c)).

-= Max 1:-3=

Max 1:3

/| Max 3:1 Max 3:1)\

— — —System line — — —System line

Shell thickness Shell thickness

c)

Figure 5.3 How the geometry of bridge has been modelled. a) Illustration of the
system line b) Modification of geometrical changes c) The structural members are
assembled.

In accordance with Figure 2.7, two load fields were to be included since the width of
the bridge was 6m. Since the magnitude of the traffic load was different for the two
load fields (Figure 2.8) the effect of a transverse force distribution was of importance.

5.2.2 Boundary conditions

It was more realistic to prescribe a certain boundary condition at the bottom of
the foundation slab rather than at the connection between the frame legs and the
foundation slab. The foundation slab was not included in the model but spring
connections have been used between the frame legs and the soil by using a point to
ground connection, with an offset of 600 mm below the frame legs, to account for
the thickness of the foundation slab (Figure 5.4). The spring was given a finite large
stiffness in all translational and rotational degrees of freedoms that represented a
fixed connection. A similar approach was used for a pinned connection but with a
finite small stiffness for the rotation around the axis perpendicular to the longitu-
dinal axis of the bridge. The boundary conditions modelled in BRIGADE/Plus are
illustrated in Figure 5.5

5.2.3 Material model

A linear elastic material model was used with material parameters presented in
Appendix F. According to the theory presented in section 2.3.1 the effect of temper-
ature and shrinkage in the transverse direction can be excluded in the linear elastic
analyses. This was achieved by defining the thermal expansion coefficient a zero
value in the transverse direction of the bridge.
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Shell thickness
T T Shell system line

gQ\\ Boundary condition

Figure 5.4  Left: The actual slab frame bridge of investigation. Right: How the slab
frame bridges has been modelled.

v ®
oL

Figure 5.5 Boundary conditions modelled in BRIGADE/Plus.

5.2.4 Loads

Loads that were taken into account in the analyses were permanent loads such as self-
weight, paving, creep, shrinkage, lateral earth pressure and differential settlements.
Variable loads that were included was the vertical traffic load, surcharge load and the
acceleration/braking force. Since the loads are of different types they were applied
to the model in different ways. A short description on how the loads were applied is
given below. A further explanation on how the different load modules are working
is given in the BRIGADE/Plus User’s manual (Scanscot Technology AB, 2018, p.
289-298). All loads were defined in a step which was specific for each load. The
characteristic values of all loads used is presented in Appendix E.

5.2.4.1 Self-weight and paving

The self-weight of the bridge was applied as a gravity load. The magnitude was
given by the shell thickness which was defined by analytical mapped field. Paving
was defined as a uniform pressure load acting on the bridge deck.
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5.2.4.2 Earth pressure

Earth pressure was applied as a pressure load with mapped field to generate the
linear increase of load with depth, as illustrated in Figure 5.6.

v
ZLX

Figure 5.6  Farth pressure applied in BRIGADE/Plus.

5.2.4.3 Shrinkage and temperature

Both shrinkage and temperature was applied as predefined temperature fields on the
entire model. The two load-cases with uniform temperature variation were defined
as constant through the shell thickness while the cases with temperature gradient
was defined with points through the shell thickness.

The load-case with uniform high temperature included a counteracting earth pres-
sure on both frame legs. The counteracting earth pressure has a triangular shape
and was applied in the same way as for the surcharge load.

5.2.4.4 Differential settlements

The differential settlements were applied as prescribed displacement of the boundary
conditions.

5.2.4.5 Loads from wing walls

Loads from wing walls were applied as line loads using shell edge loads with three
different components; bending moment and forces in the transverse and longitudi-
nal direction of the bridge. Self-weight from wing walls was applied as shell edge
traction, see Figure 5.7.

5.2.4.6 Surcharge

Surcharge load was applied as a uniform pressure on the frame legs. The coun-
teracting earth pressure was applied as a pressure load with mapped field for the
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P

Figure 5.7 Equivalent forces from wing walls modelled in BRIGADE/Plus.

triangular shape.

5.2.4.7 Vertical traffic load

Since the bridge was 6 meters wide, there was space for two traffic lanes, see Figure
2.8. The uniformly distributed loads in LM1 and vehicle model I was applied with
mapped fields for each traffic lane, see Figure 5.8. The concentrated loads were
applied in reference points with an offset from the shell. The reference points were
connected to the shell element with ties which distributed the load slightly.

Y
z kx

Figure 5.8 Uniformly distributed load in LM1 applied in BRIGADE/Plus.
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5.2.4.8 Braking force

Braking force was applied as a surface traction distributed on the entire bridge deck.
Moment due to eccentricity from the upper surface of the bridge deck and the sys-
tem line was not included.

Counteracting earth pressure was applied as a pressure load with mapped field, just
as for the counteracting earth pressure due to surcharge.

5.2.5 Load combination

Load combination was performed with the built in module load combination (Scanscot
Technology AB, 2018, p. 346-349). The design load combinations presented in Sec-

tion 3.5 was defined and produced in BRIGADE/Plus, which then created envelops

of the final load combinations. The envelops contains maximum and minimum

values of each section force in each node in the model with corresponding values.

The effect of each variable load was evaluated for each node to determine if it was

favourable or unfavourable and to determine which variable load that was dominant

for each node.

5.2.6 Mesh convergence study

To find an appropriate mesh size that is valid for all combinations of span length
and height of the frame legs, a mesh convergence study was performed. It was made
for a frame with L = 6 m and H = 4 m (the smallest frame). Convergence was
evaluated by analysing the deflection caused by a concentrated load applied in the
middle of the bridge. To avoid singularity problems, the point where the deflection
was evaluated was not directly below the placement of the load. If convergence oc-
curs for this specific case, the mesh size can be used for all geometrical combinations
since the number of mesh elements will increase tremendously for bridges with larger
dimensions.

v
zAx

Figure 5.9 Final Mesh determined from convergence study.
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5. Numerical optimization of three-dimensional frames

Normally, a convergence study can be performed to decide what error that gives
sufficiently reliably values in percent, compared to the converged solution. In this
paper the converged solution was found to correspond to a mesh size of 50 mm.
According to Figure 5.10 a mesh size of 400 mm gave sufficiently reliably values.
That corresponded to an error compared to the converged solution of ~ 1.8%. The
final mesh can be seen in Figure 5.9.

WSReIative Error of the Displacement in Mid-Section vs Number of Mesh Elements
T T T T T T T T

Error [%]

Chosen mesh. 512 mesh elements (mesh size 0.4m)
Corresponds to a relative error of 1.8% of the converged solution.

Converged solution
(30720 mesh elements)
e

! ! ! ! ! ! |
0 1000 2000 3000 4000 5000 6000 7000
Number of Mesh Elements

Figure 5.10 Convergence study and how the relative error varies with increased
number of mesh elements compared to the converged solution.

5.2.7 Verification of the FE-model

In addition to the mesh convergence study, the reliability of the load effects com-
puted from the FE-analysis were studied.

To see if the analytical mapped field containing the shell thickness has been imple-
mented correctly and hence the self-weight of the bridge, the deflection in mid-span
caused by the self-weight have been checked.

For a given span width of L = 10 m, frame height H = 4 m and corresponding
thicknesses t; = 330 mm and t; = 310 mm, following deflection was obtained (Fig-
ure 5.11, pinned boundary conditions).

The deflection caused by the self-weight was superimposed together with the bend-

ing moment in frame corner in an analytical verification, as illustrated in equation
5.4.

L. 5¢Lt _MI?

u3) = 30amT ~ 216ET

(5.4)
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Min: -3.696e-03
Node: FRAME.7

I Step: SelfWeight, BRIGADE/Plus (Basic load case) — Connected to load "SelfWeight" (ID=SELF
Increment 1 Step Time = 2.2200E-16
Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +2.705e+02

Figure 5.11 Deflection caused by self-weight of the bridge. L = 10 m, H = / m.

EN

MC | 14 ) >M
— T —
N

)

Figure 5.12  Model for verification of deflection in mid-span caused by the self-
weight of the bridge.

Where g = 8.25 kN/m, M = 56.83 kNm, E = 34 GPa and I = 2.995- 1073 m™.
Equation (5.4) gives an deflection in mid-span of 3.57 mm and from Figure 5.11
the deflection in mid-span is 3.696 mm. The difference in deflection between the
numerical and analytical solution may be explained by the influence from the de-
formation of the frame legs, since the rotational stiffness in frame corner makes the
deck slab partially fixed. The mesh size did also contain an error of 2 % compared
to the analytical solution.

Design forces and load-envelopes were checked and verified with another numerical
programs. The differences is small and may be explained by the way the model is
built up and how the load envelopes summarizes the internal forces in BRIGADE/-
Plus.

5.3 Post-processing

Section forces were extracted from load-envelopes in BRIGADE/Plus for relevant
load combinations. Paths along the width of the bridge was defined for each critical
section to extract results. The section forces were extracted 0.8 meters from the
edge of the heaviest loaded traffic lane. This represents the third node in the paths
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since mesh elements with a size of 0.4 meters were used. In this way, local effects at
the boundary were avoided.

Figure 5.13 Paths in BRIGADE/Plus for extracting results in critical sections.

BRIGADE/Plus evaluates three different sectional moment components, SM1, SM2
and SM3, where SM1 and SM2 are the bending moment in the longitudinal and
transverse direction, respectively, and SM3 is the torsional moment. The design
bending moment, design shear force and corresponding normal forces was summa-
rized according to the theory presented in section 2.3.2. With the notations from
BRIGADE/Plus, design bending moment and normal force were determined accord-
ing to Equations 5.5 and 5.6.

M = SM1+ |SM3| (5.5)

N = SF1+|SF3| (5.6)

In BRIGADE/Plus the shear force in the longitudinal (x-direction) and in the trans-
verse direction (z-direction) are named SF4 and SF5, respectively. The design shear
force, with the notation used in BRIGADE/Plus, was calculated as presented in

Equation 5.7.
V =,/SF42 + SF5?2 (5.7)

5.3.1 Sectional design

Design section forces were used to evaluate each critical section and to determine if
the requirements in EC (CEN, 2004) were fulfilled. The shear force capacity with
shear reinforcement was evaluated in the bridge deck in a section with haunches,
the exact position varied depending on the geometry of the haunch. For span up to
12 meters, the shear force capacity was evaluated at a section with the distance of
half the width of a wheel from the beginning of the haunch. For longer spans, the
shear force was evaluated at a section of the same distance but from the end of the
haunch. The critical sections for shear force with shear reinforcement can be seen
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5. Numerical optimization of three-dimensional frames

in Figure 5.14. Usually the shear force is evaluated at a distance of 0.9d from the
haunch as stated in section 3.5.1.1. The critical section was approximated as the
distance of half the width of a wheel, since the exact position of the critical section
is dependent on the thickness of the bridge deck. Furthermore, the shear capacity
without shear reinforcement was evaluated in mid-span of the bridge deck as well as
in middle and bottom of the frame legs and in a position where the haunch connect
with the frame legs.

The bending moment capacity was evaluated for each critical section. The position
where the sectional capacity in the frame corner was evaluated was the same as for
critical shear force in the bridge deck, depending on the type of haunch used. The
bending moment capacity in the frame legs was evaluated where the frame legs were
connected to the foundation slab, the middle and in a section where the haunch
connected to the frame leg. Yielding of reinforcement was controlled in order to
secure a ductile fracture. When the reinforcement did not reached yielding, the con-
figuration of the cross-section is unacceptable and a larger thickness was required.
In this case, the output from the design check was a new thickness which was 10
mm larger than the current thickness.

Fatigue was checked for the concrete in compression and for the reinforcement in
tension in each section. The section with shear reinforcement was checked for fatigue
in the shear reinforcement. Crack widths were controlled for each section. Maxi-
mum allowed crack width varied depending on the exposure class of each section.
Deflection was evaluated in the section of the mid span of the bridge deck.

Utilization ratios for each design check was determined for every relevant section.

The utilization ratio was then used to predict the required thickness for a optimized
structure as explained in section 5.1.

0.2m 02m

Lo

a) b) |

Figure 5.14 Critical sections in the bridge deck for shear force.

The sections where the the different design checks were evaluated is presented
schematically by Figure 3.18. All equations used for the design checks can be found
in Appendix F.
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5.4 Case Study - Carbon Dioxide Impact

An analysis of total environmental impact was performed, to enable a comparison
of the environmental impact of several existing bridges compared to what the envi-
ronmental impact would be if they were designed with optimized dimensions. SRA
present statistics over dimensions from slab frame bridges that has been designed
and constructed in Sweden, which were used for the comparison (Vagverket, 1998,
p. 3-5). Several bridges and their cross-sectional dimensions of the bridge decks
are summarized and can be seen in Table 5.1. It should be noted that there were
no information given about the dimensions or the height of the frame legs, if the
cross-section of the frame legs was kept constant along the height or if it is varying.
The height of the frame legs have therefore been assumed to 6 m, and the boundary
conditions as pinned. The dimensions of the frame legs for the existing bridges were
evaluated in the design program to obtain 90 % utilization ratio for shear force in
critical sections of the frame legs. The frame legs were assumed unreinforced for
shear force. A minimum thickness of 400 mm of the frame legs was assumed for
the existing bridges, which is a bit larger than for the optimization. In addition
to the bridges presented by SRA, two other bridges recently designed by a Swedish
consulting company, was used for comparison. The dimensions can be seen in Table
5.2. For these bridges the reinforcement layout was known and is presented in Ap-
pendix H, along with the used dimensions and reinforcement layouts for the Bridges
in Table 5.1. Results from the optimization study in terms of required thicknesses
for varying span lengths were used as input in comparison to the existing bridges.

Table 5.1 Thickness in mid-span and end of haunch of designed slab frame bridges
(Viguverket, 1998, p. 3-5).

Bridge | L [m] | ¢s/ts, [mm]

L84 | 6.0 350,850
Y 1283 | 10.0 450,/950
7 1060 | 14.5 550,750

Y 1217 | 18.0 730/930

Table 5.2 Thickness of bridge deck and frame leg of recently designed slab frame
bridges.

