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ABSTRACT

Presently constructed bridges are often skew. The configuration of such a structure is the
result of natural or man-made obstacles such as, complex intersections, space limitations,
and/or mountainous terrains. Loads in many skew bridges take a different path towards the
support than right bridges. In very skew bridges this brings about significant torsion moments
near the obtuse corner, decrease in longitudinal bending moments and increase in transverse
moments in the deck. Analytical calculations or conventional two-dimensional plate analysis
only cannot provide sufficient accuracy for engineering practice. Therefore, in this study, an
appropriate finite element modelling technique is looked for, which capable of predicting the
three-dimensional behaviour of high skew bridges consisting of a cast in-place concrete deck

on precast prestressed inverted T-girders.

Five different numerical models have been created and compared using SCIA engineer and
ATENA 3D finite element packages. Special attention has been paid to torsion moments near
the obtuse corner. The comparison of the results is based on the accuracy for engineering
design, the modelling efficiencies and the post processing effort. It was found that the model
consisting of shell elements for the deck and eccentric beam elements for the girders is the

best for engineering practice.

In some of the analysis made with the orthotropic plate modelling method, the contribution of
the girders to the torsion stiffness has been ignored. This was performed to see the sensitivity
of the load distribution to the torsion stiffness of the girders, which have little torsion inertia.
The resulting load distribution showed slightly increased bending moments. However, this
increase in bending moment is insignificant. This shows that for ultimate limit state

equilibrium, it is possible to leave out the torsion reinforcement at all.

The effect of the angle of skewness on the internal force distribution was investigated using
two finite element modelling techniques. Four skew angles of 0°, 30°, 45°, and 60° were
considered for each finite element model. The results show that, live load maximum bending
moments in girders of skew bridges are generally smaller than those in right bridges of the
same span and deck width. On the contrary, the torsion moment in the obtuse corner of the

bridge and the transverse moments in the deck increase with skew angel.
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Finally, the sensitivity of the skew bridge performance to the presence of end diaphragm
beams in the FE model was studied by considering and leaving out the end diaphragm beams.
For models with end diaphragm beams, 900mm wide full depth cast in place reinforced
concrete diaphragms were provided at both supports of the bridge. It was concluded that for
the presence of end diaphragm beams decreases the live load bending and twisting moments
in the girders and the deck. However, this reduction was not significant as compared to the

torsion moment in the diaphragms.
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CHAPTER 1, INTRODUCTION

1.1 Background

Newly designed bridges are often skew. This is due to space constraints in congested urban
areas. Skew bridges allow a large variety of solutions in roadway alignments. This contributes
to a small environmental impact for new road construction projects. It can also be needed due
to geographical constraints such as mountainous terrains. However, the force flow in skew
bridges is much more complicated than in right-angle bridges. Analytical calculations alone
do not provide sufficient accuracy for structural design. Numerical analysis needs to be
performed, in which a skew bridge can be modelled in several ways with different degrees of

sophistication.

In right-angle bridges the load path goes straight towards the support in the direction of the
span. In skew bridges this is not the case. For a solid slab skew bridge the load tends to take a
short cut to the obtuse corners of the bridge as shown in Figure 1.1. In bridge decks supported
by longitudinal girders this effect occurs too, although less pronounced. This change in
direction of the load path in very skew bridges brings about the following special
characteristics (1).

¢ Significant torsional moments in the deck slab

e Decrease in longitudinal moment

¢ Increase in transverse moment

¢ Concentration of reaction forces and negative moments at the obtuse corners

e Small reactions and a possibility of uplift reaction forces at the acute corners
These special characteristics of skew bridges make their analysis and design more intricate

than right bridges.
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Figl. 1, Load paths in torsion stiff skew bridges
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A very successful bridge type nowadays is constructed out of a series of prefabricated

concrete girders with a cast in-situ reinforced concrete deck. For simply supported medium to

long span bridges many engineers choose prestressed girders that have an inverted T shape

(ZIP) (Fig. 1.2). For bridges of this kind with a small skew angle less than 20°, it is frequently

considered safe to ignore the skew angle and analyze the bridge as a right-angle bridge with a

span equal to the skew span [ (1)]. This approximate modeling overestimates the longitudinal

moments and underrates torsion and shear when the skew angle will be large. Consequently,

for bridges with a skew-angle greater than 20° a more accurate numerical method to determine

the internal response of the bridge is recommended [ (2)].

Timber formwork

Deck slab

Finishing

Figl. 2, Cross-section of a typical Inverted T-girder bridge (ZIP Bridge, Spanbeton)
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The torsion moments in a skew girder bridge are particularly interesting. The computed
torsion moments strongly depend on the torsion stiffness of the girders. If large torsion
stiffness is used in the analysis (uncracked stiffness) then the torsion moments will be large
and much torsion reinforcement is required. On the contrary, when small torsion stiffness is
assumed (cracked stiffness) then the torsion moments absorbed by the structure will be small
and little torsion reinforcement will be required. In this case the loading will predominantly be
carried by bending moments. As a result, more bending reinforcement and/or prestressing
cables will be required. In this case the twisting moment is the result of deformation
(compatibility torsion). Consequently, in design for the ultimate limit state, torsion
reinforcement might be left out altogether. On the other hand, without torsion reinforcement

severe cracking can develop well beyond the allowable serviceability limits.

The internal force distribution calculation and the general behavior of skew slab-girder
bridges can be simulated in several ways.

I.  Orthotropic plate. In this model, slab and girder are assumed to be plate structures
stiffened by girders. It is the study of an equivalent elastic system obtained by
transforming the stiffness of a number of girders and deck into a uniformly distributed
system of same over all stiffness to the original one. At the end, the bridge structure is
idealized as an orthographic plate of different stiffness in the longitudinal and
transverse direction.

II.  Isotropic plate with concentric beam elements. It consists of thin shell elements and
beam elements. The Shell elements represent the bridge deck. The beam elements
represent the girders. The beam elements are directly connected to the shell elements
sharing the same node.

III.  Isotropic plate with eccentric beam elements. This model consists also of thin shell
elements and beam elements. In contrast to the previous model, the beam elements are
eccentrically connected to the shell elements by rigid links which account for the
distance between the center of the deck and the girder centre line.

IV.  Shell elements for both girders and deck. In this model both girder and deck slab are
modeled by quadrilateral shell elements.

V.  Volume elements. This model is a truly three dimensional using volume elements to
simulate the behavior of the girders and concrete deck accurately.

The question which modeling technique is appropriate for the particular bridge type at hand is

typically answered by considering the following important aspects.
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The desired level of accuracy in results for daily practice in the construction industry.
Time-efficiency of the analysis, which is a function of the modeling time for the
engineer and the time needed for the computer to give results (waiting time).
Application friendliness of the model and susceptibility in making errors. Simplicity
of interpreting the results of the model, availability and user friendliness of the
software and the required educational level of the engineer can be considered in this

aspect.

In this study, the advantages and disadvantages of each of the above models in the analysis of

cast in-situ deck on precast prestressed inverted T-girders skew bridges was thoroughly

examined. The effects of the skewness on the general behavior of this type of bridge were

also studied in depth. Additionally, different ways to calculate reinforcement for torsion and

shear was studied using Euro-code of recommendations.

1.2 Objective of the Research

The primary objectives of this research are the following:

1.

To provide information regarding the advantages and disadvantages of various
structural modelling approaches for skew girder bridges (in particular, longitudinally
skewed, concrete inverted T (ZIP) girder bridges) and to select the best modelling
technique.

To provide information regarding the consequences of different methods for designing

torsion reinforcement especially for no torsion design.

. To give some idea on the effect of skewness on the general behaviour of this kind of

bridges.

Assess the potential failure mode when modeling a high skew bridge as a right-angle
bridge and comment which part of the design will be compromised.

Provide information about the advantage and disadvantages of considering end

diaphragm beams in the FE model.
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1.3 Approach to the work

The objectives of this work will be achieved by thoroughly examining the results of the above
finite element modelling techniques. The one which is the simplest and accurate enough for
daily practice will be chosen and recommend for use in the construction industry. The current
practice in the construction industry shows that orthotropic plat modelling approach is
prominent. As the result, special attention was given for this modelling method and the
following six different studies were performed.

a. Considering the stiffness of end diaphragm beams in the transverse direction and
with full torsional stiffness for the girders in the serviceability limit state.

b. Considering the stiffness of end diaphragm beams in the transverse direction and
with reduced (cracked) torsional stiffness for all structural elements in the ultimate
limit state.

c. Disregarding the stiffness of the transverse end beams in the transverse direction
and with full torsional stiffness for the girders in the serviceability limit state.

d. Disregarding the stiffness of the transverse end beams and with reduced (cracked)
torsion stiffness of all structural elements in the ultimate limit state.

e. Considering the stiffness of the end diaphragm beams and disregarding the torsion
stiffness of the girders at all.

f. Disregarding the stiffness of the transverse end beams and torsion stiffness of the

girders at all.

For modelling techniques II-V mentioned above, the following two models for each were
performed.
I.  Considering the stiffness of end diaphragm beam and with full torsion stiffness for
the girders in the serviceability limit state.
II.  Considering the stiffness of end diaphragm beams and with reduced (cracked)

torsional stiffness for all structural elements in the ultimate limit state.

1.4 Description of the case study

The bridge shown in the Figure 1.3 and 1.4 is selected by Spanbeton (Precast Company in the

Netherlands, which has own design department) as a representative bridge for daily practice.

This bridge has the following attributes:
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¢ One simply supported span.

e 4 l]anes of 20m right-width deck.

e 15ZIP 1300 (Inverted T-girders) and 2 TRA 1300 (End (Spandrel) girders), 36m long
with 1.2m center to center spacing between inverted T-girders (ZIP).

e 230mm thick cast in place reinforced concrete deck slab.

e The supports at each end of the bridge are parallel to each other and have a 45°
longitudinally configured skew angle.

e (Concrete quality of C53/65 (B65) for precast prestressed girders and C28/35 (B35) for
cast in place reinforced diaphragms and deck slab.

e Precast beams are connected to cast in place deck using shear reinforcement. As a
result, it is assumed that the precast prestressed concrete girders and the deck slab
experience fully composite action.

e  900mm full end diaphragm beams at each support is provided to help the lateral load
distribution and decrease the mid span moment. Torsionally stiff end diaphragms
inhibit end rotation of the loaded girder at the expense of causing some end rotation in
the adjacent unloaded girders. The negative end moment so introduced in the loaded
girder reduces the positive mid span moment. This behavior corresponds to a reduction
in the live load distribution factors as well.

e Due to the high labour cost of cast in place concrete diaphragms in prestressed
concrete bridges, use of intermediate diaphragms (IDs) is considered as an added and
perhaps unnecessary cost to bridge construction and often omitted in daily practice.

Consequently, intermediate diaphragm beams are not provided in this work.

OB

450

20m

36m
skew bridge plan

Fig 1.3 a, plan view of the selected bridge type
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36m
Subject skew bridge plan with precast girders

Figure 1.3 (b), plan view
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Figl. 3, plan and cross section of the typical bridge type



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

35 280 35 1=00
t " o
o 2
T a7
I
3 5
n
= =
n on
(o] =21
n o
8& __‘7 e
i 1 B 450 280 ——235 215
450 280 235 1215 1180
1180
Inverted T- (ZIP) beam Inverted T-(ZIP) girder and portion of cast in
place deck
Figure 1.3 (e)
40
o 1 1045 B
Ly o a
[ [aN) {
™ Ir\ P 500 [ E—H & =]
1 +
) a0) 140 2 500 ~
" 8
350
350
Spandrel (TRA) girder Spandrel (TRA) girder and portion of cast

in-situ deck slab

Figure 1.3 (f)

Figl. 4, cross sections of the girders



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

1.5 Literature review

In order to contextualize the current work, related works from literature is discussed. In
addition a thorough review of literatures on various aspects of intermediate diaphragms for
skewed prestressed concrete (PC) girder bridges is presented. This was done with the purpose
of gaining a better understanding on the advantages and disadvantages of providing ID in
skew prestressed girder bridges and other related issues. A literature review was also done on
lateral live load distribution factors in skew bridges and the effect of diaphragms on the load

distribution factors.

1.5.1 Lateral load distribution using finite element analysis

Many studies of skewed bridges using finite element analysis have been made in the past
years especially on live load distributions in the transverse direction. For instance,

Mohammad, Khaleel and Rafik (1990) [ (3)] conducted finite-element analysis to determine
moments in continuous right and skew slab-and-girder bridges due to live loads. They
analyzed 112 continuous bridges, each having five pretensioned I girders. The spans vary
between 24.4 and 36.6 m and are spaced between 1.8 and 2.7 m on center. The skew angle
varies between 0 and 60°. The finite element analysis makes use of a skew stiffened plate
which consists of two thin shell elements and one beam element. The two thin shell elements
are connected to the beam element by rigid links. The element used to model the reinforced
concrete deck slab is an 8 node isoperimetric thin shell element with six degrees of freedom at
each node. In this study it is concluded that larger skew angle significantly reduces the design
longitudinal moment. The reduction of maximum positive and negative moments in the
interior girders is less than 6% for skewness of less than 30° and as much as 29% when skew
angle is 60°. The reduction of the maximum positive or negative bending moments in the
exterior girders is less than 10% for angles of skew less than 45° and as much as 20% when

skew angle is 60°.

Mabsout et al. (1997) [ (4)] compared four finite-element modeling methods to determine load
distribution factors for a one-span, two-lane, simply supported, composite steel girder bridge.
In the first method, the concrete slab was modeled with quadrilateral shell elements, and the
steel girders were idealized as space frame members. The centroid of each girder coincided

with the centroid of the concrete slab. In the second model, the concrete slab was modeled

9
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with quadrilateral shell elements and eccentrically and rigidly connected to space frame
members, which represented the girders. In the third method, the concrete slab and steel girder
web were modeled with quadrilateral shell elements. Girder flanges were modeled as space
frame elements, and flange-to-deck eccentricity as modeled by imposing a rigid link. In the
fourth method, the concrete slab was modeled with isotropic, eight-node brick elements; the
steel girder flanges and webs were modeled with quadrilateral shell elements. All of the four
finite-element models produced similar load distribution factors. The results indicated that the
concrete slab could be modeled with sufficient accuracy as quadrilateral shell elements and

the girders as concentric space frame elements.

Khaloo and Mirzabozorg(2003) [ (5)] have also conducted three-dimensional analysis for
skew simply supported bridges of concrete decks with five concrete I-section precast
prestressed girders using ANSYS. Span lengths, skew angles, girder spacing, and
arrangements of internal transverse diaphragms were the basic variables. In all models two
end diaphragms and different arrangements of internal transverse diaphragms are considered.
They analyzed Bridges with three span lengths of 25, 30, and 35 m. Girder spacings of 1.8,
2.4 and 2.7 m and skew angles of 0°, 30°, 45°, and 60° are chosen in the skew bridge models.
Three different arrangements for internal transverse diaphragms are considered. In the first
pattern the models do not include any internal transverse diaphragms. In the second pattern,
internal transverse diaphragms are parallel to the axis of the support, and in the third pattern
internal transverse diaphragms are perpendicular to the longitudinal girders. In their study,
they showed that the skew angle of the deck is the most influential factor on load distribution.
The load distribution factors of skew bridges are always less than those of right bridges. The
load distribution factor of external girders reduces by 24% for a skew angle of 60° as
compared with right bridges. In addition the study showed the sensitivity of load distribution
factors of internal girders with respect to skew angle. For decks with a skew angle of 60° the
distribution factors decrease by 26.3% as compared with right bridges. However, for decks
with a skew angle up to 30°, this effect is insignificant. In this study for system without
internal transverse diaphragms, the load distribution factors of external girders are not
influenced significantly when skew angle increases; however, these factors decrease up to
18% in internal girders. When the transverse diaphragms are parallel to the axis of the
support, load distribution factors of external girders decrease up to 19% and those of the
internal girders are approximately constant when skew angle increases. When the internal

transverse diaphragms are perpendicular to the girders, distribution factors of both internal

10
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and external girders decreases as skew angles increases and are more sensitive than the other
two systems with respect to skew angles. In general, for large skew angles, the effect of
internal diaphragms parallel to the supporting lines is insignificant. Also, in various skew
angles, the effect of spacing between internal transverse diaphragms perpendicular to

longitudinal girders is insignificant.

Huang, Shenton, and Chajes (2004) [ (6)] carried out field testes and theoretical analyses
using finite element methods for two span continuous slab-on-steel girder composite Bridge
with a skew angle of 60°. The main objectives of this study were to experimentally evaluate
the load distribution for the highly skewed bridge, compare the predictions resulting from the
AASHTO formulas with the field test results, and verify the theoretical analyses using the
finite element method with the field test results. A three-dimensional finite element model of
the bridge was developed using the commercial program ANSYS. In the numerical model, the
influence of the transverse diaphragms and diaphragm stiffness was analyzed by considering
three different cases: diaphragms with the stiffness calculated from the real cross frames,
diaphragms with one-half the calculated stiffness, and finally, no transverse diaphragms at all.
The effect of end diaphragms is revealed at the pinned ends of the girder. Without
diaphragms, the strain at the support was exactly zero. However, for the case with diaphragms
at the pinned ends of girders at the acute corner side of the bridge, positive strains appeared,
and at the pinned ends of girders at the obtuse corner side of the bridge, negative strains
appeared. Due to these negative strains at the pinned ends, positive strains at the middle of the
span are reduced. Results of this research also showed that the strains in the girders away from
the load decreased and the strains in the girders under the load increased when the stiffness of
the diaphragms was reduced. However, comparing the case with the full stiffness to the case
with half the stiffness, the difference in the peak strains is not significant. That mean, the peak
strains change more slowly as the stiffness of the diaphragm increases, showing that the
influence of the diaphragms is not linear. This study additionally showed that, the analytical
results are in good agreement with the measured data. The numerical model is slightly stiffer
than the real structure; i.e., the model predicts smaller strains than recorded in the girders

farthest from the load.

Menassa, Mabsout, Tarhini and Frederick (2007) [ (7)] have conducted FEA for simply
supported, one-span, multilane skew reinforced concrete slab bridges. Four span lengths were

considered in this parametric study as 7.2, 10.8, 13.8, and 16.2 m with corresponding solid

11
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slab thicknesses of 450, 525, 600, and 675 mm respectively. One, two, three, and four lane
bridges without shoulders at both free edges were investigated. The effect of skewness is
studied by combining the spans and lanes considered with skew angles varying between 0°
and 50° by increments of 10°. Right bridges, zero skew angles, served as a reference for
comparison with skewed bridges. The general FEA program, SAP2000 (1998), was used to
generate the three-dimensional (3D) finite-element models. The concrete slabs were modeled
using quadrilateral shell elements with 6 degree of freedom at each node. From this study,
they concluded the following:

1. The ratio between the FEA longitudinal moments for skewed and straight bridges was
almost one for bridges with skew angle less than 20°. This ratio decreased to 0.75 for
bridges with skew angles between 30° and 40°, and further decreased to 0.5 as the
skew angle of the bridge increased to 50°

2. This decrease in the longitudinal moment ratio is offset by an increase by up to 75%
in the maximum transverse moment ratio as the skew angle increases from 0° to 50°.

3. The ratio between the FEA maximum live-load deflection for skewed bridges and
right bridges decreases in a pattern consistent with that of the longitudinal moment.
This ratio decreases from one for skew angles less than 10° to 0.6 for skew angles
between 40 and 50°.

The above research finally recommends that engineers should perform three-dimensional

finite-element analysis when the skew angle is greater than 20°.

Trilok Gupta and Anurag Misra (2007) [ (8)] studied the effect of skew on the behavior of T-
beam bridges of short to medium range of spans where the span and width are of the same
order. The study was carried out for two lane T-Beam girder bridges of 8m, 16m, 24m and
32m right spans and 0%, 10°, 20°, 30°, 40°, 50° and 60° skew angles using grillage analogy
method. This research has concluded the following.

a. The maximum support reaction is occurred at the support near obtuse corner with the
exception of 0° skew angle, for which the maximum reaction was occurred at the
support of the middle girder.

b. For skewness of greater than 30°, the minimum reaction force is negative (uplift
reaction). For large span bridges, this negative reaction starts at 20° skewness and

increases with the angle of skew.
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1.5.2 Importance of diaphragms for precast prestressed girder bridges using finite

element analysis

Griffin (1997) [ (9)] researched the influence of intermediate diaphragms on load distribution
in prestressed concrete I-girder bridges. The studies included two bridges with a 50° skew
angle. One of the bridges has concrete intermediate diaphragms. Bridge with IDs has
experienced unusual concrete spalling at the interface of the diaphragms and the bottom
flange of girders. The IDs appeared to be contributing to the increased rate of deterioration
and damage instead of reducing the moment coefficient and distributing the traffic loads as
expected. Experimental static and dynamic field testing were conducted on both bridges. Once
the calibration of the finite element models was completed using the test data, analysis was
conducted with actual truck traffic to investigate load distribution and the cause of the spalling
at the diaphragm-girder interface. Based on the results obtained in the research study, IDs did
not create a significant advantage in structural response. The finite element analysis also
revealed the cause of concrete spalling in the diaphragm girder interface region. The tendency
of the girders to separate as the bridge was loaded played a large role in generating high stress
concentrations in the interface region. Other explanatory factors with the presence of the
diaphragm are anchor bars. It also stated that to resolve this problem would require the

removal of the concrete ID.

Cai et al. (1998) [ (10)] investigated six prestressed concrete bridges, and the results were
compared with field measurement of these bridges. It was found that the finite element
prediction that did not consider IDs had better agreement with field test results, implying that
the effectiveness of IDs of these bridges are insignificant in distributing the live loads. Further
examination of the details of these bridges found that the diaphragm connections are weak.
The diaphragms would have more significant effects on vertical live load distribution if a full

moment connection is ensured between the diaphragms and girders.

Barr et al. (2001) [ (11)] studied the evolution of flexural live-load distribution factors in a
three span prestressed concrete girder bridge, where a bridge with three spans with lengths of
24.4m, 41.8m, and 54.9m, and a skew angle of 40° was tested. A finite element model was
developed to assess the live-load distribution procedures recommended by the AASHTO
code. For both interior and exterior girders, the addition of IDs had the least effect on the live-

load distribution factor among the variables investigated in this study. For the exterior girders,
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IDs slightly increased the live-load distribution factor for low skew angles. For skew angles
larger than 30°, the addition of IDs was slightly beneficial. According to this study, for design
consideration from a structural standpoint, the largest changes would be credited to the
addition of end diaphragms, while almost no changes would occur due to the addition of

intermediate diaphragms, since these showed almost no change in the distribution factors.

Khaloo and Mirzabozorg (2003) [ (5)] have taken skew angle, girder spacing, and span length
for bridges as the parameters for carrying out a parametric study for skew bridges. They
considered four kinds of configurations of bridges in their study, with the first type being
without ID, the second type having an ID parallel to the supporting lines, and for the third and
fourth configurations, the diaphragms were perpendicular to the girders. The following
conclusions were drawn from this study:

1. The arrangement of IDs in the bridges has a significant effect on the load distribution
pattern. This effect varies for different askew angles, such that in low skew angles the
effects of IDs are relatively significant. While in the high skew bridge the effect of IDs
parallel to the support is small.

2. 1IDs perpendicular to the longitudinal girders of the bridge are the best
arrangement for load distribution.

3. Bridges with intermediate transverse diaphragm perpendicular to longitudinal
girders, the effect of spacing between IDs on load distribution is insignificant.

Aziz Saber, Freddy Roberts, Walid Alaywan and Joseph Toups (2007 [ (12)] have also made
detail investigation on the need for continuity diaphragms in skewed, precast, prestressed
concrete [-girder bridges; to study the load transfer mechanism through full-depth continuity
diaphragms. A three dimensional finite element model was developed to simulate the behavior
of skewed continuous-span bridges. GTSTRUDL structural design and analysis software,
version 25 is employed to generate this model. The diaphragms are modeled as space truss
members between the precast prestressed girders. This study concluded that the effect of
continuity diaphragms on the maximum stress and deflection of the girders was negligible. As
a result, continuity diaphragms could be eliminated from skewed, continuous, precast
prestressed concrete girder bridges because continuity diaphragms are ineffective and full-
depth diaphragms are not needed to control deflections or reduce member stresses but may be
needed for construction, lateral stability during erection, or resisting/transferring earthquake

or other transverse loads.
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CHAPTER 2, ANALYSIS APPROACH

Linear elastic analysis which assumes linear material behavior, that the stress of a member is
proportional to its strain and material having identical stress-strain properties in both tension

and compression was adopted in this study.

2.1 Division of the carriageway into notional lanes

The bridge considered in this case study has 20m right width. The carriageway is 17.2m after
deducting 1.4m hard strip each side of the bridge. For design purpose a theoretical lane width
of 3m is considered. The number of notional lanes is then:

Ing(17.2/3)=5, and 2.2m remaining area.

2.2 Load cases

2.2.1 Dead loads (self weight of the bridge)
Load case 1, Self weight of the deck: thickness of the deck is 230mm

P,, =023%25=575kN /m’

Load case 2, Self weight of the girders:

Inverted T Girders, cross sectional area =0.599m”

Spandrel Girders (End Beam), cross sectional area=0.559m’
P,, =0.599%25=14.975kN /' m

P, =0.559%25=13.975kN /m

2.2.2 Permanent loads

Load case 3, Edge Elements: the following elements were provided on both sides of the
bridge deck.

Handrails: 2kN/m, placed at 0.17m from the edge.

Strip grazing: 0.4%*25=10kN/m” uniformly distributed to a width of 0.380m.

Safety barrier: 1kN/m, placed at 0.973m from edge of the bridge

Footbath =0.5%(0.215+0.23)*25=5.56kN/m *
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Fig2. 1, edge elements attached to the bridge deck
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Fig2. 2, edge element loads

Load case 2, Asphalt layer:
Not only as a wearing surface but also to level the initial camber of the prestressed girders,
140 mm asphalt layer is provided for the whole carriage way.