Bridge | L [m| | H [m] | ts/ts, [mm] t1/tpe [mm]
A 115 84 600/1100 550,550
B 13.6 5.7 666,/866 600/600

Evaluation of total carbon impact of the bridges was performed according to the
theory presented in Section 2.9, where the total volume of concrete and reinforce-
ment steel was multiplied with their corresponding EMC-value. EMC-values used
in the analyses are presented in Table 2.7.
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Required reinforcement amount was calculated based on section forces generated by
BRIGADE/Plus in the optimization program. Since the vertical traffic load was
placed at critical positions instead of evaluated as the envelope of moving vehicles,
some assumptions regarding curtailment of reinforcement and extension of shear
reinforcement was made. The tensile reinforcement generated in mid-span, was
assumed to be extended L/4 to each side. One fourth of the reinforcement amount
was assumed to continue to the corner. Similarly for the tensile reinforcement in
frame corners, where the reinforcement bars were extended L/4 from the corner to
the bridge deck and H/2 from the corner to the frame leg. The other areas of the
bridge were assumed to be reinforced with one fourth of the tensile reinforcement
amount in frame corners. The reinforcement amount on the inside of the frame leg
was assumed to extend H/4 on both sides from the middle of the frame legs while
one fourth of the reinforcement is extended to the frame corner and the bottom of
the frame legs. When shear reinforcement was needed the amount required at the
corner of the bridge deck was assumed to extend approximately L/8 in to the bridge
deck.
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Results

In this section results from the numerical optimization are presented. The notations
for the parameters in different sections follows the notations presented in Figure
6.1. The results are divided into different graphs depending on the geometrical
constraints and BC’s. Following the constraints, results are divided into different
graphs depending on span length; 6 m < L < 12 m (with prescribed dimensions of
haunches and constant thickness of the frame legs along the height) and 13 m <
L < 25 m (with a design of haunches and a linear variation in thickness along the
height of the frame legs).

Figure 6.2 - 6.3 shows the required thickness of the deck slab () and the frame legs
(tsn) with pinned BC’s to the soil, respectively. Figure 6.4 - 6.5 shows the required
thickness of the deck slab in span (¢) and in frame corner (tg,), the thickness of the
frame legs at frame corner (¢s2) and at the connection to the foundation slab ().
Pinned connections. Results for frames with fixed BC’s are given in Figure 6.6 - 6.9.

All graphs are plotted as a function of the span length with a height of the frame
leg given by the figures. All graphs contain the values of each parameter obtained
from the numerical optimization (represented by the scatter plots) and trend lines.
Equations for each trend line with corresponding mean value of the standard error
are given below each graph. ¢ + A and ¢ &+ 2A represents the confidence limits for
68 % and 95 % prediction of the parameter, respectively.

All data points with decisive design check and corresponding utilization ratios can
be found in Appendix G.

%)
0.25L

i

e

Figure 6.1 Notations used for the optimization parameters.
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6. Results

6.1 Frame with pinned BC’s

Thickness of bridge deck slab, t 6m<L<12m (tsh =t + 500 mm)
400

o Numerical optimization te H=4m

x  Numerical optimization te H=6m

3go[-| © Numerical optimizationt ,H=28m /X
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300 —

Lower limit

280
1 1 1 1 1 1 1 |
5 6 7 8 10 1" 12 13

9
Span length [m]

Figure 6.2 Thickness of the bridge deck slab (ts) as a function of the span length,
for slab frame bridges with 6-12 m spans and pinned BC’s. Results from numerical
optimization of three-dimensional frames (scatter plots) are compared to trend lines
for different bridge heights (H). The thickness at the end of the haunch (tg,) is
obtained by adding 500 mm to the thickness required for the bridge deck slab.

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

’ 1305 — 10L + 1.43L2 [mm], A = 4mm 6.4m <L<12m
= 6m _ 300 mm, A =0mm 6m<L<66m

’ 1290 — 6.5L 4 1.2L2 [mm], A =7 mm 6.6m <L<12m
JH=8m _ BOOmm,A:Omm 6m<L<T7m

’ 410 — 33L + 2.4L2 [mm], A = 2mm 7T7m < L<12m
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Thickness of frame legs, tﬁ = tf2’ 6m<L<12m

460 o Numerical optimization tf, H=4m

x  Numerical optimization to H=6m o
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Figure 6.3 Thickness of the frame leg (ty) as a function of the span length, where
ty =ty = tyo, for slab frame bridges with 6-12 m spans and pinned BC’s. Re-
sults from numerical optimization of three-dimensional frames (scatter plots) are
compared to trend lines for different bridge heights (H).

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

i =4m =300 mm, A =0mm 6m<L<I12m
= 6m 300 mm, A =0mm 6m<L<97m
! 420 — 30L + 1.8L2 [mm], A = 9mm 97m <L<12m
tf =8m =435 - 204L + 1.78L% [mm], A =2mm 6m <L<12m
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Thickness of bridge deck in mid-span, t, and in frame corner t, 13m<L<25m
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Figure 6.4 Thickness of the bridge deck slab (ts) and at the end of the haunch (tg,),
respectively, as a function of the span length, for slab frame bridges with 13-25 m
spans and pinned BC’s. Results from numerical optimization of three-dimensional
frames (scatter plots) are compared to trend lines for different bridge heights (H).

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

th=4m — 855 — 80L + 3.33L% [mm], A = 0mm 13m <L<16m
th=06m—9214379L —0.75L% [mm], A = 4mm 13m <L<24m
th=8m — 394321 — 0.51L% [mm], A =7 mm 13m <L<25m
th=4m— 955 — 80L + 3.33L° [mm], A = 0mm 13m <L<16m
th=06m - 835 — 53L +2.1L% [mm], A = 18 mm 13m <L<24m
th=8m — 455 —14.4L + 1.16L* [mm], A = 7mm 13m <L<25m
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Thickness of frame leg, tf1 & tf2 13m<L<25m
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P
. A _ ,
o Numerical optimization t'1 & tf2’ H=8m //_, @
Bed
900 - o
t,H=8m e Id
PR

g0 \ /l’:!/ -7
— .’./‘ rd d
£ P X
E 7001 /_,-’B ///
3 T -7
¢ i
S 600 - S
'-E -
= -7 tyH=6m

X
500
-~
t_, H=4m & lower limit t,H=6m t,,H=8m
400 -
/ \— - X\
300 - P W= ——— Ny~ N e
200 I I I I I I |

12 14 16 18 20 22 24 26
Span length [m]

Figure 6.5 Thickness of the frame leg at the level of the foundation slab (ts) and
in frame corner (trs), respectively, as a function of the span length for slab frame
bridges with 13-25 m spans and pinned BC’s. Results from numerical optimization
of three-dimensional frames (scatter plots) are compared to trend lines for different

bridge heights (H).

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

=4 =300 mm, A =0mm 13m < L<16m
tH:Gm:{BOOmm,A—Omm ) 13m<L<20m
n 495 — 24 2L + 0.72L% [mm)], A =5 mm 20m <L<24m
= 5™ =300 mm, A =0mm 13m <L<25m
th=4"™ = 1110 — 140L + 6.7L* [mm], A = 0 mm 13m <L<16m
tH5=6" =50+ 11.3L + 1.16L* [mm], A = 15 mm 13m <L<24m
th= %™ = —11+ 40.84L [mm], A =16 mm 13m <L<25m
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6.2 Frame with fixed BC’s

Thickness of bridge deck slab, t 6m<L<12m (tsh =t + 500 mm)
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o Numerical optimization te H=4m
x  Numerical optimization te H=6m
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Figure 6.6 Thickness of the bridge deck slab (ts) as a function of the span length,
for slab frame bridges with 6-12 m spans and fixed BC’s. Results from numerical
optimization of three-dimensional frames (scatter plots) are compared to trend lines
for different bridge heights (H). The thickness at the end of the haunch (tg,) is
obtained by adding 500 mm to the thickness required for the bridge deck slab.

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

H=dm _ 300 mm, A =0mm 6m<L<6.5m
° 255 + 4.64L 4 0.36L2 [mm], A = 6 mm 6.5m <L<12m
S =6m _ 300 mm, A =0mm 6m<L<6.6m
’ 1290 — 6.4L 4 1.2L2 [mm], A =7 mm 6.6m <L<12m
JH=8m _ 300 mm, A =0mm 6m<L<Tm

’ ]380 — 26.4L + 2.14L2 [mm], A = 4 mm Tm <L<12m
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Thickness of frame legs, tﬁ = tf2’ 6m<L<12m
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Figure 6.7 Thickness of the frame leg (ty) as a function of the span length, where
ty =tp1 =ty for slab frame bridges with 6-12 m spans and fived BC’s. Results from
numerical optimization of three-dimensional frames (scatter plots) are compared to
trend lines for different bridge heights (H).

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

= _ 300 mm, A = 0mm 6m<L<87Tm
/ 7054+ —110L + 7.3L2 [mm], A = 10 mm 87m <L<12m
=" =300 mm, A =0mm 6m <L<12m
=3 =390 mm, A =0mm 6m <L<12m
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Thickness of bridge deck in mid-span, t, and in frame corner t, 13m<L<25m
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Figure 6.8 Thickness of the bridge deck slab (ts) and at the end of the haunch
(tsn), respectively, as a function of the span length, for slab frame bridges with 13-25
m spans and fived BC’s. Results from numerical optimization of three-dimensional
frames (scatter plots) are compared to trend lines for different bridge heights (H).

The equations to the trend lines, and their mean value of the standard errors, were

determined to:

tH=4m = 1585 — 180L + 6.67L* [mm], A = 0 mm

tH=6m — 185 + 18.3L — 0.23L? [mm], A = 6 mm

th=8m — 1354 22.8L—0.33L% [mm], A =7 mm

th=4m — 9290 — 270L + 10L? [mm], A =0 mm

th=0m =900 — 62.4L + 2.4L* [mm], A =8 mm

th=8m =630 — 33.8L + 1.6L* [mm], A = 14 mm

13m <L<16m

13m <L <24m

13m < L<25m

13m <L <16m

13m <L <24m

13m <L <25m
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Thickness of frame leg, tf1 & tf2 13m<L<25m
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Figure 6.9 Thickness of the frame leg at the level of the foundation slab (ts) and
in frame corner (trs), respectively, as a function of the span length for slab frame
bridges with 13-25 m spans and fired BC’s. Results from numerical optimization
of three-dimensional frames (scatter plots) are compared to trend lines for different

bridge heights (H).

The equations to the trend lines, and their mean value of the standard errors, were
determined to:

=4 =5365 — T55L + 28.3L% [mm], A =0mm 13m <L<16m
tH = 0™ =435 — 32.64L + 1.63L* [mm], A =6 mm 13m <L<24m
tHh=8™ =490 — 13.8L + 0.36L* [mm], A =7 mm 13m <L<25m
th="*" = 10830 — 1570L + 60L [mm], A = 0mm 13m <L<16m
t= %™ = 1555 — 192L + 8.1L° [mm], A = 30 mm 13m <L<24m
t,= %™ = —445 + 76.1L — 0.66L* [mm], A = 30 mm 13m <L<25m
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6.3 Environmental impact

As presented in Section 5.4, a comparison regarding environmental impact between
several existing bridges and optimized bridge design was performed. The environ-
mental impacts of the existing designs was evaluated and compared to potential
environmental impacts of designs according to the results from the optimization
study. The results are presented in Table 6.1. The calculations, including used
dimensions and required reinforcement amounts can be found in Appendix H.

Table 6.1 Environmental impact of existing slab frame bridges and optimized de-
Sgn.

Bridge | L [m] | COs-eq (Existing) | COq-eq (Optimization) | Difference
L 814 6.0 14454 kg 11648 kg 19.4 %
Y 1283 | 10.0 19918 kg 15201 kg 23.7 %
Z 1060 14.5 30011 kg 23490 kg 21.7 %
Y 1217 | 18.0 42200 kg 32013 kg 24.1 %
A 11.5 34664 kg 25200 kg 27.3 %
B 13.6 35010 kg 21315 ke 391 %
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Discussion

It is obvious that there is a potential in optimizing the cross-section from a structural
point of view and there are several reasons for this.

7.1 General discussion about results

From the stiffness relation presented in equation (4.1), higher frame legs result in
weaker frames which means that the span moment would be larger compared to a
frame with shorter frame legs. With this argument the thickness of the deck slab
would increase, which also applies in the analytical optimization, since more internal
forces were attracted to the slab. However, in the numerical optimization this was
not true to the same extent. The numerical optimization accounted for geometrical
changes of the structural members, haunches, which enabled the frame to be stiff-
ened locally in areas with high stress concentrations. When studying the results for
different span lengths it is therefore important to studying the overall geometry of
the frame and not only how a certain parameter may vary with an increased span
length.

The massive frame legs for longer spans, in combination with the haunches, resulted
in smaller slab thickness due to the increased rotational stiffness in the corners (and
hence a larger bending moment in frame corners and smaller bending moment in
span). The decisive design check for the frame legs in most cases was the shear ca-
pacity of the cross-sections without shear reinforcement (i.e. the frame legs). This
was governed by the constraint for the optimization due to constructability. One can
clearly see how the trend lines for the thickness of the frame legs increased slightly
exponential for frames with pinned BC’s, and to some extent for fixed BC’s. This is
reasonable since the capacity for shear failure varies slightly exponential, see Figure
7.1.

If shear reinforcement would have been used in the frame legs, it is obvious that
the frame legs could have been more optimized with respect to slenderness. On the
other hand, the internal force distribution would have been affected since the rota-
tional stiffness of the frame corner would have changed, which might have affected
the thickness of the bridge deck.

There are several constraints that affected the results. The constraint regarding the
minimum allowed thickness of 300 mm affected the utilization ratios, and smaller
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Shear sliding capacity per unit width vs effective height d
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Figure 7.1 Concrete capacity against shear failure per unit width vs the effective
height (d), for cross-sections without shear reinforcement.

dimensions might have been found without this constraint. The geometric con-
straints regarding haunches affected the internal force distribution. For frames with
span lengths up to 12 m, right-angled triangular shaped haunches were used where
the cathetus was prescribed to 500 mm. The haunches gave a large contribution
to the capacity of the section and there is a potential in optimizing the haunch
itself, or even investigate whether or not it should be used. According to a bridge
engineer at WSP bridge department!, the right-angled triangular shaped haunches
may not be necessary, and are therefore neglected in some design cases in practice.
The haunches with a length of a quarter of the span length may be designed as a
parabola, to follow the bending moment curve and utilize more of the cross-section.
This is, however, something that may be investigated in a future project.