P =0.14%23=3.22kN / m’

asphalt

36m

Fig2. 3 edge element loads
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2.2.3 Variable loads

Load models according to Euro code (Load model 1)

Load Model 1: concentrated and uniformly distributed loads, which covers most of the effects
of the traffic of Lorries and cars is used for general and local verification. The concentrated

axle loads were applied at a contact surface of 400x400mm to simulate the wheel of the

tracks.

Section A-A

@’ hard strip — /6

2.5kNm
oo 1.2m
200kN 2 3N/m e
oo —d
03 1 3
400kN 2.5kN'm |
oo =
o P ==
600N 9kN/m*? == ==

O
O
m

hard strip ‘é\\

m
!" i

N
14

Fig2. 4 variable loads and arrangements from Euro code

As per European code of recommendation,

Lane 1: Axle load, Q;,=300kN: and UDL, q11<=9.0kN/m2

Lane 2: Axle load, Qx=200kN: and UDL, (]21<=2.5kN/m2

Lane 3: Axle load, Q3=100kN: and UDL, (]3k=2.5kN/m2

Lane 4 and5 and remaining area: UDL, q4k:2.5kN/m2

The above load cases were multiplied by modification factors to get the characteristic design
loads. From the national annex of the Netherlands,

a Q; = 1.00 (modification factor for tandem systems [TS])

o qi; = 1.15 (modification factor for uniformly distributed 1* notional lane load [UDL])
a g; = 1.40 (modification factor for uniformly distributed remaining lanes loads [UDL])
a ¢ = 1.00 (modification factor for uniformly distributed remaining area load [UDL])

Hence, the characteristic design loads after the application of the modification factors were:
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Lane 1: Q;=300kN: q;=10.35kN/m’
Lane 2: Q=200kN: q21<=3.5kN/m2
Lane 3: Q3=100kN: q3=3.5kN/m’
Lane 4 and 5: q4k(gL5k:3.5kN/m2

Remaining area: q=2.5kN/m’

2.2.4 Variable Load arrangements in the transverse direction

Torsion moments are the focus of this thesis work. However, change in torsion stiffness of the
girders and deck due to cracking substantially affects the longitudinal and transverse bending
moments. To deal with this effect of torsion stiffness, the longitudinal bending moments and
transverse moments in the bridge were critically assessed with their respective unfavourable
load positions. Load position in skew bridges for maximum longitudinal bending moments
and transverse moments were taken from practice (Spanbeton). However, load positions that
create maximum twisting moments have been studded in depth.

Load case 5,

hard strip
2.3kN/m?
3.3EN/m?
3 5kN/m?
[mpys
200N 3.5kN/m?
o a
oo
400EN 3.5EN/m?
0 a
oo
600K 10 35KN/m*

o a
& hard strip

Fig2. 5, variable load arrangement for maximum longitudinal bending moment

Load case 6,

hard strip
& remamng area 2 5kN/m?

y lane-5 3 5kN/m?
oo
lane-3 200kN &' 3.5kN/m*

oa
lanel  GoOkN 7 10.35kN/m?
0O
lane-2 400kN 3.5kN/m?
o a
lane-4 3 5kN/m*
remaining area 2.5kN/m?
hard strip
36m

Fig2. 6, variable load arrangement for maximum positive transverse moment
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Load case 7,

e hard shp
S e o
Q A00KN e
unloaded ara
[mu
lans-1 SO 1035kN'm*
O a
N Tardsmp & g

36m

Fig2. 7, variable load arrangement for maximum negative transverse moment

For torsion stiff bridges like solid slab decks the load tends to take the shortest path towards
the support of the bridge and axle loads distribute equally in longitudinal and transverse
directions. In bridges supported by longitudinal girders, axle load distribution is strongly
dependant on the stiffness of the deck and the lateral stiffness of the girders. Due to his fact,
the arrangement of axle loads that create maximum torsion moments in the girders is variable
with the depth of the deck slab and the shape of the precast girders. Three axle load positions
have been tasted in this part of the study and another critical load arrangement for this kind of

girders would be sought in the next chapter.

Axle loads create maximum shear stress on the bridge when they placed near to the support.
However, due to ‘short span shear enhancement’ near the support there is a remarkable
increase in shear strength.[ (13)] For that reason, the recommended position of the first axle
loads from Euro-code is 2d distance from face of support. When a concentrated load is placed
at a location less than 2d distance from face of support, the shear contribution of this
concentrated load should be multiplied by a factor f=a/2d. Where a- is the distance from face
of support to the position of the concentrated load considered and should be greater than 0.5d.
Hence, to make this [ factor 1, the axle loads for maximum shear force near the support were

placed at 2d distance from face of support.
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Load case 8,

Terd sip @
256N m? Q\Q

==
g I 7 AT k
3.5EN/m 200EN - k
s <
3 3N/ 400N
o o™,
r«..“:_\_\ri a
10 33kN /m* SO0KN
oo

y erdship

Fig2. 8, variable load arrangement for maximum torsion moment near the obtuse corner
(From Spanbeton)

Load case 9,

hard strip

y 3.5kN/m?

3.5kN/m?
1
(my]
3 5kN/m? 200kN

o
o oo

3 5kN/m* 400kN
oo

oo
10.35kN/m? 600kN
hard strip
36m

Fig2. 9, Variable load arrangement for torsion near obtuse corner of the bridge, [45°]
Load case 10,

hard strip
2.5kN/m?

y 3.5kN/m?
y 3.5kN/m?
a o
3.5kN/m? 200kN
o o
miy
3.5kN/m? 400kN
| i )
oo

10.35kN/m? 600kN
hard strip

36m
Fig2. 10, variable load arrangement for torsion directly towards the obtuse corners of the
bridge
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2.3 Load combinations

During construction, the girders would generally act independently and must be capable of
carrying their self weight, and weight of the slab and any construction loads present. After
deck concrete hardens, the precast presteressed girders and the cast in-situ deck will act
compositely to take the traffic load and the permanent loads, such as asphalt layer and edge
element loads. The load distribution in the composite system is as per their respective
stiffness’s. Due to this construction sequence, self weight of the deck and girders were not
considered in the finite element model. The effect of these load cases was added to the finite

element model results for design with simple hand calculations.

The following load combinations were considered in the model

Comb1 (maximum bending moment in the longitudinal direction)
=Lcs+Lcs+Lcs

Comb2 (maximum positive bending moment in the transverse direction)
= Lcs+Lcy+ Leg

Comb3 (maximum negative bending moment in the transverse direction)
= Lcs+Lcy +Lcy

Comb4 (Torsion near obtuse corner)
= Lcs+Lcy+Lcg

Comb5 (Torsion near obtuse corner), alternative combinations
= Lcs+Llcg+Leg

Comb6 (Torsion near obtuse corner), alternative combinations

= Lcs+Lcg+Leg

In the ultimate limit state, load factor of 1.35 from Euro-code of recommendations for all load

cases (live and permanent) has been used.
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2.4 Assumptions

e The system is linear elastic and the response under Composite loadings is
geometrically linear, superposition is valid.

e The effect of creep and shrinkage is neglected.

e Effect of pretesting in the load distribution is not considered and assumed to be
negligible.

e Bridge parapets usually have edge stiffening effect in the bridge. In this study this
stiffening effect was neglected and only the weights of these elements were calculated

and applied on the model.
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CHAPTER 3, ORTHOTROPIC PLATE MODEL

Morice and little have applied orthotropic plate theory to concrete bridge systems, using the
approach first suggested by Guyon, neglected torsion and extended by Mossonet to include
torsion. This approach has the advantage that a single set of distribution coefficients for two
extreme cases of no torsion beams and a full torsion slab enable the distribution behavior of
any type of bridge to be found. This is also called the method of distribution coefficient. Its
range of applications is limited. It is only applicable to slab, slab-beam types of construction
having prismatic cross sections. The spans being simply supported with line supports and
right spans only. In practice this analytical tool is of much wider use than what these
limitations first suggest. Its results can generally be accepted for skews of up to 20° and a
serious of discrete supports can be accepted as representing line supports, provided there is no

significant overhand beyond the outer bearings. [ (14)]

In high skew bridges, this method of Guyon and Mossonet gives erroneous results. It
overestimates the longitudinal moments and underrates torsion in the obtuse corner of the
bridge. Recently, orthotropic plate theory has been reformed in a manner which lends itself
computerized calculation to model acceptably high skew viaducts. The basis of orthotropic
plate method is the study of an equivalent elastic system obtained by transforming the
stiffness of a number of beams into a uniformly distributed system of the same overall

stiffness.

In orthotropic plate model, bridge deck is assumed to be plate structure stiffened by
longitudinal girders. The figure 3.1 shows the bridge under consideration in this case study.
This beam and slab type bridge is transformed in to an equivalent slab system. The stiffnesses
of the girders are calculated by hand and distributed within center-to-center distance between
them and changed the whole system into an idealized system of the same stiffness to the

original one.

cast in-place deck

ST

L W L L

Precast prestressed girders

Fig 3. 1, Actual cast in-situ deck on precast prestressed girders
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center of the deck

I T

equivalent slab of the composite system Center of the girders

Center of the composite system

Fig 3. 2, Idealized simple substitution of the real composite system in to equivalent plate of

different stiffness in both directions

The general differential equation for an orthotropic slab subjected to a distributed vertical area
load q(x, y) is:

o'w d'w d'w
D —+(ny +Dyx +DV)*W+DW a—y4 = Q(X, y) [15]

= ox*
Where, Dyx, Dyy, Dyy and Dy, are the longitudinal and transverse flexural rigidities, as well as
the longitudinal and transverse torsional rigidities per unit width or per unit length. To
compute the flexural and torsional rigidities, the elastic center of the composite section must

be computed in both directions as follows:

LE*A*Z, Zzl:Ei*Ayyi*Zi

4= —
in *A)cxi Z:;,Ez *Ayyi

In the longitudinal direction, a composite action between the cast in place concrete deck and

N
Il

the precast presteressed girders is considered. The transverse stiffness’s of the girders are
rather small and neglected in this analysis. Hence, the load in the transverse direction is
assumed to be carried by the in-situ reinforced concrete deck only. The flexural rigidities in

the longitudinal and transverse directions are:

2 E ' 2 E '
Dxx :Zl 1_,;)2A (lxx +Axxi(Zx _Zi)z) ------ D :Zl 1_;)2A (lyy +Ayyi(Zy —Zi)z)

l

The torsional rigidities are:
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D, is the coupling stiffness which is equal to v¥*Dy, for Dy, < Dy If poison’s ratio was assumed
to be zero, bending in the longitudinal direction, bending in the transverse direction and
torsion are uncoupled phenomenon.

The general constitutive equation for orthotropic plate is then:

m X :Dxx * kxx
my = D}’y ¥ k}’y
m, =D *k,

— *
m, = Dyx kyx

v [(16)]

In plate analysis, single torsion stiffness is required and the torsion moment myy, and myy are

equal. Due to this fact, the average torsion stiffness should be calculated.

The shear forces in the longitudinal and transverse directions are also expressed interims of

shear force deformation stiffness as follows
|4 =D7x*7x ...... \% =D7y”‘7’_y

The general constitutive equation in matrix form for orthotropic plate is:

m,) (D, D, 0 0 0]k,
m,| |D, D, 0 0 0]k,
m,t=40 0 D_/2 0 0 (3P,
v, o 0 0 D, 0|7
v, o 0 o0 0 D7

3.1 Finite element model formulation

Orthotropic plate finite element model is created using a SCIA Engineer general purpose
commercial finite element package. SCIA Engineer is a software system for a static and
dynamic analysis of structures and their design to standards. It is grounded on the
displacement-based finite element technique. It can be used to calculate and design structures
consisting of 1D members (modeled by linear finite elements) and planar parts such as walls,

plates, and curved slabs (modeled by 2D finite elements).

4 nodded plate bending elements with three degree of freedom (one displacement, u, and two
rotations, ®; and ®,) at each node have been created. A Mindlin plate element which

accounts Shear force deformation has been used.
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3.1.1 Boundary conditions

Flexible Elastomeric bearing of the following features were provided under each girder.

® block length parallel to the girders a=300mm
¢ block width perpendicular to the girders b=400mm
e thickness one layer of rubber t;=8mm

e number of layers n=5

® block coating thickness te=4mm

The vertical spring stiffness of the bearing as per Euro code of recommendation was
calculated as follows.