Comparing the results between frames with pinned BC’s to frames with fixed BC’s
one can see that the differences in thickness in mid-span of the bridge deck is small
whereas the difference is a bit larger for the frame legs. The BC’s did not affect
the fundamental bending moment for each load in the frame corners considerably,
and the bending moment was the decisive design check (in most of the cases) for the
bridge deck. On the other hand, there is a larger difference in shear force in the frame
legs for a frame with pinned and fixed BC’s, respectively. This can be explained by
studying the internal forces in the frame legs. The bending moment at the bound-
ary for the frame with fixed BC’s gives an additional contribution to the shear force.

The results from the comparison of carbon dioxide emissions for existing bridges
showed that there is great potential in reducing the environmental impact of fu-
ture slab frame bridges. The results showed a difference in carbon impact of 20-40
% compared to previous design. Considering the extent of slab frame bridges in
Sweden, this reduction could have a large effect on the environmental impact of
the infrastructure industry. Considering the infrastructure sector’s goal regarding

! (personal communication, 13 May 2020
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reduction of carbon dioxide with 50 % by the year 2030, the reduction presented
from the results could be a considerable part of that goal.

7.2 Comparison of optimization parameters be-
tween analytical and numerical analyses

The analytical two-dimensional study was performed to obtain an understanding of
how slab frame bridges performed when studying the geometrical relations between
the frame legs and the deck slab. Small changes in stiffness of the members affected
the internal force distribution. Furthermore, the bending moment in frame corner
increased with increased span length and decreased with an increased height of the
frame.

The analytical optimization of two-dimensional frames was also performed to serve
the three-dimensional finite element model with values of the optimization param-
eters that were close to the solution achieved from the numerical analyses, in that
way the computational time decreased. This worked well for shorter span lengths
where differences in the results were small. For longer span lengths the numeri-
cal model did have problems with convergence. It is possible that the initial guess
of the parameters affected the optimization process and might forced the stiffness
distribution in a certain way already at the first iteration. There are, however,
considerable differences between the results obtained from the analytical and the
numerical analyses. The results obtained from the numerical analyses demonstrates
frames which are more optimized compared to the results from the analytical study.
The differences may be explained by an amount of inequalities between the different
studies but the two major reasons are:

o Haunches: Any influence of haunches have been neglected in the analytical
analyses. Hence, a different force distribution is obtained and the optimiza-
tion parameters are affected thereof. The critical design check in the two-
dimensional study for longer spans was the check of bending moment in the
frame corner of the bridge deck. This means that the thicknesses obtained by
the analytical solution represents the required thickness in frame corners, and
not the thickness in span.

» Transverse force distribution: In the analytical analyses, a meter "strip"
of load field 1 was investigated. The model assumed a pure one-way behaviour
whereas in the numerical analyses two load fields with different magnitude of
the traffic loads have been taken into account, resulting in a transverse force
distribution.

The effect of transverse force distribution has been investigated. A two-dimensional
(strip) model has been analysed in Frame Analysis with a one-way behavior (model
name Strip), and two different three-dimensional BRIGADE/Plus models. The
BRIGADE/Plus models were modelled with a one-way and two-way behavior, re-
spectively. The model with a one-way behavior (model name B1l) was subjected
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to loads of equal magnitude in both load fields whereas the model with a two-way
behavior was subjected to different magnitude of the loads in the two load fields
(model name B2). The differences in bending moments in frame corners and mid-
span are given in percentage and are summarized in Table 7.2 and 7.1.

Table 7.1 Difference in bending moments between the BRIGADE/Plus model with
one-way behaviour (B1) compared to the two-dimensional frame model (Strip).

L [m] | H [m] | Difference, span [%)] | Difference, corner [%)]
6 6 8.3 4.8
12 6 4.2 3.9
18 6 2.6 4.2
24 6 1.8 5.0

Table 7.2 Difference in bending moments between the BRIGADE/Plus model with
a two-way behavior (B2) compared to the two-dimensional frame model (Strip).

L [m] | H [m] | Difference, span [%)] | Difference, corner [%)]
6 6 1.3 4.6
12 6 -9.8 -10.3
18 6 -15.7 -15.9
24 6 -18.6 -19.6

The values in Table 7.1 indicates that the differences in bending moments in the
longitudinal section of the bridge increases with an increased span length. The no-
table difference may be explained by the compatibility condition of the deflection.
If the slab is divided into strips along the longitudinal and transverse direction of
the bridge and that the load is unevenly distributed (like in the numerical analyses)
the deflection of the different strips must be dependent on each other, to fulfil the
compatibility condition. Hence, the load is spread in the transverse direction of the
bridge. Since the deflection does not depend linearly on the span length the amount
of load that is spread in the transverse direction of the bridge increases exponentially.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 86



7. Discussion

7.3 Comparison between optimized parameters and
existing slab frame bridges

When comparing the results with currently used suggestion of dimensions (Végver-
ket, 1996, p. 42), shown in Figure 7.2, a large difference can be seen.

Comparison of bridge deck slab thickness
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Figure 7.2 Old recommendations of thickness for the bridge deck (Vigverket, 1996,
p. 42) and trend lines from optimization study.

The methodology SRA (Swedish Transport Administration) applied when develop-
ing the graphs are based on statistics from existing slab frame bridges. Consequently,
the graphs do not represent optimized cross-sections with respect to slenderness and
reinforcement amount. Vagverket (1996, p. 42) point out that the designer should
be careful with optimizing the slenderness of the cross-section since the slab frame
bridges in most cases already are heavily reinforced. One may argue that the graphs
are based on this advice, and that the aim was to increase the height of the cross-
section to decrease the reinforcement amount, rather than slenderness. Moreover,
if the designers in the past implemented two-dimensional analytical analyses when
designing slab frame bridges this does also affect the parameters and so also the
background to the statistics presented by SRA.

The results from the numerical optimization study were compared with previously
constructed bridges according to the statistics presented in Section 5.4, and the dif-
ferences turned out to be significant. Table 7.3 shows statistics of the slab thickness
in mid-span and adjacent to the frame corners from SRA (Végverket, 1998, p. 3-5)
and from the optimization study.

It can clearly be seen that there is a great potential in optimizing slab frame bridges.
The comparison study indicates that the difference in thickness increases with an
increased span length. Again, SRA does not explain or give any information about

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 87



7. Discussion

Table 7.3 Comparison of thickness in mid-span and end of haunch between designed
slab frame bridges (Vigverket, 1998, p. 3-5) and optimized thickness.

. ts/tgn,  |mm] | t,/tg, [mm]| (Opti- | Difference span/end of
Bridge | L [m] (S/RA) o m{zatio[n st]ud(y) haunch [%)] /
L 814 6.0 350/850 300/800 14.3/5.9
Y 1283 | 10.0 450/950 350/850 22.2/10.5
Z 1060 | 14.5 550/750 410/510 25.5/32.0
Y 1217 | 18.0 730/930 460/560 37.0/40.0

the full design. The design of the frame legs are not published, but are of great
interest in order to study the differences fully. The results obtained from the opti-
mization study are based on several constraints. Shear reinforcement was assumed
in the haunch, which (in most cases) eliminates problems with shear and, hence, the
decisive check is the moment capacity of the section. By assuming a large amount
of reinforcement the effective height can be reduced and thus the thickness of the
cross-section.

The large differences in thickness between the results and existing bridges were val-
idated by studying a case study performed by Solat Yavari, Pacoste, and Karoumi
(2014) where the optimization potential of slab frame bridges is presented. Accord-
ing to Solat Yavari et al. (2014), the reduction in thickness for the structural parts
of a slab frame bridges could be reduced with 40-50 % using the method of pattern
search optimization, compared to an existing bridge. The optimized dimensions of
the bridge would result in a 20 % reduction in production cost. However it is not
stated if any constraint regarding minimum thickness due to constructability was
implemented in the case study.

The results from the comparison of environmental impact presented in Section 6.3
indicates that there is also a great potential in reduction of carbon dioxide of slab
frame bridges. As for the comparison of thicknesses, the reduction increases with
longer spans. Again, it should be noted that due to lack of information about the
bridges presented by SRA, assumptions regarding dimensions and height of frame
legs has been made which will influence the actual percentage reduction. In addition
to those assumptions, several assumptions and simplifications regarding reinforce-
ment layout and curtailment has been implemented which results in uncertainties
regarding actual reinforcement amount. However, the difference in environmental
impact was larger for the two bridges where the geometry of the frame legs is known,
which might indicate that the assumptions used for the other bridges are conserva-
tive.

7.4 Simplification and potential source of error

It is important to discuss potential sources of errors, but also to investigate the re-
actions of the results from experienced bridge engineers. When practicing engineers
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make a design of slab frame bridges it is common that they use their experience to
determine preliminary dimensions of the structural members, or by using the recom-
mendations from the SRA. Some engineers does also maximize the slab thickness in
a preliminary stage. By doing this the engineer eliminates the risk that the section
heights need to be increased later on in the project, causing increased efforts and in-
creased costs compared to the plan. Hence, the results obtained in this report might
show surprisingly large potential for carbon reduction since the effective height is
compensated by the reinforcement amount.

The results have also been discussed with a bridge engineer at WSP in Stockholm?.
The engineer confirms the reliability of the results and that the optimization param-
eters follows his experience. The bridge engineer does also give information about
the recommendations of dimensions given by the SRA. The recommendations are
based on statistics of designed slab frame bridges and are not optimized in any
terms of slenderness. However, potential sources of errors that might have affected
the results are:

 Edge beams: Edge beams have been neglected in the study. When edge
beams are integrated with the superstructure the effect of transverse force
distribution increases which, locally, would have affected the internal force
distribution.

e Loads excluded: Loads such as pore water pressure, low and high ground
water level have been discussed with the supervisors of the project and has
been neglected to ease the time spent on building the numerical model.

e Vertical traffic load: The placement of the vertical traffic loads have been
predefined according to the theory of how to place the loads on the bridge deck
to obtain maximum load effects. However, the ignorance of moving the vehicle
loads leads to uncertainties if the maximum load effects are found, and in a
full design moving the vertical traffic load is preferable. Moreover, the simpli-
fication affects the total reinforcement amount calculated in the comparison
study about carbon dioxide impact since moving vehicle loads is important in
the design of curtailment of the reinforcement.

o Constraints: The constraints have been defined after discussions with the
supervisors and the answers from the interview regarding constructability. It
is worth mentioning that it is hard to predict the constraints without practical
experience of constructing slab frame bridges, so the interview with practicing
contractors have been highly appreciated. However, a potential source of error
is if the respondents interpreted the questions correctly.

The shear capacity was only evaluated in two sections of the bridge deck; at the
mid-span and in the haunch. The shear force in mid-span was usually small and
therefore no shear reinforcement was assumed. In the section for maximum shear
force, near the support, the capacity was calculated with shear reinforcement. It is
not stated how far into the bridge deck it is viable to have shear reinforcement due
to cost and constructability. Potentially there exists a section outside the haunch

2(personal communication, 13 May 2020)
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were shear reinforcement is not wanted but where the shear force is rather large.
This might result in another section that can be decisive for the slab thickness which
have not been studied in the project.

The comparison study related to the carbon dioxide impact clearly showed how
the total COs - equivalents decreased when the concrete volume decreased (i.e.,
the total cement content), even though the reinforcement amount increased. How-
ever, the carbon dioxide impact from reinforcement varied dependent on what type
of reinforcement that was used (Table 2.4). Thus, using recycled reinforcement is
preferable. Some assumptions when calculating the C'O, - equivalents were made,
as presented in section 5.4, and it is therefore more reasonable to look at the gen-
eral trend of CO, - equivalents (decreased environmental impact for slender, heavy
reinforced cross-sections), rather than the actual values of the environmental impact.

The costs decreased with increased slenderness to a certain limit, where the reinforce-
ment cost governed the total costs. The cost of reinforcement is flexible and depends
on the market situation. The small increase in costs for very slender cross-section
has been neglected since the environmental advantages of slender cross-section was
considered to be more important.

7.5 Optimization algorithm

The optimization algorithm used in the study was based on that the design checks
that generated the highest utilization ratio decided what thickness that should be
used in the next iteration. This resulted in that the design check that was decisive in
the first iteration decided the following iterations and therefore the outcome of the
optimization. This means that far from every possible combination was tested since
the very first iteration limited the search and decided in which direction the opti-
mization turned out. Other optimization algorithms such as pattern search methods
or genetic algorithm would evaluate many more combination of the optimization pa-
rameters and might generate other results that still has fulfilled the constraints of
utilization ratios. These optimization algorithm is however more computationally
heavy.

The optimization objective used in the study was based on the comparison of optimal
cross-section presented in section 2.9. The comparison showed that the environmen-
tal impact decreases with decreased thickness. However, it is not certain that the
absolute optimized dimensions and ratios of concrete and reinforcement was gener-
ated by using this optimization objective. As presented in figure 2.13, there might be
a combination of reinforcement and concrete that results in minimum environmental
impact which was not reached in this optimization. An alternative approach would
have been to evaluate the total environmental impact at the end of each iteration.
In that case the optimization objective would be to minimize the total EMC-value
directly. In this study, the optimization objective was simplified to minimized thick-
ness in order to save computational time and ease the complexity in the optimization.
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Another approach could be to perform a full-scale parameter study, where a large
number of combinations of the thicknesses of the structural parts is tested. The
results from every combination would be evaluated afterwards and the combination
that results in the smallest EMC-value and cost but still fulfills design requirements
could be located. However, this method is very computationally heavy and generates
a large amount of data that needs to be analyzed.
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Conclusion

The project indicates that there is a considerable possibility of optimizing slab frame
bridges with respect to investment costs and environmental impact. In general, one
can conclude that the environmental impact and investment costs decreases with in-
creased slenderness of the cross-section and that it is more favourable to decrease the
thickness of the structural members and compensate with reinforcement. However,
the report does also indicate that the investment and labour cost might increase for
very slender cross-sections, and that this depends on the material cost related to
the reinforcement amount.

In case of designing slab frame bridges, the report shows differences in the design
depending on which method that is applied. An analytical two-dimensional rep-
resentation of a frame, where a strip in the longitudinal section of the bridge was
investigated, results in optimization parameters that are conservative. A three-
dimensional numerical model, on the other hand, is preferable to use in order to
take transverse force distribution into account. In addition, the geometry of the
bridge can be defined easily and, hence, a more reliable stiffness distribution of the
frame is used.

The optimization method implemented tends to affect the optimization process. The
frame is sensitive to changes in stiffness and when a design check starts to be critical
in a certain section the optimization parameter is updated accordingly. This results
in a section that in the upcoming iteration is stiffer and therefore attracts a larger
portion of internal forces, and the optimization parameter does have to be updated
again.

The results from the optimization are intended to be used in a preliminary stage
of a project. A final, detailed design might therefore differ from the results presented.

It can be concluded that use of dimensions according to old recommendations pre-
sented by SRA, Vagverket (1996, p. 42), will not result in an optimized design, nor
with respect to carbon dioxide emissions or with respect to costs. The potential
effect in reduction of carbon emission by implementing optimization in design is
great.

92



8. Conclusion

8.1 Further studies

The thesis evokes several aspects of the study that would be interesting and neces-
sary to investigate further:

» The total potential of reduction of environmental impact of slab frame bridges
needs further investigation in order to obtain an absolute optimized structure
with respect to environmental impact. For instance choices regarding expo-
nent class and strength class of concrete and their effect on the environmental
impact of the structure can be implemented in the optimization.

o The optimal ratio between concrete and reinforcement needs to be investigated
further. Effects of concrete classes and types of concrete can be implemented
in this investigation and thereby finding optimized combination for different
conditions and requirements on the concrete.

e Since this thesis is limited to straight slab frame bridges, the graphs needs
to be complemented with additional results for skewed slab frame bridges to
cover any type of geometry of the road. Skewed slab frame bridges will result
in larger moment in the corners with obtuse angle, which will influence the
required thicknesses.

o Investigate how the preliminary design of slab frame bridges affects by im-
plementing alternative optimization methods, such as a full scale parametric
study, compared to the results obtained in this report.
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A

Interview regarding
Constructability
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Interview 1:

Paverkas arbetskostnaden fér armeringslaggning / kg armering av tvérsnittets slankhet?
Férutsatt samma armeringsmangd och armeringsutformning. Se bild.

(012 3124
Ch12 s120 £

r

681

Q@ O Q0

358 350
2 2

Svar: Ingen stérre pdverkan mellan figurerna ovan.

L
W

Ser ni nagon begransning i tvdrsnittets slankhet pa en platta kan vara med tva lager
armering med hansyn till byggbarhet? (Exempelvis plattjocklek 300mm) Forutsatt att
konstruktéren har gjort en teoretisk genomforbar armeringsutformning.

Svar: 400 mm Idter genomférbart.

Ser ni en begransning i antal lager armering i en plattrambro med avseende pa
byggbarhet?

Svar: Upp till 3 lager funkar men det dr ju sdllan sG mdnga lager behévs.

Hur paverkas arbetskostnaden for armeringslaggning for lager 3 jamfort med lager 2? Se
bild.
Ség att arbetskostnad for lager tva dr 1000 kr/ timme.

Cf12 o124 (12 si2d

r r

: g .
[ ]} o0 (o] oo (o] e] oo
[ee] Q O o0 Q0 Q O (o ®)

o

50 ! 358
25

Svar: Ungefidr samma




Hur ar er 6vergripande installning till skjuvarmering i ramben pa en plattrambro? Om
skjuvarmering i ramben anses problematisk; varfor?

Svar: Skjuvarmering utférd som dubbla C-jéirn brukar funka men sként att slippa.

En férdel Gr om man far “hdftsvetsa” byglarna i monteringsjérn och kan fértillverkas som
korgar(balkar).
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Interview 2:

Paverkas arbetskostnaden fér armeringslaggning / kg armering av tvarsnittets slankhet?
Férutsatt samma armeringsmangd och armeringsutformning. Se bild.

12 3124
12 £124 4

4

on g0

L1

354 356
2 2

Svar: Ingen stérre skillnad.

L
1

Ser ni nagon begransning i tvarsnittets slankhet pa en platta kan vara med tva lager
armering med hansyn till byggbarhet? (Exempelvis plattjocklek 300mm) Forutsatt att
konstruktéren har gjort en teoretisk genomforbar armeringsutformning.

Svar: Ju tunnare platta desto svdrare att fa till 6verkantsarmeringen

Ser ni en begransning i antal lager armering i en plattrambro med avseende pa
byggbarhet?

Svar: Inte direkt om man féljer 6vriga rekommendationer om avstand mellan stdnger o.s.v

Hur paverkas arbetskostnaden for armeringslaggning for lager 3 jamfort med lager 2? Se
bild.
Ség att arbetskostnad for lager tva dr 1000 kr/ timme.

Cfn2 a124 (P12 51z
r

r

g g .
o0 o0 oo oo o0 (o8
o0 Q 0 o0 00 Q O o0

-

50 \ 358
25

Svar: Vdldigt svdrt att bedéma. Ingen stérre extra kostnad tror jag.



Hur ar er 6vergripande installning till skjuvarmering i ramben pa en plattrambro? Om
skjuvarmering i ramben anses problematisk; varfor?

Svar: Skjuvarmering dr alltid besviirlig och kostar ganska mycket oavsett var den sitter. Gor
man det som N-byglar skall all armering trds i. Gér man dubbla c-byglar dr det svart att fa
den i rétt Idge.
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Interview 3:

Paverkas arbetskostnaden fér armeringslaggning / kg armering av tvérsnittets slankhet?
Férutsatt samma armeringsmangd och armeringsutformning. Se bild.

(012 3124
Ch12 s120 £

r

L1

Q@ O Q0

358 350
2 3 2

Svar: Om man utgdr helt frdn figuren d.v.s exakt lika armering med bara en férdndring av
d.v.s tvdrsnittsmdttet sa dr det samma timkostnad/kg armering.

L
W

Ser ni nagon begransning i tvadrsnittets slankhet pa en platta kan vara med tva lager
armering med hansyn till byggbarhet? (Exempelvis plattjocklek 300mm) Forutsatt att
konstruktéren har gjort en teoretisk genomforbar armeringsutformning.

Svar: Med tvd lager armering férmodar jag att ni menar tvd lager armering i respektive sida.

Om man utgdr frén att minsta armeringsdiameter dr 16 mm. Vidare tdckskikt ca 40 mm sé
innebdr det att det undre lagret hamnar sd ldngt in i ett 300 mm tvdrsnitt att armeringen
knappast blir verksam. Av denna anledning bor tvdrsnittet ha minst 400 mm tvdrsnittsmdtt
fér att fungera rent konstruktivt.

Detta stdmmer dven med avseende pd byggbarhet.

Ser ni en begridnsning i antal lager armering i en plattrambro med avseende pa
byggbarhet?

Svar: Med avseende pd sdvidl byggbarhet som arbetskostnad per kg armering sa skall man sa
langt méjligt stréiva efter att ha ett lager. | sdrskilt pakdnda delar som éver stéd, hérn eller i
faltmitt kan tva lager lokalt forekomma. Detta ér enligt mitt synsdtt en ganska optimal
armeringsutformning med tanke pG byggbarhet.



- Hur paverkas arbetskostnaden fér armeringsliaggning for lager 3 jamfért med lager 2? Se
bild.
Séag att arbetskostnad for lager tva dr 1000 kr/ timme.

Cg12 o128 P12 5120

L4 r

£00
600

Q oo
Q Q O

350 358
\Jﬁ \Jz_

Svar: Komplexiteten i armeringsléngden ékar med antalet lager. Min uppfattning dr att
arbetskostnaden fér lager 3 férdubblas.

ole]
)]

0
[®]

o O
o O
o O
o O
ale]
ol o]

o

- Hur &r er 6vergripande instéllning till skjuvarmering i ramben pa en plattrambro? Om
skjuvarmering i ramben anses problematisk; varfor?

Svar: Min uppfattning dr att skjuvarmering sa langt méjligt skall undvikas i savdl platta som
ramben. Den gér att man tappar mycket i byggbarhet, varvid arbetskostnaden stiger.

Anledningen dr att skjuvarmeringen dr svdr att fG pa plats Gven om man anvdnder métande
C-byglar som pa bilden. Problemen dr att fG de métande schenklarna pad plats eftersom det
skall vara en omlottskarv ddr stéingerna ligger intill varandra. Detta dr svarare att fa pa plats
i ett ramben dn i en platta.

| plattan gdr det vanligen inte att undvika helt utan det finns Gtminstone i stodsnitt.

| ramben ddr man kan dra nytta av normalkraftens positiva effekt pa tvdrkraftskapaciteten
finns goda méjligheter att undvika skjuvarmering om man vdljer en rimlig
konstruktionstjocklek.
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C

Comparison of vertical traffic load
in 2D-models and 3D-models



Comparison study between modeling in 2D and 3D - Bending

moments caused by traffic loading (LM1)
H=6m,L=6m

2D Frame Analyses:

Traffic lane 1, w=3m, No influence of transverse load distribution

Q=270/3m = 90kN/m

Q=90kN Q=90kN

157.7




Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, q=7.2 kN/m?

Traffic lane 2, w=3m, Q=180/2 kN, q=2.5 kN/m?

SM, SM1

(Average-compute)
+1.598=+05
+1.385e+05
+1.173e+05
+9.608e+04
+7.484e+04
+5.361e+04
+3.238e+04
+1.114e+04
-1.00%e+04
-3.133e+04
-5.256e+04
-7.380e+04
-9.503e+04

Max: +1.598e+05
MNode: FRAME.7
Min: -3.503e+04
Mode: FRAME.Z

Max: +1.298e+005

Min: -3,503e+004

Step: Wehicle_Moment_Characteristic, Load Group
£M1, Max, Associated Field Qutput

z % Frimary “ar: SM, SM1
Deformed Var: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 1,33 %

Difference in corner moment compared to frame analyses: 4,78%

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=270/2,, g=7.2 kN/m2

SM, SM1

(Average-compute)
+1.720e+05
+1.498e+05
+1.275e+05
+1.052e+05
+8.294e+04

i -9.525e+004
+6.067e+04
+3.03%e+04
+1.612e+04
-6.156e+03
-2.843e+04
-5.071e+04
-7.298e+04
-9.525e+04

Max: +1.720e+05
MNode: FRAME.B
Min: -9.525e+04
Mode: FRAME.1S

Step: Vehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Qutput
z X Primary \ar: SM, SM1
Deformed War: not set Deformation Scale Factor: not set



Difference field moment compared to frame analyses: 9.06 %

Difference in corner moment compared to frame analyses: 5,02%

H=6m, L=12m

2D Frame Analyses:
Traffic lane 1, w=3m, No influence of transverse load distribution

Q=270/3m = 90kN/m

-265.2

-265.2 _\

?

265.2

350.4

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, q=7.2 kN/m2

Traffic lane 2, w=3m, Q=180/2 kN, g=2.5 kN/m2



SM, SM1

(Average-compute)
+3.189e+05
+2.723e+05
+2.257e+05
+1.791e+05
+1.325e+05
+8.584e+04
+3.923e+04
-7.375e+03
-5.398e+04
-1.006e+05
-1.472e+05
-1.93Be+05
-2.404e+05

Max: +3.183e+05
Node: FRAME. 7

Min: -2, 404e+05
MNode: FRAME.15

Step: Wehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Quiput
z X Primary “ar: SM, SM1

Deformed ‘far: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 10.2 %

Difference in corner moment compared to frame analyses: 10.31%

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=270/2,,q=7.2 kN/m2

SM, SM1

(Awerage-compute) .
% 652e405 Min: -2.783e+005
+3.119e+05
+2.585e+05
+2.050e+05
+1.516e+05
+9.814e+04
+4.470e+04
-8.740e+03
-5.218e+04
-1.156e+05
-1.691e+05%
-2.225e+05
-2.759e+05

Max: +3.653e+05
MNode: FRAME.7
Min: -2.759e+05
MNode: FRAME. 109

Step: Vehicle_ Moment_Characteristic, Load Group
SM1, Max, Associated Field Qutput
2 x Primary War: SM, SM1
Deformed War: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 4,2 %

Difference in corner moment compared to frame analyses: 3,8%



H=6m, L= 18m

2D Frame Analyses:

Traffic lane 1, w=3m, No influence of transverse load distribution

Q=270/3m = 90kN/m

-488.9

-488.9
?

550.7

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=180/2 kN, g=2.5 kN/m2

SM, SM1

(Average-compute)
+4.822e+05
+4.068e+05
+3.314e+05
+2.560e+05
+1.806e+05
+1.052e+05
+2.383e+04
-4.557e+04
-1.210e+05
-1.264e+05
-2.718e+05
-3.472e+05
-4.225e+05

Max: +4.822e+05
MNode: FRAME. 7

Min: -4.225e+05
Mode: FRAME.23

Step: Wehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Output
z ¥ Primary War: SM, SM1
Deformed ‘ar: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 15,8 %

Difference in corner moment compared to frame analyses: 15.7%



Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, q=7.2 kN/m2

Traffic lane 2, w=3m, Q=270/2,, g=7.2 kN/m2

Min: -5.19&e+005

SM, SM1

(Average-compute)
+5.733e+05
+4.5830e+05
+3.926e+05
+3.023e+05
+2.120e+05
+1.217e+05
+3.133e+04
-5.900e+04
-1.493e+05
-2.397e+05
-3.300e+05
-4.203e+05
-5.106e4+05

Max: +5.733e+05
Mode: FRAME.B
Mirm: -5, 1086405
Mode: FRAME, 1307

Step: Wehicle Moment Characteristic, Load Group
SM1, Max, Associated Field Qutput
z % Primary War: SM, SML
Deformed War: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 2.6 %

Difference in corner moment compared to frame analyses: 4.4%

H=6m, L=24m

2D Frame Analyses:

Traffic lane 1, w=3m, No influence of transverse load distribution
Q=270/3m = 90kN/m

-757.8

757.8

-757.8

?