1 ok [ 1 1
— = e [— [22]
k, A, |5%G*s’ E,

z

Where: A, =a,*b, = (300 - 2%4)* (400 - 2%4) = 114464mm’
aj= effective length=a; =a-2*71,
bi= effective width =b; =b-2%*7,
G=0.9N/mm’

E\, =Bulk modules =2000N/mm’
l,=force free parameter= [, = 2* (a, + b,) = 2%(292+392)=1368mm

Si=form factor= S, = Al = 114464 =10.459
1 *t, 1368 *8

1 5%8 *[ 1 1

— s -+ =8.8462*107’
5%0.9%10.4591° 2000

k114464

z

k, :;_7=1130kN/mm =1130mN /' m

8.8462*10
Intermediate nodes were created on the plate model exactly at the location of the bearings
relative to the ends of the girders. These nodes have been given displacement and rotation
constraints. Minimum possible restraints were provided keeping in mind that the system will
be statically stable in all directions. The bridge is free to translate in the global X and Y
directions and spring stiffness of K, is provided in the global Z direction to allow limited

displacement.
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3.2 Orthotropic plate Model without end diaphragm beams

Diaphragms are intended to tie beams together to facilitate construction and maintenance,
transfer lateral loads and improve traffic load distributions. Therefore, this element may be
one of the important structural elements for live load distributions and bridge load capacities.
However, in the calculation of load distribution and capacity verification, researches and
many codes of recommendations exclude the presence of diaphragms in the model. As the
result, in the orthotropic plate model it is a common practice to abandon the part of the end
diaphragms. As a component of this case study, the load distribution of the skew bridge under
consideration was tested without considering the end diaphragm beams in ultimate and

serviceability limit states.

To distribute the stiffness of the girders transversely and for internal force hand calculation
due to self weight of the viaduct, the bridge is divided in to three plates shown in the Fig.3.3
below. These plates have different stiffness in the longitudinal direction due to spacing
between girders and cross sectional dimensions of the girders. The transverse stiffness’s of the
prestressed elements were neglected and the thickness of the deck is constant over the whole

bridge. Hence, all these plates have the same stiffness in the transverse direction.

P1-TRA 1300/1177
P2-ZIP 1300/1023

S

P3-ZIP 1300/1200

P2-ZIP 1300/1023
P1-TRA 1300/1177

Fig 3. 3, Plates considered for analysis

The cross sections and properties of all the above orthotropic plates were shown in the

subsequent figures.

27



1435

10

105

Z2

518

Z1

Z2=1435

FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

1177

deck

P

140

Plate- 1(TRA1300/11177)

restressed girder

-~ 500 1
140
u
o~
=t
—
i
% o~
- ™~
— oo
LA
~
n
—
~

350

423 SO0

1023

deck

450

280 235

1120

Plate -2 (ZIP 1300/1023)

1200
600

215

600

deck

Z1=518

a

50 280 235

1180

Plate-3 (ZIP 1300/1200)

215

250

70120

-0eg
¢

00y

05

595

0p 1001
SE

02

oo
0§ 113

595

0FT 00T
13

[Mame TRA beam anl
Type General cross-section
Item material C53/E55
Fabrication general
Buckling v-y. z-z ] =
FEM analysis "
Picture .
I Tm=] [E.58050e 01
B v, z [m=] |1.02586e-01 3,1934e-01
F v, 2 [m4] 9.2801=-02 2,55 74e-02
I w [m*=]. t [m*] 0.0000e+00 1.6647e-02
Wel y, =z [m~] 1.2246e-01 3.390%7e-02
Wpl v, z [m3] 2,0340e-01 9.0324e-02
d y. 2 [mm] Fl14g 287
c ¥YLCS, ZLCS [mm] [236 758
alpha [deg] 0,00
AL [mZim] .75 84e+00

Properties of Spandrel beam

Name IZIF beam anl
Type Seneral cross-section
Item material S ES
Ebrication general
Buckling y-y, z-2 c =
FEM analysis [+
Picture .
B [m=] 5.5946e-01
A v, z [m?] 3.0008e-01 2. 8332e-01
| y. 2 [m*] 1,0175e-01 2 4180e-02
I w [m®], t [m+] 0.0000e+00  [1.4572e-02
Wel y, z [m3] 1.2613e-01 l4.0983e-02
Ml v, 2 [m?] 2.1263e-01 B Ea43e-02
d vy, 2 [mm] [a] F274
c YLCS, ZLCS [mm] |0 RE
alpha [deg] 0.00
AL [m=fm] 1, BE38e+00
property of Inverted T beam
Mame IFIFP bearm anly
Type Seneral cross-section
Item material CE53/65
Fabrication ceneral
Buckling yv-y, z-z c -
FEM analysis "
Picture P
& [m=2] 5.69465e-01
&y, 2 [m2] 3.0008e-01 2, 8332e-01
| y. 2 [m*] 1,0175e-01 2 4180e-02
I w [m=], t [m“] D.0000e+00  |1.4572e-02
el v, =z [m=] 1,2613e-01 l1,0983=e-02
Wil v, 2 [m?] 2,1263e-01 5.6343e-02
d vy, 2 [mm] 0 274
¢ YLCS, ZLCS [mm] |0 518
alpha [deg] 0,00
AL [m=2fm] 11.8638e+00

property of Inverted T-beam

Fig3. 4, cross sections and properties of the three plates
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3.2.1 Stiffness parameter calculations

The elastic center of deck girder composite system is calculated as follows:

2 2
;Ei *Axxi >kZi ZI:EZ >k14yyi *Zi

2Ei *Axxi Z::EI *Ayyi

The stiffness parameters about the center of the composite system

Z

X

N
Il

2
E,
Dxxzz : (i)cx+A)cxi(Zx_Zi)2):Dll

2

o 1=V i
E irder /. A irder 2 Edeck ; 2
Dy, = livz (lxx(girder) + gb (Z.-2) )+m(lxxdeck +Z,~2,)
B 2 E . 2y _
Dyy - i V2. (ly)' + A)wi (Z)' —Z))=D,
1 Edeck * h3
D, =D, = E*?

Coupling stiffness D,=v*Dy,

The torsional moment of inertia of a cross-section with thickness h and unit width is equal to
h’/3. Half of it is caused by the horizontal stress in the cross-section and the other half is
results from the vertical stresses. In continues plates only the horizontal stresses occur and

therefore the torsional moment of inertia becomes h'/6. [ (15)]

* K3
D = Ggirder Itgirder + Gdeck h tdeck

¥ b 6
D - Gdeck *h ’
yX 6
o Dy (4D
) 4
D44 = D7/x = (Ggirder * Azgirder + Gdeck * Azdeck ) / b

A, is the cross-sectional area A divided by the shape factor n, which accounts the warped

shape and the inhomogeneous distribution of the shear stress over the cross-section. [(16)]

Gdeck * h
D, = D},y =— —— n=6/5=1.2, for rectangular section.

29



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

3.2.2 Model without end diaphragm beams in the serviceability limit state

Initially, both cast in-situ deck and precast prestressed girders have been assumed to be
uncracked in SLS condition. However, the stress in the transverse direction of the reinforced
concrete deck was found to be far higher than the tensile strength of the deck concrete. As the
result, the deck has taken as cracked in the transverse direction. In the longitudinal direction,
the tensile stress is resisted by the precast presteressed girders and the deck slab is always in
compression. Hence, uncracked stiffness should be used. Nevertheless, the result of this
simplified model would be compared with a 3D brick element model using ATENA 3D in the
subsequent chapter. In ATENA 3D it was not possible to use different modulus of elasticity in
the longitudinal and transverse directions for linear elastic analysis. For this reason, in this
particular case study half of the uncracked young’s modulus in both directions has been
assumed in the deck to take into account cracking. Presteressed and high quality concrete for

the girders has been assumed to be uncracked.

All the above stiffness parameters have been computed using simple spreadsheet program and

tabulated as follows. [ANNEX A]

Without considering end diaphragm beam
ZIP 1300/1200 Z1P1300/1023 TRA1300/1177
SLS SLS SLS

Dy, 5921.8 Dy 6562.9 Dy, 4584.4
D»; 16.1 Dy 16.1 Dy 20.6

D, 2.4 D, 2.4 D, 3.1
D3; 57.7 D33 65.1 D33 68.0
Dy 5383.3 Dyy 6090.7 Dy 5945.0
Dss 1291.7 Dss 1291.7 Dss 1404.0

Table3. 1, stiffness parameters in the service limit state without considering the stiffness of

end diaphragm beam

3.2.3 Finite element model results

SCIA Engineer automatically generate quadrilateral shell element before analysis has been

carried out. To optimize the mesh refinement, ratio that compares the coarse and fine mesh
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results has been considered. The result of the comparison indicates that there is virtually no

difference between the two results. Based on the comparison 300x300mm finite element size

can produce practically accurate results.

ra

i

ol

0 T T T 0 B

0 P P 0 0 P 0 A A 0 P A A 0 O O P T T

1 A L

1 O L

T
T

Fig3. 5, finite element mesh generated by Scia engineer
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2000.00
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mx-min [kNm/m]

Fig3. 6. Bending moment in the longitudinal direction (excluding self weight)
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Fig3. 7 Bending moment in the longitudinal direction at the critical girder (excluding self

weight)
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| my-min [kNm/m]
48.16
30.00
s+ 20.00
10.00
0.00
-10.00
-20.00

-30.00
-40.00
-50.00
-£0.00
-70.00
-20.00
-91.15

Fig3. 8, Maximum bending moment is the transverse direction (excluding self weight)

___'J_ mxy-min [kNm/m] -

Ja 1576
” 37.38
1 27.94

s

1854

913

027

-968
-18.09
-28.49
-37.90
4731
-56.71
66.12
-T5.53
-84.93
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Fig3. 9, Torsion moment in the whole bridge (combination-6)
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Fig3. 10, Maximum negative torsion moment at the first inverted T-girder (combination 6)
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3.2.4 Variable load positions and load combinations for torsion

In the previous chapter of this study, three possible axle load arrangements have been
endeavored for torsion moments in the bridge. In this chapter another different arrangements
of traffic loads, both axle and UDL have been looked for. In order to determine the worst load
combinations for torsion, it is imperative to find the torsion moments produced by each load
cases at a specified point. Loads that produce positive and negative torques at one point will
be grouped together and superimposed them to get the load combination for positive and
negative torsion moments. The design torsion moment is the absolute value of the bigger in

magnitude.

3.2.4.1 Critical location of axle loads for maximum twisting moments

Four tracks of the same 600KN tandem axle loads have been placed at positions a, b, ¢ and d
as show in the Fig.3.11 below, which is 1.5m left from the center of the bridge on lane 1, 2, 3

and lane 4 respectively.

hard sholder
\\\ remaining area

y lane 5
a a
lane 4 d h I p t x
a o
a o
lane 3 c g k o s w
oo
oo
lane 2 b f j n r u
oo

lane 1 a e i mgyw

Hard strip

Fig3. 11, Different load positions for axle loads

These tracks have been driven on their respective lanes to the right and twisting moments
were recorded at the obtuse corner of the bridge. The calculated torsion moments are exactly d
distance from face of support at the first inverted T-girder. Axle load a has been moved to
positions e, i, m, q and v step by step as shown in the Fig3.11 above. The longitudinal distance
between these stations were 1.5m. Same thing has been done for axle loads b, ¢ and d in their
respective lanes. The torsion moments produced by all these load positions were tabulated in

the following table.
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Y

Out- of—plane rotation

Fig3. 12, Direction of positive torsion moment according to write hand role

Location and Torsion moment for 600kN two Axle load at d distance from face of support at the first

Inverted T-girder

ISI
lane |Loc.a | -21.2 | Loc.e | -21.9 | Loc.i | -19.6 | Loc.m | -17.7 | Loc.q | -15.2 | Loc.v | -12.6
2l’ld
lane | Loc.b| 12.5| Loc.f 13.4 | Loc.j 14.2 | Loc.n | 14.7 | Loc.r 14.8 | Loc.u | 14.7
3rd
lane | Loc.c| 10.1 | Loc.g 10.2 | Loc.k | 10.1 | Loc.o 9.7 | Loc.s 9.2 | Loc.w 8.5
4[1’1
lane | Loc.d 4.3 | Loc.h 4.2 | Loc.l 4.1 | Loc.p 3.9 | Loc.t 3.7 | Loc.x 3.4
Table3. 2, Positions 600kN tandem axle load and torsion moment produced by these axle
loads at d distance from the face of the bearing
Torsion moment due to 600kN tandem axle load
20.0
15.0 = -

=10.0 -

§ 5.0 s —0— —— —0— —9 ¢—Torsion on lane 1

X

‘E.’ 0.0 . . —&—Torsion on lane 2

GEJ 5.0 16.5 18.0 19.5 21.0 22.5 24.0 Torsion on lane 3

8_1 0.0 —&—Torsion on lane 4

=-10.

o

©-15.0 //

(@)

=.20.0 . _—

Longitudinal distance from edge of the bridge (m)

Graph3. 1, Torsion moment at d distance from face of support of the first inverted T- girder

due to 600kN tandem axle load
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From the above graph, the following things have been observed,
i.  When the track moves from lane one to lane two, the torsion moment in the obtuse
corner of the bridge changes sign from negative to positive.
ii.  The negative twisting moment due to axle load on lane 1 decreases in magnitude when
the track drives away from the center of the bridge in both directions.
iii. ~ The maximum torsion moment due to axle load on lane 2 is between location n and r
orrand u.
iv.  The Maximum torsion moment due to axle load at lane 3 is between location ¢ and g
or between location g and k.
v.  The maximum torsion due to axle load on lane 4 is in between location d and h or to
the left of location d.
Further detail investigation have been carried out to find the exact locations of the axle loads
on lane 2, 3 and 4 that creates maximum torque at the benchmark location. The result of the
investigation revealed that the critical locations for axle loads on lane 2, 3 and 4 are in
between n and r, between ¢ and g, and to the left of d respectively. These locations are exactly

at the middle of the bridge in the longitudinal direction.