786.6

Og




Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, q=7.2 kN/m2

Traffic lane 2, w=3m, Q=180/2 kN, q=2.5 kN/m2

SM, M1

(Average-compute)
+6.576e+05
+5.496e+05
+4.415e+05
+3.335e+05
+2.254e+05
+1.174e+05
+8.322e+03
-9.873e+04
-2.068e+05
-2.148e+05
-4.229e+05
-5.309e+05
-5.390e+05

Max: +6.575e+05
Node: FRAME.7

Min: -5.3%30e+05
Node: FRAME.25

Step: Vehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Output
z ® Primary “ar: SM, SM1
Deformed Var: not set  Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 19,6%

Difference in corner moment compared to frame analyses: 18.6%

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=270/2,, q=7.2 kN/m2

SM, SM1 Min: -7.947e+005

(Average-compute)
+8.007e+05
+6.675e+05
+5.343e+05
+4.011e+05
+2.679e+05
+1.347e+05
+1.515e+03
-1.317e+05
-2.649e+05
-3.281e+05
-5.313e+05
-5.645e+05
-7.977e+05

Max: +8.007e+05
MNode: FRAME.7

Min: -7.977e+05
Node: FRAME. 150

Step: Wehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Output
z x Primary ar: M, Sm1
Deformed wvar: not set  Deformation Scale Factor: not set



Difference field moment compared to frame analyses: 1,7%

Difference in corner moment compared to frame analyses: 5,2%

H=4m, L=24m
2D Frame Analyses:
Traffic lane 1, w=3m, No influence of transverse load distribution

Q=270/3m = 90kN/m

-195.5

-195.5

7489

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=180/2 kN, g=2.5 kN/m2

SM, SM1

(Average-compute)
+6.2868+05
+5.203e+05
+4.120e+05
+3.037e+05
+1.954e+05
+B.705e+04
-2.126e+04
-1.296e+05
-2.37%9e+05
-3.462e+05
-4.545e+05
-5.62%e+05
-6.712e+05

Max: +&.286e+05
MNode: FRAME.7
Min: -6.712e+05
Node: FRAME.2S

5771 22+005

Step: Wehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Qutput
z 2 Primary “ar: sM, SM1
Deformed \Var: not set Deformation Scale Factor: not set



Difference field moment compared to frame analyses: 19.1%

Difference in corner moment compared to frame analyses: 18,5%

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=270/2,, q=7.2 kN/m2

SM, SM1

(Average-compute)
+7.631e+05
+&.203e+05
+4.975e+05
+3.647e+05
+2.319e+05
+9.912e+04
-3.36%9:+04
-1.665e+05
-2.993e+05
-4.321e+05
-5.64%:+05
-5.9778+05
-8.305e+05

Max: +7.631e+0%
MNode: FRAME.7

Min: -8.305e+05
Mode: FRAME.144

Min; -8.305e+00%

Step: Wehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Dutput
z X Primary Var: SM, SM1
Deformed War: not set  Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 1,9%

Difference in corner moment compared to frame analyses: 4,4%
H=8m, L=24m

2D Frame Analyses:

Traffic lane 1, w=3m, No influence of transverse load distribution

Q=270/3m = 90kN/m



-7234

-723.4

821.0

=

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, g=7.2 kN/m2

Traffic lane 2, w=3m, Q=180/2 kN, g=2.5 kN/m2

SM, SM1

(Average-compute)
+6.843e+05
+5.764e+05
+4.5686e+05
+3.607e+05
+2.528e+05
+1.450e+05
+3.711e+04
-7.075e+04
-1.786e+05
-2.865e+05
-3.943e+05
-5.022e+05
-6.101e+05

Max: +6.643e+05
Node: FRAME.7
Min: -6.101e+05
Node: FRAME.Z5

Step: Vehicle_ Moment_Characteristic, Load Group
SM1, Max, Associated Field Qutput
z B Frimary War: SM, SM1
Ceformed Var: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 20%

Difference in corner moment compared to frame analyses: 18,6%

Brigade plus:
Traffic lane 1, w=3m, Q=270/2 kN, q=7.2 kN/m2

Traffic lane 2, w=3m, Q=270/2,, 9=7.2 kN/m2




Min, -7.6&8e+005

SM, SM1

(Average-computs)
+5.353e+05
+7.018e+05
+5.683e+05
+4.348e+05
+3.013e+05
+1.678&+05
+3.425e+04
-9.925e+04
-2.328e+05
-3.663e+05
-4,998e+05
-5.333e+05
-7.668e+05

Max: +8.353e+05
Mode: FRAME 7

Min: -7.668e+05
Mode: FRAME 157

Step: Wehicle_Moment_Characteristic, Load Group
SM1, Max, Associated Field Gutput
z X Primary ‘far: Si, SM1
Ceformed ‘ar: not set Deformation Scale Factor: not set

Difference field moment compared to frame analyses: 1,7%

Difference in corner moment compared to frame analyses: 6%
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Analytical expressions for
displacement of frame due to loads
on frame legs
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Expressions for horizontal displacement caused by embankment
load and with fixed boundary conditions to the foundation:
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Expressions for horizontal displacement caused by counteracting
earth pressure and with fixed boundary conditions to the

foundation:
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Expressions for horizontal displacement caused by braking force
and with fixed boundary conditions to the foundation:
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Expressions for horizontal displacement caused by braking force
and with pinned boundary conditions to the foundation:
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G 2 2 1 1 )
f 12EN 1, A1 L2 (24,1, H® + 34,1 LH? + 3L 1,1)
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Calculations of loads — Characteristic values

Self-weight: The self-weight of the bridges has been calculated assuming a unit weight of the
reinforced concrete.
pC = 25 kN / m3

By multiplying the unit-weight with the cross-sectional area of the member the self-weight is
obtained as a line load.

G = t*Bx*pc [kN/m]
Where ¢ is the thickness parameter (optimization parameter) and B is the width of the bridge.
Earth pressure: The earth pressure has been assumed and calculated with Jaky’s formula.
Earth pressure coefficient at rest:
Ky, = 1 —sin (¢') where ¢’ = 45° (Assumed)
The earth heaviness is defined in the document TSFS 2018:57 11 chap. 8§
(Transportstyrelsen. (2018). TSFS2018:57 — Transportstyrelsens foreskrifter och allmdnna
rad om tilldmpning av eurokoder)
For a width of 6 m, Earth heaviness: y, = 20 kN/m?
Lateral earth pressure:
Gs = Ko * Vs * h(z) [kN/m]
Where h(z) describes the depth (the height of the frame legs).

Pavement: The pavement has been assumed in the analyses and is given as a normal surface
load per unit area.

Apay = 2.72 kN /m?
Surcharge: The surcharge load is calculated with Jaky’s formula for lateral earth pressure.
Qsurn = Ko * qsury = 586 kN/m?  [kN/m?]
Where
Gsurw = 20 kN /m?

Counteracting (passive) earth pressure: The counteracting earth pressure has been
calculated in several steps. First by assuming a magnitude of the earth pressure:

10 mm

Ap = Cys z (1)
H




Where C = 300/600 depending on if the load is considered as favourable/unfavourable.

The displacement of the frame caused by the assumed counteractive earth pressure (6,,) has
either been calculated analytically or numerically. The actual magnitude of the counteracting
earth pressure can be calculated as:

Ap

6surw
Qres = +Ap [kN/m] (2)
10mm
Temperature:
Tnax = 35°C
Tnin = —35°C

Adjusted temperature for concrete:

Traxe = 35+ 2°C
Trnine = —35 +8°C

Casting & hydration:
Ty, =10°C Cast temperature
ATcre = To — Thin,c Temperature difference for contraction
ATcre = Thaxe — To Temperature difference for expansion

AT;o; = ATy — |AT 7| Total temperature difference

Horizontal expansion caused by temperature:

A5T — aCTAZTtOtL [m]

Where L is the span length and a.; the coefficient of thermal expansion of concrete
(1075/°C).

The counteractive earth pressure can be calculated in the same way as for the surcharge load,
with (1) and (2).

Temperature gradient: When the bridge is subjected to a temperature gradient, the curvature
is affected and thus internal restraints in frame corners.

AT, =15°C

ksyrn = 0.7 (SS-EN 1991-1-5)

AT, = -8°C

ksyr. = 1.0 (SS-EN 1991-1-5)
ATyos = ATpkgyy, = 10.5°C (Higher temperature at the surface of the bridge

deck)

AThey = ATckgyr e = —8°C (Lower temperature at the surface of the bridge deck)



Shrinkage: The drying shrinkage has been assumed since the drying shrinkage depends on
the cross-section of the concrete members. The autogenous shrinkage has been calculated
according to EC. The effect of shrinkage has been taken into account by calculating an
equivalent temperature that gives the same effect as the shrinkage.

Ecqa = 2.5%107¢(f,, — 10)
Ecq = 2% 107* (Assumed)

The equivalent temperature due to shrinkage:

Ecat Eca

ATshrinkage = ot

Loads from wing-walls: When considering the wing loads, several load components are to
be taken into account. The loads that acts on the wing walls can be applied as line loads in the
transverse and longitudinal direction of the bridge, a bending moment and a traction caused
by the self-weight of the wing walls.

Ly
| Loy
E i h2 o
1 %0 : ‘ l '
L Wing wall hs Bridge
hy aé E B deck
<
E :/ 7
L,
ho = H—500 mm where H is the height of the frame legs
L,=3m Predefined length of the wing walls
hs = ho — 222
3= M=
L1 =0
LZ =0
hz =0
Normal: Qearth) Qsur
The normal forces can be determined by mathematical operations N
and leldS' «ll;"/ earth) Msur
y Transverse, Q. Z ‘\M "
hilw  hohslw N h2Ly ) Frame leg
Qearth = Kovs —2 1_31 : [kN/m] %
=]
hoLy — Lw(ho=hs) ED Bridge deck
Qsur = KoQsur H : [kN/m] nege e
The forces can be divided in components in the longitudinal and

transverse direction of the bridge, respectively.



V2 V2

Qll,earth = Qeartn P Qll,sur = Qsur Y
V2 V2
QJ_,earth = Qeartn P QJ_,sur = Qsur Y

The bending moment at the connection between the wing wall and the frame legs yields:

2,2 2,2
hoLw_h0h3L\2~+h3Lw

Megren = KoVs 12 16_1 + [kNm/m]
hoLfy _ L§(ho—h3)
Mgy = KoQsur % [kNm/m]

The self-weight of the wing walls give rise to a line traction.

ty = 300 mm Assumed thickness of wing walls

L -
hoLW—4W(h‘2’ hs)

G = petu =" [k /m]
Vertical traffic load — LM1:

LM1 follows the requirements stated in EC. (EN 1991-2 Eurocode 1: Actions on structures - Part
2. Traffic loads on bridges. CEN European Committee for Standardization. Brussels)

Q:x = 300 kN (Characteristic concentrated load per axle in lane 1, i.e., 150 kN
per point load)

Qur = 200 kN (Characteristic concentrated load per axle in lane 2, i.e., 100 kN
per point load)

Gix = 9 kN/m? (Characteristic uniformly distributed load in lane 1)

Gk = 2.5 kN/m? (Characteristic uniformly distributed load in lane 2)

g1 = Qg2 = 0.9 (Adaption factor for axle-loads)

ag = 0.8 (Adaption factor for qq;)

g2 = 1.0 (Adaption factor for q,)

Design traffic load for load model 1 (LM1):

Q4 = anTQlk = 135kN (Design concentrated load per wheel)
Qrq = anTsz =90 kN (Design concentrated load per wheel)
Gra = Aq1G1x = 7.2 kN/m? (Design uniformly distributed load in lane 1)

G2a = ®q2q2x = 2.5 kN/m? (Design uniformly distributed load in lane 2)



Vertical traffic load — Vehicle model I:

The vertical traffic load that corresponds to vehicle model I is given by the Swedish transport
Agency (Transportstyrelsen). Transportstyrelsen. (2018). TSFS 2018:57 -Transportstyrelsens
foreskrifter och allmdnna rdd om tilldmpning av eurokoder.

B, = 300 kN (Characteristic concentrated axle load)
qx = 5 kN/m? (Characteristic concentrated axle load)
ap = 1.25 (Dynamic amplification factor)

agr = 1.0 (Adaption factor for By in lane 1)

g = 1.0 (Adaption factor for gy in lane 1)

ag, = 0.8 (Adaption factor for By in lane 2)

g, = 0.8 (Adaption factor for g in lane 2)

Design traffic load for vehicle model I:

Big = %DB" = 187.5 kN (Design concentrated load per wheel in lane 1)
Byy = %DB" = 150 kN (Design concentrated load per wheel in lane 2)
Gra = Ag1Qpqy = 6.25 kN/m? (Design uniformly distributed load in lane 1)
G2a = ®Aq2Qg2qx = 5 kN/m? (Design uniformly distributed load in lane 2)

Fatigue model: In the design checks for fatigue, the fatigue model 3 is used ((EN 1991-2
Eurocode 1: Actions on structures - Part 2: Traffic loads on bridges. CEN European Committee for
Standardization. Brussels))

FAT = @ =60 kN (Characteristic concentrated load for fatigue design)

According to the Swedish national annex, NN2.1 (101) in SS-EN 1992-2, the characteristic
value of the fatigue loads should be multiplied by a factor of 1.4. This should be done for
fatigue checks regarding the damage equivalent stress range of reinforcement.

Qpar = 1.4 %60 kKN = 84 kN

Braking force: The axle-loads from vehicles should be considered as a surface traction acting
over the bridge deck. The uniformly distributed loads from the vehicle models acts also as a
surface traction over the bridge deck.

The braking force is calculated according to SS-EN-1991-2. 8((EN 1991-2 Eurocode 1: Actions
on structures - Part 2: Traffic loads on bridges. CEN European Committee for Standardization.
Brussels))

Qi1x = 300 kN (Characteristic value of axle-load)

Gix = 9 kN/m? (Characteristic uniformly distributed load)

g =09 (Adaption factor for axle-loads)

g = 0.8 (Adaption factor for uniformly distributed load)

Apg =bL=6m=x*1L (Surface area of bridge deck, [m?])



ofak Apd Apd

qbfu,k = 0.1aq1q1k = 072 kN/mZ

@Q1180 KN _ 162 kN

Qik,min = =
min Apd Apd
__ 900 kN
QZk,max - A
bd

qm = mMax (Qbfu,k , CIlk,min)

qq = min (g, , CIlk,max)

(Surface traction from axle-loads [kN/m?])

(Surface traction from uniformly distributed load,
[kN/m?])

(Minimum value of braking force, [kN/m?])

(Maximum value of braking force, [kN/m?])



Calculations of loads — LLoad Combinations

The load combination and following combination factors follows the recommendation given
by EC (EN 1991-1: Eurocode 1: Actions on structures — General actions — Densities, self-
weight, imposed loads for buildings. CEN European Committee for Standardization. Brussels. But
also recommendations from Swedish Transport Agency (TSFS 2018:57) and from Swedish .
Transport Administration (TDOK 2016:0204).

Qx Characteristic value
Yok Combined value

P10k Frequent value

Y0k Quasi-permanent value

Permanent loads — SUP/INF values for permanent loads:

Load SUP INF
Self-weight 1.0 1.0
Pavement 1.1 0.9
Earth Pressure 1.0 1.0
Shrinkage 1.0 1.0
Differential settlements 1.0 1.0

Variable loads — combination factor 1y for variable loads:

Load Yy Y, Y,
LM1 — Axle loads 0.75 0.75 0.0
LM1 — Uniformly distributed load 0.4 0.4 0.0
Vehicle model I 0.75 0.75 0.0
Surcharge 0.75 0.75 0.0
Temperature 0.6 0.6 0.5

Acceleration/braking 0.75 0.75 0.0



I

Design Checks

XXXIIT



Design checks

This appendix presents the design checks that has been performed in the analyses.
Material parameters and design checks are defined according to SS — EN 1992-1-1 and SS —

EN 1992-2.

Material parameters:

fck = 35 MPCI,
fetm = 3.2 MPa
fyk =500 MPa
E.n = 34 GPa
E; = 200 GPa
Y. = 1.5
a..=1.0
g =3.5%1073
_ _ _Jfek
v=06 (1 250MPa)
0.18
Crd,c = V_c

k=1+ /?52.0

3
Vmin = 0.035kz,/f.x

aCW
v, = 0.6
0 =218°

Aogsx = 162.5 MPa

bw

u

Characteristic concrete compressive strength (C35/45), SS-EN
1992-1-1 tab. 3.1

Mean concrete tensile strength (C35/45), SS-EN 1992-1-1 tab. 3.1
Characteristic yield stress of reinforcement K500C-T
Young’s modulus for concrete (C35/45), SS-EN 1992-1-1

tab. 3.1

Young’s modulus for reinforcing steel K550C-T

Partial factor for concrete, SS-EN 1992-1-1 2.4.2.4 tab. 2.IN
Partial factor for reinforcing steel, SS-EN 1992-1-1 2.4.2.4
tab. 2.IN

Partial factor for fatigue loading, SS-EN 1991-2 Appendix D2
Partial factor for fatigue strength, SS-EN 1993-1-9 tab. 3.1

Factor that takes strength reduction due to long term loading of
concrete into account, SS-EN 1992-1-1 3.1.6(1)

Ultimate strain of concrete in compression [-], SS-EN 1992-1-1
tab. 3.1

Coefficient for mean concrete compressive strength [-], SS-EN
1992-1-16.2.2

Strength reduction factor for concrete cracked in shear [-] with f
in [MPa], SS-EN

National parameter for shear design, recommended value [-], SS-
EN 1992-1-16.2.2

National parameter for shear design [-], with d in [mm], SS-EN
1992-1-16.2.2

National parameter for shear design, SS-EN 1992-1-1 6.2.2 (6.3N)
Factor that takes initial stress state in concrete into account [-],
SS-EN 1992-1-1 6.2.3(3)

For f., < 60 MPa, SS-EN 1992-1-1 6.2.3 (6.10aN)

Shear failure angle

Resisting stress range at N number of cycles, SS-EN 1992-1-1
tab. 6.3N

Bending diameter of stirrups [mm]

Diameter of stirrups [m]

Deflection of bridge deck in mid-span [m]

Creep factor [-]



Ecm

Ecmers = Tre Effective Young’s modulus for concrete, SS-EN
1992-1-1 (7.20)

fea = acc% = 23.33 MPa Design concrete strength, SS-EN 1992-1-1 3.1.6(1)

fya = ];Lsk = 435 MPa Design yield strength of reinforcing steel, SS-EN
1992-1-13.2.7 (2)a

Esyad = ];Lsd =2175%1073 Yield strain of reinforcing steel [-]

Bending moment:

Height of compressive zone, assuming yielding of tensile reinforcement:

_d d\* Ngge |Mg,l
ST j (35) *aras~ors

Where:

d Effective height [m]

b Width of the bridge [m]

e=d-— % Eccentricity, reinforcement — gross centre of gravity [m]
Ngq4 Design normal force [N]

Mgy Design bending moment [Nm]

Ag Cross-sectional area of tensile reinforcement [m?]
a=0.81 Stress block factor [-]

B =0.416 Stress block factor [-]

Check if reinforcement ends up in compressive zone of the cross-section:

2

. d ) )

if: (—) + Nege _ IMgal < 0.0 — Increase thickness of cross-section
2B afcaP afcaP

else:

d (d )2 4 Ngge  [Mgql
X, =—— R — —_
© 2B 2B/ afcaB  afeaP
Check if reinforcement is yielding in layer two:

da—X¢

& = Ece Strain in reinforcement, layer two

Xc
if: &g = &5y

Fy = af.qbx. + Nggq Design tensile force that needs to be taken by the
tensile reinforcement [N]



F, = Asfya Reinforcement tensile capacity [N]

Uy = i—j Utilization ratio, bending moment [-]
if: 0.90 < py < 0.97 = return t, else: tpp, = t(%

If the tensile reinforcement has not reached yielding, the thickness of the cross-section is
updated manually: t,,., =t + 10 mm

Shear check without shear reinforcement:

Vea Design shear force [N]

A . .
P = ﬁ < 0.02 Reinforcement amount as a function of the cross-

sectional area, with A as the tensile reinforcement,
SS-EN 1992-1-16.2.2 (6.2b)

Ocp = % <0.2f.4 Compressive stress from the design normal force,
SS-EN 1992-1-16.2.2 (6.2b)

Shear capacity without shear reinforcement (shear sliding failure), SS-EN 1992-1-1 6.2.2
(6.2a):

1
VRd,cs = (Crd,ck(looplfck)3 - klacp) bd
With a minimum capacity of (SS-EN 1992-1-1 6.2.2 (6.2b)):

VRd,cs = (vmin - k10'cp)bd

Shear capacity without shear reinforcement (web shear compression failure), SS-EN1992-1-1

6.2.2(6) (6.5):
Vra,ew = 0.5vf.qbd
Design shear resistance without shear reinforcement:
Vra,e = min (Vra,cs , Vra,cw)
Uy Utilization ratio, shear [-]

if: 0.90 < uy < 0.97 > return t, else: tyey, = t%



Shear check with shear reinforcement:
SS-EN1992-1-1 6.2.3(3) (6.11.aN, 6.11.bN, 6.11.cN)

_ 142 :
Ao =1+ if 0 < 0.y <0.25fc4
cd
Ay = 1.25 if 0.25f,q < 0cp < 0.5f1g
0,
Ay = 2.5 (1 - f—cz) if 0.5f,q < 0p < 1.0foq
C

Shear capacity with shear reinforcement:
(SS-EN1992-1-1 6.2.3 (6.8), (6.9))

ASW
VRas = TzO.8fywdcot )

Vv _ Aew bz vlf cd
Ramax = ¢4t(6) + tan(0)
Where:
Agy Cross-sectional area of shear reinforcement [m?]
s Spacing (longitudinally) of shear reinforcement [m]
z Internal lever arm [m]

Vrq = min (Vrd,s , VRd,max)

if: 0.90 < py < 0.97 - return t, else: t,p, = to%
Fatigue — Shear reinforcement:
The method for fatigue design of shear reinforcement follows the recommendations given by
the Swedish Concrete Association in the handbook to Eurocode 2 (Volume 2), 2012.

When performing the fatigue check of shear reinforcement, one look at the stress range given
as the difference between V4, and Vyp,in. Vinax 18 the upper design shear force for fatigue

loading and V,,,;,, is the corresponding lower shear force.

Vmax - Vmin

AUV =
A
% z cot(0) rqr

Where

cot(8) rqe = +/cot (6)

The stress range should be reduced due to bending of the stirrups.

D
=035+ 0.026 7~ = Adsirea = ENTRg

w

Ao o . . . .
Uy par = m utilization ratio, fatigue of shear reinforcement

Ymf



if: 0.90 < iy par < 0.97 > return t, else: tyey = t-

0.94
Deflection of bridge deck in mid-span:
L
Umax = m
Where:
L Span length of the bridge deck
oy = = utilization ratio, deflection
if: 0.90 < u, <0.97 > return t, else: t,,, = ’ (23(‘;:)

Fatigue — Bending:

When performing the fatigue check due to bending of the member, one have to investigate the
part of the cross-section subjected to tension and compression, respectively.

The stresses are calculated with Navier’s formula, and the stress range is of interest, i.e., the
difference in UFAT,max and UFAT,min .

NFAT,max + MFAT,max

OFAT max (2) =

AII IFAT,max
NFAT min MFAT min
OFaT,min (Z) = 2 + i
11 FAT ,min
Where
z Distance from the centre of gravity of the cross-
section to the investigated fiber
A =bd+ - Bs A Transformed concrete section, state two [m?]
cmeff
Mg ar max » Near max Is the upper design bending moment and normal
force for fatigue design, respectively
Mg at min » NEaT min Is the lower design bending moment and normal
force for fatigue design, respectively
Ipar max » IFaT min Is the second moment of area for upper and lower

design forces, respectively

Factors for fatigue design:



A = 1.22
NObS = 05 * 106

kz =9.0
Q =0.82
Nyeqrs = 120

1
— Nobs )k_z
Asz = Q (2*106
1
A — (Nyears)kz
s3 100

AS4 = 1.0

SS-EN 1992-1-1 tab 6.3(n)

Number of heavy vehicles per year, SS-EN 1991-2

tab 4.5(n)

SS-EN 1992-1-1 tab 6.3(n)
SS-EN 1992-2 tab NN.1
Design life of the bridge [years]

SS-EN 1992-1-1 (NN.103)

SS-EN 1992-2 (NN.103)

SS-EN 1992-2 (NN.105)
SS-EN 1991-2 Appendix B(3)

As = pfatlsllszlﬁﬂ-szl

ki, = 0.85 SS-EN 1992-2, 6.8.7 (101)
s =025 SS-EN 1992-1-1, 3.1.2(6)
to =90 Assumed time with fatigue loading [days]
28
B.. = oS0 7) SS-EN 1992-1-1, 3.1.2(6)
k
feaear = kicBecfea (1.0 = L) SS-EN 1992 (6.76)

Equivalent stress range for fatigue check of cross-section in tension:

AO-t,equ = ﬂ-S(O-FAT,max - UFAT,min)

A0t equ

UMtFAT = “Bong utilization ratio, fatigue due to bending stresses
Ymf
(tension)
. 3((t3
if: 0.90 < Upepar < 0.97 - return ¢, else: tpe, = (%)
Check for cross-section in compression:
o, 0.450, i
SR < max <0.5 +—E 0.9>
fea,par feapar
Oc,max

Unmc Far = utilization ratio, fatigue due to bending

max (0.5fcq,raT+0450¢,min ,0.9f ca,FAT)
stresses (compression)

t3HMc,FAT)

if: 0.90 < nuMC,FAT < 0.97 - return t, else: tnew = : ( 0.94



Crack width:
The check of crack width is checked in all sections where part of the cross-section is
subjected to tensile stresses, according to SS-EN 1992-1-1 (7.3.4).

Factors for crack width design:

k., =04 SS-EN1992-1-17.3.3(2)

k. =08 SS-EN1992-1-17.3.3(2)

k,. =0.5 SS-EN1992-1-17.3.3(3)

k3 =7D Where D is the diameter of the tensile
reinforcement, SS-EN1992-1-1
7.3.3(3)Note

Peff = Ai Where A,ff 1s the effective area of the

eff

cross-section. SS-EN1992-1-17.3.4
(7.10)

feterr = Max (feem , (1.6 — ) form Where t is the optimization parameter

(thickness) of the cross-section.

D
Sr,max = Cc* Cyg * Ky * ke * kg *

p Maximum allowed crack spacing, SS-
eff

EN1992-1-1 7.3.4 (7.11)

fct,eff>< Es >
-k 1+
(U t( Peff Eemerr 7)) 060

Es " Eg

Esm,em = Max Where o is the applied stress, SS-

EN1992-1-17.3.4(7.9)

Wi = EsmemSrmax Crack width, SS-EN1992-1-1 7.3.4
(7.8)

The maximum allowed crack width depends on the exposure class of the section.
In this thesis, following values of the maximum allowed crack width has been used:
Mid-span of bridge deck: w4, = 0.3 mm

Frame corner — (End of haunch (bridge deck)): wy,q0 = 0.2 mm

Frame corner — (Top of frame leg): w4, = 0.2 mm

Frame leg — mid: w4, = 0.3 mm

Frame leg — at bottom slab: w,,,,,, = 0.3 mm



Uy =

Wi

Wmax

if:

utilization ratio, crack width

090 < u, <0.97 > return t, else: te = t:ﬁ
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Table F.1  Thicknesses and utilization ratios, H= 4m, Pinned BC

Lim] | tsImm] | n[%] | tsylmm] | n[%] | tezlmm] | n[%] | trmia | N (%] | tpr[mm] | n[%]
[mm]
6 300 29.4 | 800 6.6 300 56.3 | 300 |40.0 300 22.0
(M) (M) (V) (FAT) (V)
7 300 37.8 | 800 7.7 300 63.1 | 300 |25.7 300 24.2
(M) (M) (V) (FAT) (V)
8 320 411 | 820 8.8 300 69.5 | 300 |43.8 300 27.2
(M) (M) (V) (V) (V)
9 330 471 | 830 9.9 300 75.8 | 300 | 485 300 33.9
(M) (M) (V) (V) (V)
10 350 52.2 | 850 10.7 300 80.3 | 300 |51.8 300 36.1
(M) (M) (V) (V) (V)
11 370 55.9 | 870 11.5 300 85.0 | 300 |56.2 300 39.0
(M) (M) (V) (V) (V)
12 390 58.2 | 890 12.7 300 92.5 | 300 |62.7 300 43.2
(M) (M) (V) (V) (V)
13 380 57.3 | 480 47.2 420 92.5 | 360 | 64.2 300 54.3
(M) (M) (V) (V) (V)
14 390 59.2 | 490 53.0 460 94.0 | 380 |68.5 300 61.7
(M) (M) (V) (V) (V)
16 430 66.4 | 530 68.9 580 96.1 | 440 | 80.8 300 80.2
(M) (M) (V) (V) (V)