( ™
16
14 \\
E 12
torsion moment £ 1
Load location (kNm/m g .
Lane 2 14.9 £ . N
£
Lane 3 10.2 5 4 \
Lane 4 4.3 e 2
0
Table3. 3, Torsion moment produced by Lane 2 Lane 3 Lane 4
600kN tandem axle load L name of lanes )

Graph3. 2, Variation of torsion moment with load
locations
Hence, placing the first design axle load at the first lane of the bridge and leaving the other
lanes unloaded for axle loads would create maximum global negative torsion moments in the
obtuse corner of the bridge. On the other hand, leaving unloaded for the first lane and placing
the axle loads on lane 2, 3 and 4 shown in the Fig3.13 would create maximum global positive

torsion moments in the bridge.
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8m 28m

hard sholder
\\\\\ remaining area

lane 5
lane 4 200kN
o oo
- a
lane 3 400kN
o a
o a
lane 2 600KN
o a

lane 1

Hard strip

28m 8m

Fig3. 13, Axle load arrangement for maximum positive torsion moment

3.2.4.2 Critical location of lane load for maximum torsion moments

The torsion moments due to lane loads placed at the first lane is negative and the maximum
value is just at the obtuse corner. This twisting moment changes sign when the lane load
moves to the transverse direction of the bridge. The variation of the twisting moment at a
particular benchmark with the location of distributed lane load is determined by moving the
load step by step to the transverse direction of the bridge. In this study a 3m wide10.35kN/m?
uniformly distributed load rolls to the transverse direction by 1m interval has been considered.
A total of 13load positions have been assessed as shown in the Fig3.14 and twisting moments
at d distance from face of support of the first inverted T-girder was traced. The following

figure shows the load arrangements.

y)) \\

» $
O - N
o load 4 (¢yan colour) \\\

Toad 3 (green colour) o

load 2 (red colour)
foad 1 (blue colour)

Hard strip

Fig3. 14, Lane load positions considered
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The values of the twisting moments produced by all the above load cases has been tabulated

and plotted in the subsequent figures.

Location and Maximum Torsion moment for 10.35kN/m” Lane load at d distance
face of support for the first ZIP Girder

Loc.1 | -17.8 | Loc.4 | 162 | Loc.7 | 12.0| Loc.10 {49 | Loc.13 |14
Loc. 2 1.8 Loc.5 | 164 | Loc.8 | 9.3 Loc. 11 |34
Loc. 3 12.1 | Loc.6 | 14.6 | Loc.9 | 69 Loc. 12 | 2.2

Table3. 4, Torsion moments as the result of 3m wide 10.35kN/m?> uniformly distributed load

Torsion moment as the result of 10,35kN/m? load

20.0
A

€ 10.0 :
: /
< 50
: /
g 0-0 T T T T T T T T T T T T
P 1.4 AA 34 44 54 64 74 84 94 104 114 124 134

-5.0
-10.0 /
-15.0
Y

-20.0

Location of edge of the load from edge of the bridge deck

Graph 3. 3, Torsion moments versus location of UDL in the transverse direction from the
bridge edge

Load case 1 is placed fully in the first notional lane. Load case 2 and 3 are partly on lane 1
and partly on lane 2. Load case 4 is fully on notional lane 2. From the graph above, negative
twisting moments is produced when the lane load is placed fully on the first notional lane
(load case 1). However, it changes its sign when this load moves 1m to the transverse
direction (load case 2). Maximum positive torsion moment is produced on load case 4, which
means when the lane load is placed exactly on the second notional lane. Governing negative

twisting moment due to lane loads is created when the first notional lane is loaded and leaving
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unloaded for the remaining lanes. And the total maximum positive torque produced by

loading all lanes except the first national lane as shown in the following figure.

hard sholder
o 2.5kN/m® remaining area

>
y& 3 5kN/m?
y 3.5kN/ne
y 3.5KN/ne
\y 10.35KN/m*

un loaded

Hard strip

Fig3. 15, Lane load arrangement for maximum positive torsion moment

3.2.4.3 Live Load combinations for Torsion

Load cases having the same sign torsion moments have been superimposed to find the worst
scenario. The following two figures show, the variable (traffic) load cases and arrangements

for maximum negative and positive torsion moments.

Load case 11,

D hard strip

Un loaded area

G00kN 10.535EN/m*

oo
@ hard strip

36m

Fig3. 16, Variable load arrangement for maximum negative torsion moment
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Load case 12,

8m T 28m
hard strip remaining area
QB 2 5kN/m?
y 3 5kN/m?
oo
3.5kNim? 200kN
do
[ |
SN/ 400kN
3 5kN/m? oo
oo
10.35kN/m? GONKN
oo
un loaded
hard stip
28m 8m

Fig3. 17, Variable load arrangement for maximum positive design torsion

In conclusion the following load combinations were considered as an additional combination

with the previous 3 cases explained in chapter two.

Comb7: Le3+Lea+Lc;1, (maximum negative torsion moment)

Comb 8: L¢3+Lca+L¢12 (maximum positive torsion moment)

The design torsion moment is the maximum in magnitude of the above two combinations. In
this study, combination 7, which is the negative torsion moment, has been found to be
governing. The maximum twisting moment in the serviceability limit state without stiffness of
the end diaphragm beams from combination 7 is shown in the following figure. This twisting

moment is clearly higher than the torsion moment shown in Fig.3.10 on page 32

o Q
[ k) &
w0 o I
o ~ f 14}
o B | |
o | |
' I ——— e
L e
L]
‘i‘_N
LEanly]
[ )

Fig3. 18, Torsion moment at the first inverted-T girder (combination 7)
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3.2.5 Model without end diaphragm beams in the Ultimate limit state

In the ultimate limit state concrete for both deck and girder were assumed to be severely
cracked in flexure and shear. The torsion stiffness is particularly fascinating in the ULS. Prior
to cracking, a torsional moments coming to the structural elements is resisted by internal shear
stresses. Shear stresses lead to diagonal principal tensile and compressive stresses. When the
diagonal principal tension exceeds the tensile strength of the concrete, diagonal cracking
occurs. It has been observed in experiments on beams subject to torsion that once crack
initiates, it spirals around the perimeter of the member. Simultaneously, the beam torsional
stiffness drops significantly [ (17)]. For this reason, in this case study as per ROBK6
(Netherlands bridge design recommendations) art.12.3 only 40% of the full torsion stiffness
for both the deck and girders is used in the ULS. Full and half flexural stiffness were assumed
for the prestressed girders and cast in-situ deck slab respectively. Using these assumptions, the

stiffness parameters had been calculated and tabulated in the following table. [ANNEX A]

Without considering end diaphragm beam, ULS
ZIP 1300/1200 Z1P1300/1023 TRA1300/1177

Dy 5921.8 Dy 6562.9 Dy 4584.4
Dy 16.1 Do 16.1 Dy, 20.6
D, 2.4 D, 2.4 D, 3.1
D33 25.8 D33 29.3 D33 30.7
Dy 5383.3 Dy 6090.7 Dy 5945.0
Dss 1291.7 Dss 1291.7 Dss 1404.0

Table 3. 5, Stiffness parameters in the ultimate limit state, without end diaphragm

3.2.5.1 Finite element model results

mx-min [kNm/m]
422377
3845.08
3666.35
3387.66
3108.95
2830.25
2551.55
2272.84
1994.14
1715.44
143873
1158.03
879.33
60062
321.92
4322
-235.49

Fig3. 19, Bending moment in the longitudinal direction in the ULS (excluding self weight)
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—172.84

55 09 —30 18
é

Fig3. 20, Bending moment in the longitudinal direction at the critical girder in the ULS

(excluding self weight) critical combination

‘ my-min [kNm/m] -
53.37
4240
31.43
20.48

Fig3. 21, Maximum bending moment in the transverse direction (excluding self weight),

critical combinations

mxy-min [kNm/m] -

Fig3. 23, Torsion moment at the first inverted T-girder in the ULS, due to variable load

41



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

3.2.6 Model without end diaphragms and no torsion stiffness for girders in the ULS

The torsion moments coming to the girders are strongly dependant on the torsion stiffness of
the cross section. If large torsion stiffness is used in the analysis then the twisting moments
will be large as well and much torsion reinforcement should be provided. On the contrary,
when small torsion stiffness is assumed in the analysis, the torsion moments absorbed by the
section would be small and little torsion reinforcement will be required. In this case the load

will find an alternative path.

For bridges with inverted T-girders, the torsional inertia is an order of magnitude less than the
bending inertia. For less angle of skewness the analysis of such bridges can be simplified by
ignoring the torsion stiffness of the girders. The torsion moment here is not the result of
equilibrium. Consequently, in the ultimate limit state, torsion reinforcement might be left out
altogether. However, the resulting load distribution is less effective and this gives rise to
slightly increased bending moments. The correspondingly increased design strength in
bending is considered adequate to carry the torques which would be associated with a full
torsion model [ (1)]. In this part of orthotropic plate model, the increase in bending in the
girders and transverse moments in the deck slab as the result of ignoring the torsion

contributions of the girders have been thoroughly assessed.

Without torsion stiffness for the Girders in ULS

Z1P1300/1200 Z1P1300/1023 TRA1300/1177
Dy, 5921.8 Dy 6562.9 Dy 4584.4
Doy 16.1 Doy 16.1 Doy 20.6
D, 24 D, 24 D, 3.1
D33 5.5 D33 5.5 D33 7.0
Dyy 5383.3 Dyy 6090.7 Dyy 5945.0
Dss 1291.7 Dss 1291.7 Dss 1404.0

Table3. 6, Stiffness parameters with zero torsion stiffness for girders and without end

diaphragm in ULS [ANNEX A]
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3.2.6.1 Finite element model output

mx-min [kNm/m]
437961
4081.06
3782.51
348395
3185.40
2886.85
2588.29
2289.74
1991.19
169263
1394.08
1095.52
796.97
45842
199.86
-98.69
-387.24

Fig3. 25, Longitudinal bending moment at the first Inverted T-girder (excluding self weight)

| .
my-min | |
4523

3923

2924
19.24
925
-0.74
-10.74
-20.73
-30.73
-40.72
-50.72
-B80.71
-T0.71
-80.70
-90.70

-100.8%

Fig3. 26, Bending moment in the transverse direction (excluding self weight of the bridge)
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Fig3. 27, Torsion moment at the critical girder i
™
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3.2.7 Comparison of the above two ultimate limit state models

Two ULS systems without end diaphragm beams have been illustrated in the above sections.
In the first system, 40% of full torsion stiffness for both the girders and deck was assigned;
and in the second model, the torsion stiffness for the girders was totally overlooked. In the
first model, the maximum torsion moment (myy) at the highly loaded girder was 61kNm. This
torque decreased to 13.0kNm in the second model. This decrease in torque was accompanied
by a slightly higher longitudinal and transverse bending moments in the girders and deck. The
maximum longitudinal moment due to permanent and traffic load in the first model was found
to be 4302kNm at the first inverted T-girder. This longitudinal bending moment increases to
4460kNm in the torsionless system. In addition to this the transverse bending moment in the
deck increases from 51kNm/m to S8kNm/m. It is evident that the maximum bending moments
from the 40% torsion model is about 4% lower than the bending moments from the torsionless
model. The relatively small difference between these two results illustrate how this types of
bridges have poor load distribution characteristics and are not very sensitive to the torsion
inertia of the girders. Therefore, an equilibrium system could be secured by providing
sufficient bending reinforcement or prestresssing cables in the ultimate limit states without
torsion reinforcement at all. When torsion arises from compatibility only, Euro-code requires
the member to be designed to avoid excessive cracking. In practice; this means that stirrups

and longitudinal reinforcements should satisfy the detailing rules.

3.3 Orthotropic plate model with end diaphragm beam

A diaphragm is a transverse stiffener, which is placed between girders in order to maintain
section geometry and to help load distribution. Cast-in-place concrete diaphragms are
commonly used in prestressed concrete girder bridges. These transverse beams used in
presteressed girder bridges on skewed bents cause difficulties in detailing and construction.
As the skew angle increases and the girder spacing decreases, the connection and the
construction become more difficult. Even the effectiveness of the diaphragms is questionable
at these high skews.

In this part of this study the advantage of considering end diaphragm beams in the analysis
have been examined. In the serviceability limit state, relatively high stiffness has been
considered. However, in the ULS the cast in place reinforced concrete diaphragms would be

severely cracked and the stiffness would be reduced at large. This reduction in stiffness has
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also considered in the model. Finally, the load flows in the ultimate limit state with zero

torsion stiffness for the girders have been scrutinized.