M = Bending moment, M* = Bending moment, yielding of reinforcement in both layers,

FAT = Fatigue, V = Shear force



Table F.2 Thicknesses and utilization ratios, H= 6m, Pinned BC

Lim] | tsImm] | n[%] | tsylmm] | n[%] | tezlmm] | n[%] | trmia | N (%] | tpr[mm] | n[%]
[mm]
6 300 233 | 800 8.8 300 79.9 | 300 |33.9 300 37.4
(M) (M) (V) (V) (V)
7 300 33.2 | 800 9.8 300 75.6 | 300 |35.7 300 37.8
(M) (M) (V) (V) (V)
8 310 40.1 | 810 10.7 300 82.1 [300 |388 300 38.1
(M) (M) (V) (V) (V)
9 330 46.4 | 830 11.0 300 84.0 | 300 |41.0 300 38.5
(M) (M) (V) (V) (V)
10 350 50.2 | 850 12.1 300 89.9 |300 |44.5 300 39.0
(M) (M) (V) (V) (V)
11 370 56.0 | 870 12.3 300 91.8 | 300 |46.6 300 39.5
(M) (M) (V) (V) (V)
12 380 58.0 | 880 14.4 330 919 |330 |47.1 330 28.8
(M) (M) (V) (V) (V)
13 390 58.9 | 490 46.0 400 92.3 | 350 |489 300 35.1
(M) (M) (V) (V) (V)
14 400 61.8 | 500 51.0 430 92.6 | 365 |51.7 300 38.1
(M) (M) (V) (V) (V)
16 440 70.1 | 540 66.4 530 94.0 | 415 |61.4 300 43.3
(M) (M) (V) (V) (V)
18 460 76.0 | 560 80.3 620 95.1 | 460 | 67.9 300 55.6
(M) (M) (V) (V) (V)
20 480 76.6 | 590 93.5 740 95.4 | 520 |74.0 300 72.0
(M) (M) (V) (V) (V)
22 490 80.8 | 670 94.3 880 91.5 | 590 | 82.0 300 77.3
(M) (M) (V) (V) (V)
24 500 81.3 | 770 91.1 980 89.3 | 660 | 92.5 340 96.6
(M) (M) (V) (V) (V)

M = Bending moment, M* = Bending moment, yielding of reinforcement in both layers,

FAT = Fatigue, V = Shear force




Table F.3  Thicknesses and utilization ratios, H= 8m, Pinned BC

Lim] | tsImm] | n[%] | tsylmm] | n[%] | tezlmm] | n[%] | trmia | N (%] | tpr[mm] | n[%]
[mm]
6 300 9.4 800 13.5 380 92.1 |380 |[29.9 380 38.6
(M) (M) (V) (V) (V)
7 300 18.4 | 800 14.3 380 943 |380 |29.9 380 39.5
(M) (M) (V) (V) (V)
8 300 38.8 | 800 15.1 390 94.4 | 390 |30.2 390 39.7
(M) (M) (V) (V) (V)
9 310 35.8 | 810 16.0 400 94.2 | 400 | 30.4 400 39.4
(M) (M) (V) (V) (V)
10 320 429 | 820 17.1 410 94.6 | 410 |32.0 410 39.1
(M) (M) (V) (V) (V)
11 340 46.7 | 840 18.0 430 91.9 |430 |32.2 430 36.9
(M) (M) (V) (V) (V)
12 360 49.2 | 860 19.1 450 91.7 | 450 |33.1 450 29.4
(M) (M) (V) (V) (V)
13 360 50.0 | 460 73.4 530 91.6 | 415 |35.0 300 32.6
(M) (M) (V) (V) (V)
14 370 53.9 | 480 74.5 560 90.1 | 430 |35.5 300 32.2
(M) (M) (V) (V) (V)
16 420 64.8 | 530 85.6 630 96.8 | 465 | 42.4 300 36.9
(M) (M) (V) (V) (V)
18 440 71.2 | 570 91.2 720 95.9 | 510 | 46.2 300 43.0
(M) (M) (V) (V) (V)
20 460 75.2 | 630 93.0 820 93.4 | 560 |51.0 300 48.2
(M) (M) (V) (V) (V)
22 480 80.7 | 690 94.6 880 93.6 | 590 | 56.7 300 55.6
(M) (M) (V) (V) (V)
24 500 825 | 780 92.5 950 90.0 | 640 | 65.8 300 57.2
(M) (M) (V) (V) (V)
25 510 83.7 |820 93.3 1030 90.0 | 680 | 69.7 300 62.0
(M) (M) (V) (V) (V)

M = Bending moment, M* = Bending moment, yielding of reinforcement in both layers,

FAT = Fatigue, V = Shear force




Table F.4 Thicknesses and utilization ratios, H= 4m, Fixed BC

Lim] | tsImm] | n[%] | tsylmm] | n[%] | tezlmm] | n[%] | trmia | N (%] | tpr[mm] | n[%]
[mm]
6 300 27.7 | 800 5.6 300 60.8 | 300 |46.9 300 49.9
(M) (M) (V) (V) (V)
7 300 35.1 | 800 6.8 300 70.1 | 300 |54.5 300 58.2
(M) (M) (V) (V) (V)
8 310 39.7 | 810 8.1 300 80.9 [300 |63.8 300 66.8
(M) (M) (V) (V) (V)
9 330 422 | 830 9.0 300 89.2 | 300 |71.1 300 74.6
(M) (M) (V) (V) (V)
10 340 46.1 | 840 10.6 330 94.4 | 330 |76.0 330 75.5
(M) (M) (V) (V) (V)
11 350 49.6 | 850 12.0 370 96.0 | 370 | 77.8 370 88.4
(M) (M) (V) (V) (V)
12 360 50.9 | 860 13.3 440 94.7 | 440 |77.0 440 69.8
(M) (M) (V) (V) (V)
13 370 48.3 | 470 54.7 560 91.2 | 450 | 80.8 340 21.5
(M) (M) (V) (V) (M)
14 370 53.2 | 470 63.9 610 93.0 | 480 | 84.1 350 25.9
(M) (M) (V) (V) (M)
16 410 57.4 | 530 84.2 1070 96.3 | 805 |87.3 540 24.9
(M) (M) (V) (V) (M)

M = Bending moment, M* = Bending moment, yielding of reinforcement in both layers,

FAT = Fatigue, V = Shear force




Table F.5 Thicknesses and utilization ratios, H= 6m, Fixed BC

Lim] | tsImm] | n[%] | tsylmm] | n[%] | tezlmm] | n[%] | trmia | N (%] | tpr[mm] | n[%]
[mm]
6 300 26.2 | 800 7.6 300 55.3 | 300 |25.7 300 45.8
(M) (M) (V) (V) (V)
7 300 35.2 | 800 8.4 300 59.0 | 300 |29.7 300 45.8
(M) (M) (V) (V) (V)
8 310 410 | 810 9.7 300 68.1 | 300 |35.2 300 44.7
(M) (M) (V) (V) (V)
9 330 46.4 | 830 11.2 300 72.0 | 300 |39.2 300 43.7
(M) (M) (V) (V) (V)
10 350 49.1 | 850 11.4 300 80.4 | 300 |45.2 300 41.8
(M) (M) (V) (V) (V)
11 370 54.3 | 870 11.7 300 84.5 | 300 |49.4 300 43.6
(M) (M) (V) (V) (V)
12 380 58.8 | 880 13.3 300 94.2 | 300 |56.5 300 52.2
(M) (M) (V) (V) (V)
13 390 55.6 | 490 45.3 400 93.5 | 350 |57.0 300 56.0
(M) (M) (V) (V) (V)
14 390 58.4 | 490 54.1 450 92.8 | 375 | 60.7 300 63.6
(M) (M) (V) (V) (V)
16 420 66.6 | 520 73.6 580 94.6 | 450 |71.1 320 34.6
(M) (M) (V) (V) (M)
18 440 71.1 | 540 89.7 700 96.5 | 530 |76.1 94.0 55.6
(M) (M) (V) (V) (V)
20 460 70.7 | 600 94.4 920 96.2 | 695 |81.4 460 91.4
(M) (M) (V) (V) (V)
22 480 709 | 680 94.2 1210 91.9 | 870 | 90.5 530 92.2
(M) (M) (V) (V) (V)
24 490 713 | 770 9.4 1600 98.2 | 1090 | 98.5 580 23.3
(M) (M) (V) (V) (M)

M = Bending moment, M* = Bending moment, yielding of reinforcement in both layers,

FAT = Fatigue, V = Shear force




Table F.6 Thicknesses and utilization ratios, H= 8m, Fixed BC

Lim] | tsImm] | n[%] | tsylmm] | n[%] | tezlmm] | n[%] | trmia | N (%] | tpr[mm] | n[%]
[mm]
6 300 17.9 | 800 10.9 390 61.2 | 390 |16.6 390 57.5
(M) (M) (V) (V) (M*)
7 300 26.6 | 800 11.7 390 60.7 | 390 |16.8 390 57.9
(M) (M) (V) (V) (M)
8 300 35.0 | 800 13.2 390 68.0 | 390 |16.6 390 57.8
(M) (M) (V) (V) (M*)
9 320 31.9 | 820 14.1 390 71.4 |390 |17.8 390 57.0
(M) (M) (V) (V) (M*)
10 330 453 | 830 15.3 390 75.5 | 390 |21.1 390 56.3
(M) (M) (V) (V) (M*)
11 350 485 | 850 16.4 390 79.3 390 | 245 390 55.2
(M) (M) (V) (V) (M*)
12 370 51.9 | 870 17.4 390 83.4 [ 390 |28.0 390 53.8
(M) (M) (V) (V) (M*)
13 380 51.4 | 480 56.4 460 89.3 | 415 | 30.7 370 52.2
(M) (M) (V) (V) (M)
14 380 57.9 | 480 63.4 470 92.6 | 420 |34.3 370 50.5
(M) (M) (V) (V) (M)
16 420 66.1 | 520 81.1 590 94.1 | 480 |42.3 370 48.8
(M) (M) (V) (V) (M)
18 440 711 | 550 93.7 700 94.8 | 530 |47.4 360 42.4
(M) (M) (V) (V) (M)
20 460 73.9 | 610 95.3 810 949 |585 |53.8 360 38.4
(M) (M) (V) (V) (M")
22 470 75.3 | 700 92.4 950 91.4 | 655 |61.7 360 28.7
(M) (M) (V) (V) (M")
24 490 78.8 | 780 92.0 990 92.3 | 675 | 725 360 33.2
(M) (M) (V) (V) (M)
25 500 81.2 | 800 96.0 1030 93.0 | 705 | 77.1 380 35.6
(M) (M) (V) (V) (M")

M = Bending moment, M* = Bending moment, yielding of reinforcement in both layers,

FAT = Fatigue, V = Shear force




H

Case Study - Comparison of
Carbon Dioxide Impact

XLIX



Environmental Impact Comparison

General input:

Psteer = 7800 kg/m3

EMCeoncrete = 360 kg/m3

EMCreinforcement = 1.03 * pgreer = 8034 kg/m3

Bridge: L 814

Current design according to SRA

Dimensions:
L=6m
H=6m
B=6m

t; = 350 mm
tgp = 850 mm
try = 400 mm
tr, = 400 mm

Pinned boundary condition

Required Reinforcement:

3 m

2
ASfield = 1.53 10" ?

3 m

2
AScorner = 1.94%107% =
2
Aspig = 1.98%1073 %
Asw= 0mm

nstirrup: 0

Concrete Volume:

V}‘rame,leg =B ((tfl * H) +

VBridge,deck =B * ((ts * L)+ 2%

Vconcrete = V}rame,leg + VBridge,deck

(tra—tr1)*H

(0.6 lager ¢$16 s85)
( 0.8 lager $16 s85)

(0.8 lager ¢16 s85)

number if stirrups in longitudinal direction

>*2



Reinforcement VVolume:

_ L, ASfield L
Vrein,long,field_ Asfield * 5 + 4 * -

- L AScorner | L H AScorner | H
Vrein,long,corner‘ Ascorner * 4 * 2+ 4 * 2 * 2+ Ascorner * " *2+ 4 * n * 2

H ASo i L
VTein,long,mid: Asmid * ; * 2 + mid . 5 2

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid

Total Carbon Dioxide Impact

Carbon impact concrete = Vipncrete * EMCroncrete

Carbon impact reinforcement = Vyeinforcement * EMCreingorcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 14454 kg C0,-eq

Optimized design

Dimensions:
L=6m
H=6m
B=6m
ts =300 mm

tsn = 800 mm
trr = 300 mm
tr, = 300 mm

Pinned boundary condition

Required Reinforcement:

2
ASfierqg = 1.94 %1073 % (0.5 lager ¢20 s88)
2
AScorner =3.07 1073 % (0.8 lager ¢20 s88)

Aspiq = 245%1073 ( 0.7 lager ¢20 s88)



Stirrups : double loop

Asw = 0.0785 = 1073 m? ( 5x¢105s220)
Nstirrup = 2% 5 =10 st number if stirrups in longitudinal direction
Neransverse = 2.5 St number of stirrup-bars in transverse direction/m

Lstirrup = (2 * bstirrup + 2 = (tsh —2x Cc) + 2% llap) * Niransverse

Concrete Volume:

(tpa—tp1)*H
Vframe,leg:B*<(tf1*H)+% *2

Veriage,deck = B * <(ts * L)+ 2% 0'5;0'5)

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

_ L | ASfiela L
Vrein,long,field_ Asfield * E + 4 *

- L AScorner | L H AScorner | H
Vrein,long,corner_ Ascorner * Z * 2+ 4 * Z * 2+ Ascorner * Z *2 + 4 * Z * 2

_ H ASmia L
Vrein,long,mid_ Asmid * E * 2+ * =% 2

— — 2
Vrein,stirrup_ Asw * nstirrups * Lstirrups =0m

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid + Vrein,stirrup

Total Carbon Dioxide Impact

Carbon impact concrete = Vionerete * EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 11648 kg C0O,-eq



Bridge: Y 1283

Current design according to SRA

Dimensions:
L=10m
H=6m
B=6m

ty = 450 mm

tsn = 950 mm
trr = 400 mm
tr, = 400 mm

Pinned boundary condition

Required Reinforcement:

ASpieia = 2931073 (0.8 lager $20 s87.5)

AScomer = 348107 ™ (1.0 lager $20 s87.5)