3.3.1 Model with end diaphragm beams in the Service limit state condition

Originally both cast in-situ deck and end diaphragms have been assumed to be uncracked and
uncracked young’s modulus were assumed. However, the stresses at the bottom fiber of the
deck and diaphragms have been found to be much higher than the tensile strength of the cast

in place concrete and half of its young’s modulus was finally used.

To decrease the calculation complexity the contribution of the longitudinal girders in the end
plate has been ignored. The end plates were considered to be a continuous cast in-situ
concrete element same width as the width of the end diaphragm beams as shown in the

following figure.

p-3

p-2 S

Fig3. 28, name of four plates considered for the model

Plates 1, 2 and 3 have been defined in the above without end diaphragm models. Their
property is exactly the same. The end plates are assumed as an isotropic plate. The stiffness
parameters are the same in all directions. Simple spreadsheet program were developed to
make repeated calculations and the stiffness parameters for all the above four plates were

tabulated in the following table. [ANNEX A]
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Considering the stiffness of the end diaphragm beam in SLS

(P-1)ZIP1300/1200 | (p-2)21P1300/1023 | (P-3)TRA1300/1177 | (P-4)End plates
Dy 5921.8 Dy 6562.9 Dy, 4584.4 Dy | 3704.2
Dy 16.1 Dy 16.1 Dy 20.6 Dy | 3704.2
D, 24 D, 2.4 D, 3.1 D, 555.6
D33 57.7 D33 66.4 D33 68.0 D33 | 15743
Dyy 5383.3 Dyy 6090.7 Dyy 5945.0 Dy | 79185
Dss 1291.7 Dss 1291.7 Dss 1404.0 Dss | 7918.5

Table3. 7, Stiffness parameters in SLS with end diaphragm beam

3.3.2 Result of the finite element model

mx-min [kNm/m]
289794
2600.00
2400.00
2200.00
2000.00
1800.00
1600.00
1400.00
1200.00
1000.00
800.00
600.00
400.00
200.00
0.00
-348.39

Fig3. 29, Longitudinal bending moment in the whole bridge (excluding dead load)

—311.70

—1%.71

12,58
é

Fig3. 30, Bending moment at the first inverted T-girder in the longitudinal direction (live load

and permanent load)

46



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

my-min [kNm/m]

234.02
20011
18621
13231

96.40

54.50
30.60
-3
=372
BN
-105.02
-138.92
-172.83

-206.73
-240.83

27454

-308.44

Fig3. 31, Bending moment in the transverse direction (excluding self weight of the bridge)

—51.56
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Fig3. 32, Torque at the first inverted T-girders (critical combination)

3.3.3 Model with end diaphragm in the Ultimate limit state

In the ultimate limit state, cast in-situ concrete deck and transverse beams would be cracked
severely. To take this cracking into account, the flexural stiffness parameters have been
calculated with half of the young’s modulus for deck and end diaphragm beams. In addition to

this, only 40% of torsion stiffness has been used for all structural elements.

Considering the stiffness of the end diaphragm beam in ULS

(P-1)ZI1P1300/1200 | (P-2) ZIP1300/1023 TRA 93?0?2))/1 177 (P-4) End plates
Dy, 5921.8 Dy, 6562.9 Dy 4584.4 Dy, 3704.2
Doy 16.1 Do) 16.1 Do, 20.6 Doy 3704.2
D, 2.4 D, 24 D, 3.1 D, 555.6
Ds3 25.8 Ds3 30.0 D33 30.7 Ds3 865.3
Dyy 5383.3 Dyy 6090.7 Dyy 5945.0 Dyy 7918.5
Dss 1291.7 Dss 1291.7 Dss 1404.0 Dss 7918.5

Table3. 8, Stiffness parameters in the ULS, considering the stiffness of the end diaphragm

beams
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3.3.3.1 Result of finite element model

Fig3. 33, Bending moment in the longitudinal direction

mx-min [kNm/m]

4088.31
3805.75
3523.20
324065
2858.10
2875.54
2392.99
2110.44
1827.89
1545.33
126278

98023

697.68

415.12

13257
-148.98
-432.53
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Fig3. 35, Bending moment in the transverse direction
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Fig3. 36, Torsion moment at the critical girder
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3.3.4 Model with end diaphragms and without torsion stiffness for the girders in ULS

In 3.2.7 part of this thesis work, it has been apparent that the load distribution is insensitive
with torsion stiffness of the girders. The increase in longitudinal bending moment due to zero
torsion stiffness in the girders was insignificant. In this part of the study, the effect of
considering the stiffness of end diaphragms in the load distribution of torsionless design has
been investigated. Half of the young’s modulus for the deck and end diaphragms has been
assumed to take cracking into consideration in the flexural stiffness calculation. Moreover,
40% of the torsion inertia was assumed for the deck and transverse beams. Cracks in
Prestressed girders have been assumed to be limited and full stiffness was considered for
bending. On the contrary, the torsion inertia of these girders was totally overlooked. Using the
above assumptions, the stiffness parameters have been calculated and tabulated in the

following table. [ANNEX A]

Considering the stiffness of the end diaphragm beam and without torsion stiffness
for the Girders in ULS

(P-1)ZIP1300/1200 | (P-2) ZIP1300/1023 | (P-3) TRA1300/1177 | (P-4) End plates
Dy 5921.8 Dy 6562.9 Dy 4584.4 Dy | 3704.2
Dy, 16.1 Dy, 16.1 Dy, 20.6 Dy | 3704.2
D, 24 D, 2.4 D, 3.1 D, 555.6
D33 5.5 D33 5.5 D33 7.0 D33 865.3
Dy 5383.3 Dy 6090.7 Dyy 5945.0 Dy | 7918.5
Dss 1291.7 Dss 1291.7 Dss 1404.0 Dss | 7918.5

Table3. 9, Stiffness parameter with Zero torsion stiffness for the girders

3.3.4.1 Finite element result

Fig3. 37, Bending moment in the longitudinal direction
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Fig3. 38, Bending moment at the critical girder
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Fig3. 39, Bending in the transverse direction
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Fig3. 40, Torsion moment at the critical girder in the ULS with zero torsion stiffness for

girders

The small torsion moments observed in the heavily loaded girder is due to the torsion stiffness
of the deck slab. Reinforced concrete slabs resist torque using longitudinal and transverse
bending reinforcements. Two layers of reinforcement are always provided at the top and
bottom face of the deck slab for bending. Hence, it is not helpful to make Torsionless design
for the deck slab.
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3.3.5 Comparison of the two ULS models (considering stiffness of end diaphragm

beams)

The torque at the location of the first inverted-T girder has been found to be 41kNm with 40%
torsion stiffness model. This torque diminishes to 13.0kNm in the torsionless system. A
considerable amount of torsion moments have been observed in both systems at the end
diaphragms near the obtuse corner of the bridge. The twisting moments in the end diaphragm
beams are fairly similar in the two systems; 323kNm/m in the first system and 292kNm/m in
the second system. In the exceedingly loaded girder longitudinal bending moments of
4158KNm at span and -395kNm at support were found in the first model. Yet, the span
moment increases to 4280kNm and the support moment decreases in magnitude to -384kNm
in the second model.

This model revealed that the increase in longitudinal bending moments in the highly loaded

girder as the result of neglecting the torsion inertia of the girders was smaller than 3%.

3.4 Comparison of with and without end diaphragm beams in Orthotropic plate model

The following table summarizes the internal forces for all orthotropic plate models that have

been carried out in this chapter of this study.

without considering the stiffness of the end diaphragm beams in the finite element model
40% of torsion no torsion Effect of zero
SLS, full torsion stiffness for stiffness for the torsion
stiffness for girders deck and girders and 40% stiffness for
and 50% for deck girder(ULS) for deck(ULS) girders (ULS)
Torsion moment -78 -62 -15 -47 | decrease
(kNm)
Longitudinal
Span 3050 4301 4460 159 | increase
moment(kNm)
Longitudinal
support -132 -176 -102 -74 | decrease
moment(kNm)
Transverse 43 53 59 6 increase
moment (KNm)
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Considering the stiffness of end diaphragm beams in the finite element model

Torsion moment 57 41 -14 -27 | decrease
(kNm)

Longitudinal Span 2948 4158 4280 122 | increase
moment(kNm)

Longitudinal

support -319 -395 -383 12 | decrease
moment(kNm)

Transverse i
moment (KNm/m) 38 >0 > > | nerease
Tf)r5|on in the end 233 300 302 2 | increase
diaphragm beam

Table3. 10, Summary of all the orthotropic plate models

In the above table, the longitudinal bending moments and torsion moments are the maximum

values in the first inverted T-girder with their respective critical load combinations.

In the orthotropic plate model, when we consider the stiffness of the end diaphragm beams, a
small decrease in torsion and span longitudinal bending moments at the critical girders have
been observed. The decrease in torsion moments and longitudinal moments were
accompanied by a substantial torque at the end diaphragm beams and negative moments at the
support of the bridge near the obtuse corner.

In conclusion, placement of torsion reinforcement in the end diaphragm beams is intricate and
securing homogeneity at the interface between the precast girders and the cast in situ
diaphragm is also unrealistic. Hence, these decreases in torsion moments and longitudinal

moments in the girders seem unjustifiable.
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CHAPTER 4, CENTRIC BEAM ELEMENTS FOR THE GIRDERS AND
PLATE BENDING ELEMENTS FOR THE DECK

4.1 Finite element model description

In chapter 3 of this study, the application of orthotropic plate modeling techniques for the
skew bridge under consideration has been investigated in depth. In this chapter, another
simplified modeling method is tested. The deck slab has been modelled by using quadrilateral
plate bending elements. The precast presteressed girders and end diaphragms have been
idealized using beam elements. The centroid of each of the girders and diaphragms coincided
with the centroid of the concrete slab as shown in Fig 4.1. Three degree of freedom, one

translation (U,) and two rotations (P, and ®,) at each node were provided.

Center of the deck node of the shell element for deck

1 1 1 1 — —

(e e/o0o] o (¢ o 0 .
J__/ \7,;-/ \?F(/ Hﬁodeﬁﬁlemﬁers\j

I Center of the girders L

Fig 4. 1, Model of centric beam element for the girders and plate elements for the deck

SCIA Engineer commercial finite element software package is adopted for this model. This
model is the most economical and simplified modeling technique in SCIA Engineer. All the
important section properties of each structural element are automatically calculated by the
software. This makes the model less time consuming. However, it fails to consider the
eccentric distance between the center of the deck and center of the girders. As the result, it
underestimates the flexural strength of the composite system in the major axis. Moreover, the
levels of the centroid of internal and edge member sections are at different levels for this type
of bridges. In spite of this fact, this model disregards the transverse variation of these neutral
axes and the program automatically created one common neutral axis for the whole bridge as

shown in the following figure.
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Prestressed girders

Centre line of the
whole system

Fig 4. 2, 3D view SCIA engineer model

Support constraints used in this finite element model have been chosen to closely resemble to
those of the real bridge deck bearings. Flexible elastomeric bearings are provided under each
girder in the construction of the viaduct. To simulate these bearings elastic springs with
vertical spring stiffness calculated in orthotropic plate model part of this work were provided

at the location of each bearing.

4.1.1 Load cases and combinations

In chapter 2, different load cases and combinations for critical longitudinal bending,
transverse moments and torsion have been considered. In addition, another different load
arrangements and combinations were investigated for torsion in chapter three. All those load

cases and combinations were accounted in this model as well.

4.1.2 Effective width

In the calculations of the internal forces and moments of the composite system, part of the
deck which is considered effective in carrying the load as part of the girder should be defined
in the model. The internal girders spacing in the subject bridge is 1.2m which is relatively

small. As the result, it is reasonable to assume that all the center to center distance between
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girders is effective. Fig 4.3 shows the effective width provided for each individual

presteressed girder.

754423423+ 600 600 600 600 600 600 600 600 600 600423 423 734

1177 1023 1200 1200 1200 1200 1023+ 1177
| . . . . . o o . |

i e e e

Fig 4. 3, Effective with assigned for each girder

Internal forces and bending moments in this width of the slab are then added to the internal
forces calculated in the girders itself. The internal forces and moments in the slab are

transformed into the local coordinate system of the girders before integration.

4.2 Model in the serviceability limit state

Like orthotropic plate model done in the previous chapter, full stiffness for all structural
elements has been assumed at the beginning of the analysis. The tensile stresses in the deck
and support transverse beams were compared with the tensile capacity of the in-situ concrete
and the comparison reveals that the tensile stress is much higher than the tensile strength.
Hence, the reinforced concrete deck slab is fully effective in compression for longitudinal
sagging moments but behaves as a cracked section for transverse bending. Despite this, the
result of this model would be compared to the result of ATENA 3D model in chapter 8 of this
work. To do the comparison, the material property of this model should be exactly same as the
ATENA model. In ATENA 3D orthotropic plate deck definition is impossible. And hence, in
this model, half of the young’s modulus for the in-situ concrete has been assumed in both
directions to make isotropic and take into account cracking. In the same reasoning cracked
stiffness is assumed in the end diaphragm beams as well. The longitudinal girders are

presteressed and are made up of high quality concrete and uncracked stiffness was assigned.
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4.2.1 Finite element model result

—24. 351

2840601 é

Fig4. 4, Bending moment at the first ZIP beam
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Figd. 5, Twisting moment at the first ZIP girder
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Fig4. 6, Bending moment in the transverse direction
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Figd. 7, Torsion in the end diaphragm beams
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4.3 Model in the Ultimate limit state

In the ultimate limit state, all structural elements including the presteressed girders would be
thoroughly cracked both in shear and flexure. As per ROBK 6 (Netherlands bridge design
recommendations) only 40% of the torsion stiffness has been assumed for all structural
elements. In flexure full stiffness was assumed for presteressed girders and half stiffness for
the deck and transverse beams.