Asmia = 140107 ™ (0.6 lager $16 $85)

Asw = 0mm

Nstirrup= 0 number if stirrups in longitudinal direction

Concrete Volume:

tep—teq )*H
rametes =3 (g 1) + 2507

VBridge,deck =B * ((ts * L) + 2 x 0.5;0.5>

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

_ L | ASfield L
Vrein,long,field_ Asfield * 2 + 4 *

— L AScorner | L H AScorner [ H
Vrein,long,corner_ Ascorner * 4 * 2+ 4 * 4 * 2+ Ascorner * 4 *2+ 4 * N * 2

ASmia L 5

H
Vrein,long,mid_ Asmid * Py * 2+ 4



Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid

Total Carbon Dioxide Impact
Carbon impact concrete = Vi pncrete * EMCroncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 19918 kg C0,-eq

Optimized design

Dimensions:
L=10m
H=6m
B=6m

ty = 350 mm
tep, = 850 mm
try = 300 mm
tr, = 300 mm

Pinned boundary condition

Required Reinforcement:

ASfierq = 4.23 %1073 % (0.9 lager ¢25 s99)
2

AScorner = 5.5 % 1073 % (1.1 lager ¢25 s99)
2

ASpig = 2.01%1073 % (0.9 lager ¢16 85 )

Stirrups : double loop
Asw = 0.0785 x 1073 m? , 5x ¢10 s220
Ntirrup = 2% 6 = 12 st number if stirrups in longitudinal direction

Neransverse = 2.5 St number of stirrup-bars in transverse direction/m



Lstirrup = (2 * bstirrup + 2= (tsh —2x Cc) + 2 * llap) * Niransverse

Concrete Volume:

(tra—tr1)*H
Virame,leg = B * <(tf1 * H) + % *2

Variage,deck = B * <(ts * L)+ 2% 0.520.5)

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

_ L | ASfiela L
Vrein,long,field_ Asfield * 5 + 4 *

= L AScorner
V‘r'ein,long,corner— ASCOTTLeT * Z * 2 + T

— H ASmia L
Vrein longmia= ASmia * P 2+ —, ¥ 2

Vrein,stirrup= Asw * nstirrups * Lstirrups =0m

As
* 2 + corner

L H
x=*x2+ As * —
P corner * 7 4

2

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid + Vrein,stirrup

Total Carbon Dioxide Impact

Carbon impact concrete = Vioncrete ¥ EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 15201 kg C0,-eq

H
* —% 2
4



Bridge: Z 1060

Current design according to SRA

Dimensions:
L=145m
H=6m
B=6m

ty = 550 mm

tsp = 750 mm
trr = 400 mm
tr, = 500 mm

Pinned boundary condition

Required Reinforcement:

2
ASfierg = 4.06 %1073 %

2
AScorner = 2.77 %1073 %

2
Aspig = 1.38%1073 %
Asw= 0mm
nstirrup: 0

Concrete Volume:

_ (tpo—tre)*H
Vframe,leg =B * <(tfl * H) + %

(0.8 lager ¢25)
(0.6 lager ¢25)

(0.6 lager 16 )

>*2

_ (tsh_ts)*%
VBridge,deck =B * (ts * L) + 2% -

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

L Asgi L
field Lz

Vrein,long,field: Asfield * 2 + 4

Vrein,long,corner_ AScorner

L As
*_*2+M
4 4

number if stirrups in longitudinal direction

L H AScorner | H
*Z*2+ Ascomer*z*2+—*z*2

4



ASmid *E* 2
2

H
Vrein,long,mid_ Asmid * ; * 2+ 4

— - 2
Vrein,stirrup_ Asw * nstirrups * Lstirrups =0m

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid

Total Carbon Dioxide Impact

Carbon impact concrete = Vipncrete * EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreingorcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 30011 kg C0,-eq

Optimized design

Dimensions:
L=145m
H=6m
B=6m

ts =410 mm

tgp, = 510 mm
trr = 300 mm
tr, = 450 mm

Pinned boundary condition

Required Reinforcement:

2
Asfielq =5.57 * 1073 % (1.1 lager ¢25 599 )
2
AScorner =478 %1073 % (1.0 lager ¢25599)
2
ASpig = 1.94 %1073 % (0.5 lager ¢20)

Asw= 0

Nstirrup = 0 number if stirrups in longitudinal direction



Concrete Volume:

(tra—tf1)*H
Uramesen =8+ (g + 1) + 202

(tsh—ts)*=
Veriage,deck = B * <(ts * L)+ 2% %)

Vconcrete = Vframe,leg + VBridge,deck
Reinforcement Volume:

_ L | ASfield L
Vrein,long,field_ Asfield * 5 + 4 *

- L AScorner | L H AScorner | H
Vrein,long,corner_ Ascorner * 4 * 2+ 4 * 2 * 2+ Ascorner * " *2 + 4 * n * 2

H ASmi L
Vrein,long,mid: ASpmiaq * by * 2+ %ld * > * 2

— — 2
Vrein,stirrup_ Asw * nstirrups * Lstirrups =0m

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid

Total Carbon Dioxide Impact

Carbon impact concrete = Vipncrete * EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 23490 kg C0,-eq



Bridge: Y 1217

Current design according to SRA

Dimensions:
L=18m
H=6m
B=6m
t; =730 mm

tsn = 930 mm
trr = 400 mm
tr, = 500 mm

Pinned boundary condition

Required Reinforcement:

2

ASfieg = 6.15%1073 %
2
AScorner = 2.75 %1073 %

2
ASpig = 2.34%1073 %
Asw = 0mm

nstirrup: 0

Concrete Volume:

_ (tpo—tre)*H
Vframe,leg =B * <(tfl * H) + %

_ (tsh_ts)*%
VBridge,deck =B * (ts * L) + 2% -

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

L Asgi L
field Lz

Vrein,long,field: Asfield * 2 + 4

Vrein,long,corner_ AScorner

L As
*_*2+M
4 4

(1.7 lager $20 s87.5)
(0.7 lager $20 s87.5)

(0.6 lager $20 s87.5)

number if stirrups in longitudinal direction

L H AScorner | H
*Z*2+ Ascomer*z*2+—*z*2

4



H
Vrein,long,mid_ Asmid * ; * 2+

ASmid *E* 2
2

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid

Total Carbon Dioxide Impact

Carbon impact concrete = Vipncrete * EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 42200 kg C0,-eq

Optimized design

Dimensions:
L=18m
H=6m
B=6m
ts =460 mm

tep = 560 mm
trr = 300 mm
tr, = 620 mm

Pinned boundary condition

Required Reinforcement:

3 m

2
ASfiela =7.31 %1073 =

3 m

2
AScorner =7.93 %1073 =

3 m?

Asmia = 3.08%107% =

Asw = 0.0785 * 1073 m?

Ntirrup = 2% 9 = 18 st

(1.5 lager ¢25599)
(1.6 lager ¢25599)

(0.6 lager ¢25s99)

(5x ¢10 5250 )

number if stirrups in longitudinal direction



Neransverse = 2.5 St number of stirrup-bars in transverse direction/m

Lstirrup = (2 * bstirrup + 2= (tsh —2x Cc) + 2 * llap) * Niransverse

Concrete Volume:

(tpa—tp1)*H
Virame,leg = B * <(tf1 * H) + % *2

(tsh—ts)*
Veriage,deck = B * <(ts * L)+ 2% %)

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

_ L | ASfiela L
Vrein,long,field_ Asfield * E + 4 *=

x Ly 4 AScorner

— L H AScorner | H
Vrein,long,corner_ Ascorner * Z * 2+ Ascorner * Z * 2+ T * Z * 2
_ H ASmia L
Vrein,long,mid_ Asmid * E * 2+ 4 * E * 2

— — 2
Vrein,stirrup_ Asw * nstirrups * Lstirrups =0m

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid + Vrein,stirrup

Total Carbon Dioxide Impact

Carbon impact concrete = Vipnerete * EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 32013 kg C0,-eq



Bridge: A

Current design

Dimensions:
L=115m
H =8.363m
B=6m

ty = 600 mm

tsn = 1100 mm
try = 550 mm
tr, = 550 mm

Pinned boundary condition

Used Reinforcement:
2
ASfieg = 2.86 %1073 %
ASeormer = 3491073 ™
m
2
Aspig = 1.75%1073 %

2
Asqp = 112%1073 %

Asw= 0mm

nstirrup: 0 st

Concrete Volume:

($205110)
($25 s110)
($20 s110)

($165180)

tro—trq J*H
Vf‘rame,leg = B * <(tfl * H) + %) * 2

VBridge,deck =B * ((ts * L)+ 2%

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement Volume:

L

Vrein,long,field: Asfield * 2 +

number if stirrups in longitudinal direction

- L AScorner | L H AScorner | H
Vrein,long,corner_ Ascorner * Z * 2 + 4 * Z * 2 + Ascorner * Z * 2 + * Z * 2

4



H
Vrein,long,mid_ Asmid * ; * 2+

ASmid *E* 2
2

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid

Total Carbon Dioxide Impact

Carbon impact concrete = Vi pncrete * EMCroncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 34664 kg C0,-eq

Optimized design

Dimensions:
L=115m
H = 8.363
B=6m

ty = 350 mm

tgp, = 850 mm
trr = 440 mm
tr, = 440 mm

Fixed boundary condition

Required Reinforcement:

3 m

2
Asfield =39%10" ?

3 m

2
AScorner = 4.34x 1073 =

3 m?

Aspig = 4195107°
Asw = 0.0785 * 1073 m?

Ntirrup = 2% 8 = 16 st

(0.8 lager ¢p25 599 )
(0.9 lager ¢25 599 )

(0.8 lager ¢25599)

(5x ¢10 5200 )

number if stirrups in longitudinal direction



Neransverse = 2.5 St number of stirrup-bars in transverse direction/m

Lstirrup = (2 * bstirrup + 2= (tsh —2x Cc) + 2 * llap) * Niransverse

Concrete Volume:

(tra—tr1)*H
Vframe,ley=3*<(tf1*H)+% *2

Veriage,deck = B * <(ts * L)+ 2% 0'5;0'5)

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

_ L | ASfiela L
Vrein,long,field_ Asfield * E + 4 * =

L As H As, H
% = % P | —=corner 2 | —-corner Z*Z

L
Vrein,long,corner_ AScorner * " * 2+ AScorner * " * ’ *

— H ASmia L
Vrein longmia= ASmia * Pl 24+ % =% 2

Vrein,stirrup= Asw * nstirrups * Lstirrups

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid + Vrein,stirrup

Total Carbon Dioxide Impact

Carbon impact concrete = Vipncrete ¥ EMCeoncrete

Carbon impact reinforcement = Viyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 25200 kg C0O,-eq



Bridge: B

Current design

Dimensions:
L=136m
H=5.676m
B=6m

ty = 666 mm
tsn = 866 mm
try = 600 mm
tr, = 600 mm

Fixed boundary condition

Used Reinforcement:

ASpiera = 3491073 ($20590)
AScomer = 349107 (620 590)
Asmig = 112107 (616 $180)
Aspp= 112107 (165180 )

Stirrups : inclined G-bars

Asw = 0.201 * 10™3m? (6x¢165s360)
Ntirrup= 2 * 6 = 12 st number if stirrups in longitudinal direction
Ntransverse = 2.78 St number if stirrups in transverse direction / m

_ tsn
Lstirrup = =5 + 0.45 + 0.35

Concrete Volume:

_ (tpa=tya)+H
Viramejeg = B * ((tfl )+ =ESR— ) 2

_ (tsh_ts)*é
VBridge,deck =B * (ts * L) + 2% -

Vconcrete = Vframe,leg + VBridge,deck



Reinforcement VVolume:

_ L | ASfiela L
Vrein,long,field_ Asfield * 5 + 4 * -

— L AScorner | L H AScorner | H
Vrein,long,corner‘ Ascorner * 4 * 2+ 4 * 2 * 2+ Ascorner * " *2+ 4 * " * 2

H ASmi L
Vrein,long,mid: ASpia * by * 2+ %ld * > * 2

Vrein,stirrup: Asw * nstirrups * Lstirrups * Niransverse

Vreinforcement = Vrein,long,field + Vrein,long,corner + Vrein,long,mid + Vrein,stirrup

Total Carbon Dioxide Impact
Carbon impact concrete = Vioncrete * EMCeoncrete

Carbon impact reinforcement = Vyeinforcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 34447 kg C0,-eq

Optimized design

Dimensions:
L=13.6m
H =5.676
B=6m

ts =390 mm

tsn = 490 mm
trr = 300 mm
tr, = 450 mm

Fixed boundary condition

Required Reinforcement:

3 m?

ASfierq = 4.68 x 107 o (0.9 lager ¢p25)



3m2

AScorner = 445 * 107

3 m

(0.9 lager ¢25)

2
ASpiqg = 0.88 x 10~ — (0.4 lager ¢16)

Stirrups : double loops
Asw =0.0785 * 1073 m?
Notirrup = 2% 7 = 14 st

Ntransverse = 2.5 St

( 5x ¢105250)

number if stirrups in longitudinal direction

number of stirrup-bars in transverse direction/m

Lstirrup = (2 * bstirrup + 2 (tsh — 2% Cc) + 2 llap) * Neransverse

Concrete Volume:

(tro—tr1)*H
Virame,ieg = B * <(tf1 * H) + % *2

(tsh_ts)*é
VBridge,deck =B = (ts * L) + 2 * -

Vconcrete = Vframe,leg + VBridge,deck

Reinforcement VVolume:

_ L | ASfiela L
Vrein,long,field_ Asfield * E + 4 *=

= L AScorner
V‘l’ein,long,corner— Ascorner * — % 2 4 —1L

_ H ASmia L
Vrein,long,mid_ Asmid * Py * 2+ * =% 2

Vrein,stirrup: Asw * nstirrups * Lstirrups =0m

2+ Ascc;rner

L H
*Z*2+Ascorner*z* *

2

Vreinforcement = Vrein,long,field + Vrein,long,corne‘r + Vrein,long,mid + Vrein,stirrup

Total Carbon Dioxide Impact

Carbon impact concrete = Vionerete * EMCeoncrete

Carbon impact reinforcement = Viginrorcement * EMCreinforcement

Total carbon impact = Carbon impact concrete + Carbon impact reinforcement

Total carbon impact = 21315 kg €C0,-eq

H
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