4.3.1 Finite element model result

—21 9b
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Fig4. 10, Bending moment on the deck in the transverse direction
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Fig4. 11, Torsion moment at the right diaphragm
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4.4 Comparison of orthotropic plate model and Centric beam element model

Serviceability Limit State with end diaphragm beams

Isotropic plate for deck and
Orthotropic plate Centric beam element for
girders and diaphragms

Torsion moment at first inverted T

girder (kNm) 52 152
Longitudinal Span moment (kNm) 2948 2846
Longitudinal support moment (kNm) -319 -64
Transverse moment (KNm) 38 43

Torsion moment at the end
diaphragm beam (kNm) 252 495

Ultimate Limit State with end diaphragm beams

Isotropic plate for deck and
Orthotropic plate Centric beam element for
girders and diaphragm

Torsion moment at first inverted T

girder (kNm) 41 108
Longitudinal Span moment (kNm) 4158 4056
Longitudinal support moment(kNm) -395 -21
Transverse moment (KNm) 50 66

Maximum torsion moment at the
end diaphragm beam (kNm) 322 631

Table4. 1, Comparison of results (SLS and ULS)

From the above table, one could observe that, as compared to orthotropic plate model the
longitudinal bending decreases and the torsion and transverse moments increases in the
centric beam element model. This is due the fact that, the second model underrates the
bending stiffness of the composite system keeping the other stiffness parameters unaffected.
As mentioned earlier half of the young’s modulus was considered in both directions for the
deck in the finite element model to make isotropic. But in reality the deck is fully effective to
resist sagging moment in compression in the longitudinal direction. Due to this fact in the real
bridge the flexural stiffness of the composite system underestimated more than this model did.
And the percentage decrease will increase more than this model revealed. The torsion moment
in the girders and end diaphragm beams and the transverse moment in the deck on the
contrary increased at large than the corresponding orthotropic plate model.

In the comparison, the torsion moments obtained from orthotropic plate model should be

multiplied by two to get the design values.
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CHAPTER 5, ECCENTRIC BEAM ELEMENTS FOR THE GIRDERS AND
SHELL ELEMENTS FOR THE DECK

5.1 Introduction

In chapter 4, centric beam element for the girders and plate bending element for deck model
was applied. That type of analysis is referred to as planar (two dimensional) as all of the
structural elements are located in one plane. It is only suitable for bridge decks where the
neutral axis remains substantially straight across the deck and is coincident with the centroidal
axis of the whole bridge. When this is not the case, like the bridge in this case study, some
form of three dimensional techniques such as eccentric beam element model is required to
achieve an accurate representation of the behavior of the structure. Eccentric beam element
model involves the modeling of each part of the bridge deck as a separate element located at
the centroid of the portion of bridge deck which it represents. The eccentricity between these
different elements is then connected with rigid vertical member. Fig 5.1 shows a space frame
element for girders and shell element for the deck model of the subject bridge. In this, the
cast in place concrete deck is modelled using quadrilateral shell elements which are located at
the center of the deck while the girders are modelled as a beam elements located at their
respective centroid. This model is relatively simple to use and has a very good similitude with
the actual bridge. Three translational and three rotational, six degree of freedom in total has

been provided at each finite element node.

Center of the deck node of the shell element for deck  regid link

| S R S S, S D S

L ; il
1B, S i e

Center of the inverted T girders node of beam element for girders

Fig5. 1, Model of eccentric beam element and shell element

The numerical simulation was performed using the general-purpose finite element software
package, SCIA Engineer. SCIA has the capability to input an offset distance for nodes of
beam elements from the center of the deck. Hence, it was not important to connect the

eccentricity between shell elements of the deck and beam elements for the girders using rigid
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link. The property of each part of the bridge is determined relative to its own centroid. As the

model is three dimensional it will automatically determine the location of the neutral axis.

Fig 5. 2, Three-dimensional view SCIA Engineer model without support transverse beam

5.1.1 Effective width

In the calculations of the internal forces and moment for the composite system, part of the
deck which is considered effective in carrying the load as part of the girder should be defined
in the model. If the longitudinal beams are spaced at more than 1/5 of span, shear lag reduces
the effective width of flange and interbeam shear transfer is small. The width of slab
considered as flange to each side of the beam should be limited to 1/10 of the span [1]. The
girder spacing in this case study is 1.2m which is relatively small. As the result, all the center-
to-center distance between girders has been considered effective. Fig 5.2 shows the effective

flange width provided for each single girder.

754 4230423 600 1 600 | 600 + 60D ; €00 ¢ 600 | 600 ¢ 600 | 600 | 600 4231423 754
1177+ 1023 1200 1200 1200 1200 1023 1177

Fig5. 3, Effective width for each girder
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The internal forces in the slab are transformed into the local coordinate system of the girders
before addition. In the following way SCIA Engineer calculates the total internal forces and

moments in the composite system.

left side right side
c® (gr
Deck
“C Girder
]
Cg
Z
Ly

Fig5. 4, Internal force calculation for the composite system

C The center of gravity of the composite system

C the centre of gravity of the left hand side part of the deck
C; the centre of gravity of the right hand side part of the deck
C, the centre of gravity of the girder part only

The coordinates of centers of gravities of each part are used to determine lever arms in Y and

Z directions from the y-z coordinate system shown in the above figure

Lever Arm Z, = Cy, - C, Lever Arm Y, = Cyy - Cy
Lever Arm Z, = C, - C, Lever Arm Y, =Cy - Cy
Lever Arm Z, = Cy, - C, Lever Arm Y, = Cy — Cy

The final internal forces in the girder-deck composite system could be calculated from the
formulas below:

N =N + Nslab,left + N

girder slab,right
Vx = Vx,girder + Vx,slab,left + Vx,slab,right
Vy = Vy,girder + Vy,slab,left + Vy,slab,right
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Mx = Mx,girder + Mx,slab,left + Mx,slab,right

M y — M y,girder +M y,slab left +M y,slab,right — N’slab,left *Zz - N’slab,right *Zr
+Ngirder * Zg

Mz = Mz,girder + Mz,slab,left + Mz,slab,right + N’slab,left *Yz - N’slab,right *Zr
+Ngirder * Yg

[SCIA Engineer manual]

5.1.2 Load cases and load combinations

All the load cases and combinations mentioned in chapter two and three of this study have
been checked and the maximum internal forces and moments would be shown in the

subsequent sections

5.1.3 Boundary conditions

Boundary conditions were carefully evaluated in order to avoid unwanted constraints to the
nodes and, consequently, to the model. The number of constraints required to provide stability
to the bridge model was kept to the minimum possible, keeping in sight that actual bridge
behavior and performance had to be achieved. Unnecessary constraints would generate
secondary stresses, thus altering the stresses distribution in the structural elements. Girder
supports were simulated by applying proper boundary conditions to nodes at both ends. Nodes
at the exact location of the bearings were created and appropriate displacement and rotation
constraints were provided. All girders, except the one at the middle of the bridge, are free to
translate in the global X and Y directions and elastic spring stiffness of K, is provided in the
global Z to simulate the elastomeric bearing provided under each girder. Displacements in
global X and Y directions were restricted at one support of the middle girder. At the opposite
end of this same girder, displacements along Y were constrained and free to translate in the X
direction. This was done to avoid unwanted rotation around the z-axis of the entire bridge. All
supports at each girder ends are free to rotate in all directions. That means, rotational

constraints were not provided at all.
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Fig 5. 5, Boundary conditions provided in the model
5.2 Eccentric beam element for girders and shell element for deck model in the SLS

As done in the past two finite element models, cracked stiffness has been considered for the
deck and end diaphragm beams in SLS. Isotropic plate with half the young’s modulus of the
in-situ concrete was used for the deck. Prestressed girders were taken as an uncracked and full

stiffness was effective.

5.2.1 Finite element model result

Fig5. 6, Finite element mesh generated by SCIA Engineer

63



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

—31.56

LT ===

ZSGSSE

Fig5. 7, Bending moment in the first inverted T-girder in the longitudinal direction (composite
system)
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Fig5. 8, Normal force in the first Inverted T girder (composite system)

102,735

ey e T TN

e = =1

Fig5. 9, Torsion moment in the first inverted T Girder, critical combinations (composite
system)
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Fig5. 10, Bending moment in the deck slab in the transverse direction
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Fig5. 11, Normal force nyin the transverse direction (kN/m) (section at the middle of the deck)
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5.3 Model in the ultimate limit state

Cracked stiffness for all structural elements was assumed for torsion. The torsion constants
were reduced by 60% for the girders and end diaphragms in the ULS as per [ROBK6]
recommendations. For the deck part, the shear modulus was reduced to decrease the torsion
stiffness. For flexure half of the young’s modulus for end transverse beams and deck was
used. The cracks in the prestressed girders were assumed to be limited and full flexural

stiffness was assumed.

5.3.1 Finite element model result

— 1078
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G152 a5

Fig5. 12, Bending moment diagram for first ZIP beam (composite system)
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Fig5. 13, Normal force in the first ZIP Girder (Tension) (composite system)
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Fig5. 14, Torsion moment diagram for first ZIP beam (composite system)
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Fig5. 15, Bending moment on the deck in the transverse direction
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Fig5. 16, Bending moment in the transverse direction at the middle of the deck
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Fig5. 17, Normal force on the deck in the transverse direction at the middle of the deck
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5.4 Effect of slab membrane action on beam-and-slab deck behavior

The preceding two planar models can simulate vertical deflections and twisting of the
composite system and accompanying transfer of load by vertical shear and transverse bending
of the slab. Inspection of the ends of the separate girders in plan or elevation in the eccentric
beam element model revealed that if all the beams flex about a neutral axis passing through
their centroid, the ends of the slab flanges are displaced relative to each other. In reality this
step displacement cannot happen, and the relative moment of the tops of the beam is resisted

and reduced by longitudinal shear forces in the connecting slab as shown in the figure below.

[1]

| — * g —

a) relative displacement b) interface shear force

Fig5. 18, relative displacement and interface shear forces in eccentric beam element model

These shear forces are in equilibrium with axial tension in the loaded area and compression
forces elsewhere in the girders. Due to this fact, a tension normal force was observed in the
highly loaded girders and compression force in the spandrel beam and in the unloaded internal

girders. These transfers of shear forces between beams with balancing axial forces cannot be

simulated in conventional planar analysis.

. I.Il P
Heavily loaded area R o

Fig5. 19: Normal force in all girders (load combination-1)
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5.5 Comparison of orthotropic plate, Centric beam element and eccentric beam element

models

Internal forces and moments in the SLS- end diaphragm beams are considered in all cases

Isotropic plate for

Isotropic plate for

Orthotropic deck and Centric deck and
plate beam element for Eccentric beam
model
beams element for beams
Torque near obtuse corner (kNm) 52 152 108
Longitudinal Span moment (kNm) 2997 2846 2970
Longitudinal support moment
(kNm) -322 -64 -32
Normal force(kN) - - 769
Deck transverse moment (KNm) 38 43 30
Transverse normal force in the deck 109
ny (KN/m) - -
Torsion moment at the end
diaphragm beam (kNm) — critical 252 495 414
combination
Internal forces and moments in the ULS- end diaphragm beams were included in all cases
Torque near obtuse corner (kNm) 41 109 113
Longitudinal Span moment(kNm) 4158 4056 4127
Longitudinal support moment(kNm) -395 -21 -8
Normal force (KN) - - 1114
Deck transverse moment (KNm) 50 66 43
Transverse normal force in the deck 155
ny (KN/m) - -
Torsion moment at the end
diaphragm beam (kNm)-critical 322 631 511

combination

Table5. 1, Comparison of the previous three different modeling techniques

Note that: the torsion moment in the orthotropic plate shown in the above table is on one face

of the plate and should be multiplied by two to get the design value.

The above table makes known that orthotropic plate and eccentric beam element models have

fairly similar longitudinal span bending and torsion moments. However, orthotropic plate

produced substantial negative moment at the support of the bridge near the obtuse corner and

eccentric beam element model produce tension normal force at the mid span of the heavily

loaded girders.
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CHAPTER 6, SHELL ELEMENTS FOR BOTH THE DECK AND THE
GIRDERS

6.1 Introduction

A better idealization of the real cast in-situ deck on precast presteressed girders is shell
elements for the deck, girder and end diaphragm beams. It consists of a number of planes of
plate finite elements connected together by rigid members. The deck is idealized by horizontal
finite elements located at the centroid of the deck slab while the girders and end transverse
beams are idealized using vertical finite elements located along the mid-surface of each
member as shown in Fig 6.1. Overlapping deck and girder shell elements by sharing the same
node results in modeling errors. Moving the top edge of the girders to the centre of the deck
and share same node decreases the center-to-center vertical distance between the deck and the
girders (see Fig 6.1 b). This reduces the flexural stiffness of the composite system about the
primary bending axis. To avoid overlapping of the deck and girders, the nodes of the deck
shell elements and nodes of girder elements should be connected by rigid link or the shell
elements of the girders must be placed at an offset distance from the deck shell element node
locations. These two actions could help to model the geometry of the bridge more accurately

and predict the stiffness of the composite system correctly.

deck shared node deck
. - - - = 4 a . 1
£ B
| - = |
! shared area
.
! girder
girder '
»
»
a) accurate model of deck and girder b) inaccurate model of deck and girder

Fig 6. 1, Modeling of the deck and girders with shell elements
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For modeling the bridge used in this study, SCIA Engineer finite element program has been
taken up. Neither of connecting nodes of the deck and girders with rigid link nor input with
offset distance was found to be possible with SCIA Engineer. As a result, an approximate
model that shell elements of the deck and shell elements of the girders were sharing the same
node was adopted as shown in the following figure. As explained earlier, moving the node of
the girders up to the node of the shell elements will make the model by far incorrect. Due to
this fact, a better approximation by extending the girders to the centre of the deck was used.
Same approximation is adopted to connect the end diaphragm beams with the girders and the
deck. This approximation increases the bending and torsion inertias of the girders. An increase
in height of the girders would move the centroid of the girders up from its true location.
Consequently, the center of the composite system would move a little up and the distance
between the centroid of the deck and the centroid of the girders decreases by the same
amount. This decrease in center-to-center distance between the deck and the girders offsets
part of the increase in flexural stiffness about the major axis caused by extending the girders
to the center of the deck. For this reason, the increase in flexural stiffness in the major axis is
comparatively minute. However, the torsion stiffness and the transverse flexural stiffness of
the composite system increase with the same magnitude with the increase in inertia of the
girders. The geometry of the end diaphragm beams are very complex and the approximate
connection of the end diaphragms with the girders and the deck increases the torsion and
transverse bending stiffness of the bridge at large. The high stiffness of the model near the
support of the bridge attracts more transverse bending and torsion moments. Hence, the

torsion moments predicted by this model is higher than the other models.

shared node deck

+ | shared area

‘ girder nodes

Fig 6. 2, Approximate shell element model
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Quadrilateral shell elements with six degree of freedom (three translations and three rotations)
at each node were created for all structural elements. To decrease the geometrical modeling
errors, the inverted T-girders have been divided in to 7 parts as shown in the Fig 6.3 a. The

thicknesses of each shell elements are the width of the respective elements.

Intermediate nodes at the exact location of the bearings under each girder were created and
appropriate boundary conditions were provided. The number of constraints required to
provide stability to the bridge model was kept to the minimum possible to achieve the actual
bridge behavior and performance. The boundary conditions used in this model is exactly the

same as the conditions used in the eccentric beam element model in chapter five.

a) Cross-section of one girder

T

b) Cross-section of the entire bridge

1

——
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¢) 3D view of the whole bridge
Fig6. 3, SCIA Engineer model of the bridge deck

6.2 Shell element model in SLS and ULS

Effect of cracking in the concrete has been considered in the SLS and ULS conditions. In the
serviceability limit state, limited cracking in the girders has been assumed and full stiffness in
torsion and flexure was assumed. On the contrary the in-place concrete of the deck and end
transverse beams were cracked rigorously even in SLS and half of the young’s modulus has
been adopted. Same property in transverse and longitudinal directions was assigned in the
deck.

In the ultimate limit state, cracking is assumed to substantially decrease especially the torsion
stiffness of all structural elements and only 40% of full torsion stiffness was applied for all
elements. This is possible by decreasing the shear modulus of the material keeping the

young’s modulus and the poison’s ratio unaffected.

6.2.1 Finite element model result-SLS

Fig 6. 4, Finite element mesh
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mx-min [kNm/m]

1148.06
105211
85517
858.22
TE1.27
664.32
567.38
470.43
373.48
278.53
179.59

B2.64
-14.31
-111.25

-208.20

\""'n -305.15

-402.10

Fig 6. 5, Longitudinal moment (mx) in the first inverted T-girder (excluding self weight)

\ix-min [kN/fm]

10856.07
10014.47
9172.86
833125
T489.65
5548.04
5806.44
4854 83
412323
3281.62
2440.01
1558.41
756.30
-34.30
-528.41
-1768.02
-2609.62

Fig 6. 6, Membrane force in the first inverted T-girder (excluding self weight)

mxy-min [kNm/m] -

11.38
8619
-143.73
-22128

-258.82
-376.37
-453.51
-531.46
-609.00
-686.55
-764.09
-B41.64
-919.19
-996.73

-1074.28
-1151.82
-1229.37

Fig 6. 7, Twisting moment in the first inverted T-girder (kNm/m) (excluding self weight)
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my-min [kNm/m]

4

Fig 6. 9, transverse normal force in the deck (kN/m)

6.2.2 Finite element model result-ULS

mx-min [kNm/m] -

1551.23
1420.35
128547
1158.59
102772
B896.84
765.96
635.08
504.20
37332
24244
111.56
-19.32
-150.1%
-281.07
-411.85
-542.83

Fig 6. 10, bending in the longitudinal direction (my) in the first inverted T-girder (excluding
self weight)
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Lnx,min [kN/m] -

14855.70
13519.53

12383.36
1124719
10111.02
B8974.86
783869
E702.52
5566.35
443019
3294.02
215785
102168
-114.49
-1250 65
-2386.82
-352259

Fig 6. 11, Normal force in the first inverted T-girder (kIN/m)

mxy-min [kNm/m] -

15.33
-53.32
-121.88
-180.64
-258.2%
-327.85
-396.61
-455.26
-533.92
-602.58
-671.23
-739.89
-808.55
-B77.20
-845.86

-1014.52
o -1083.17

my-min [kNm/m]
3103
7
245
2125
1788
1473
1147

-8.10
-11.38
-1462
1788
2114

Fig 6. 13, Transverse bending in the deck slab (kNm/m)
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Fig 6. 14, Normal force nyin the deck in the transverse direction (kN/m)

6.3 Post-processing

In order to compare the results of this model to the previous results, post-processing of this
finite element outputs are required. The results of shell element model are moments in kNm/m
and membrane forces in kN/m. These moments and membrane forces are integrated over the

whole cross section to find the moments and internal forces in the composite system.

As mentioned previously, to decrease geometrical modeling errors, the girders were divided
into seven parts. The resultant bending moment in a girder is then the sum of the bending
moments in all these seven parts and the moment produced by the axial membrane forces
about the center of the composite system. Moments and resultant axial forces in the deck and
in the girder have been determined independently about their respective centroid and
transformed to the composite centroid to find the composite action. The entire center-to-center
distance between girders is used in calculating the internal force of the deck that should be
added to the girder itself to find composite moments and internal forces. The results of the
deck are transformed to the local axis of the girders before addition.

The bending moment (My) about the major axis and the normal force of the composite system

is calculated using the following two consecutive formulas.

M = z¥p kg
Y Z o " 4+ The bending contribution in the x direction

N:ani*zi
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Where: ny; is the axial membrane force in the x direction

z is measured from the center of the composite system

In shell finite element model twisting moment m,, and my, are equal. The total torsion

moment is the sum of the two values and the torque as the result of shear forces as shown in

the following figure.
Vaz=Mxyz
-— e
I o]
fa M efmae
1+ Fho ]
B = = 41
el MIE o
3 fay
{4 | N
{4 Mt &1
Vﬂxgz s
=
J ‘1 4 Vi=Mxy1 b P r\ o
mle 4 q b P rmx',.rl i
FEEE o
Fig
1da —p "I 5
V1= Mooyt

Fig 6. 15, Torsion moment distribution in a particular section

The torsion moment in the above cross section would be calculated in the following way:
— D% * %

Mx =2 (mxyl g +mxy2 ZZ)

The above formula can be generalized for a cross section created out of n elements as follows

M, =2* Z (mxy,- *Z;) - ais the height of each individual element.
i=1

The integration of the moments and forces has been done with simple spreadsheet program.

See [ANNEX C]
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6.4 Comparison of the above four SCIA Engineer models

Internal forces and moments in the SLS- end diaphragm beams are considered in all cases

Isotropic plate for

Isotropic plate for

Shell element

Orthotropic | deck and Centric | deck and Eccentric | model for deck,
plate model | beam element for beam element for | end diaphragms
beams beams and girders
Torque near obtuse
corner (kNm) 52 152 108 162
Longitudinal Span 2997 2846 2970 2537
moment (kNm)
Longitudinal
support moment -322 -64 -32 -50
(kNm)
Normal force(kN) - - 769 540
Deck transverse
moment (KNm) 38 43 30 23
Transverse normal
force in the deck - - 109 85

n, (KN/m)

Internal forces and moments in the ULS- end diaphragm beams are considered in all cases

Torque near obtuse

corner (kNm) 41 109 113 169
Longitudinal Span | ;50 4056 4127 3372
moment(kNm)

Longitudinal

support -395 -21 -8 -35
moment(kNm)

Normal force (KN) - - 1114 695
Deck transverse

moment (KNm) >0 66 43 29
Transverse normal

force in the deck - - 155 114

n, (KN/m)

Table6. 1, Comparisons of all SCIA Engineer model results

The live load longitudinal bending moments in the shell element model is smaller by about

15% than the other models. This is due to the fact that the transverse flexural stiffnesses of the

girders were effective and takes part of the load.

As mentioned at the beginning of this chapter, due to the limitation of the software, an

approximate modeling technique extending the girder to the center of the deck was used in the

shell element model. With the same reasoning the end diaphragm beams were extended to the

center of the deck in the vertical direction and to the center of the girders in the horizontal

direction and shared the same node with the deck slab and the girders. This approximation
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increases the transverse and torsion stiffness of the whole bridge especially near the support.
For this reason, torsion moments produced by this model is much higher than the other

models.

6.5 Comparison of the above four SCIA Engineer models with design values

In orthotropic plate model, the twisting moment my, and my, are equal. The design torque is
the sum of the two or 2*m,, Hence, in the following table, the torsion moment in the

orthotropic plate column is multiplied by two.

Design Internal forces and moments in the ULS- end diaphragm beams were included in all
cases

Isotropic plate for Shell element

Orthotropic | Isotropic plate for deck model for
. deck and
plate and Centric beam . deck, end
Eccentric beam .
model element for beams diaphragms

element for beams 5
and girders

Torque near

obtuse corner 82 109 113 169
(kNm)
Longitudinal Span | 5 4056 4172 3372
moment(kNm)
Normal force

- - 1114 695
(KN)

Deck transverse

moment (KNm) >0 66 43 30
Transverse

normal force in

the deck ny i i 155 14
(KN/m)

Table6. 2, comparisons of all SCIA Engineer models with design values

From the above table, the design torsion moments produced by the first three models were
approximately similar. However, shell element model overestimates the torsion moments near

the obtuse corner.
Additional longitudinal and transverse bending reinforcements or prestressing cables are

required to take the torsion moments. These additional bending reinforcements could be

calculated using Euro-code of recommendations.
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CHAPTER 7, 3D MODEL WITH VOLUME ELEMENTS

The analysis methods presented in the previous four chapters are simplified models to
simulate a cast in-situ deck on precast prestressed girders composite skew bridge. In order to
check the behavior of the structure in detail, an advanced calculation method is required.
Therefore, a 3D finite element model using volume elements was created using ATENA 3D
commercial finite element package. The efficiencies of the preceding simplified models to
capture the three-dimensional response of the skew bridge have been tested using this model

as a reference.

ATENA 3D is generally used for non linear finite element analysis of structures. It is
especially designed to simulate real behavior of concrete and reinforced concrete structures
including concrete cracking, crushing and reinforcement yielding. Geometrical and physical
non linear elastic analysis is also possible in ATENA 3D. In this case study, 3D linear elastic
analysis has been carried out using standard brick elements. Even though tetrahedral elements
are relatively easy to model and cost effective when compared to hexahedral (brick) elements,
hexahedral elements are shown to yield accurate results for linear and nonlinear analysis and
used in this case. To decrease the computational time first order linear interpolation elements

were employed.

In the ultimate limit state concrete structures are thought to be cracked severely. As a result
the carrying capacity of the concrete section would be dropped. The decrease in torsion
stiffness due to cracking is outweighing the other stiffness parameters. For this reason, only
40% of full torsion stiffness of the section has been considered in the earlier four simplified
models [ROBK 6]. Reduction in torsion stiffness is possible either by reducing the torsion
moment of inertia of the section or by reducing the shear modulus of the material. Reduction
in torsion moment of inertia is not possible for shell and volume finite elements.
Consequently, the only remaining possibility is to reduce shear modulus of the material and
create an artificial material property. However, in ATENA 3D it was not possible to change
the shear modulus keeping the modulus of elasticity and poison’s ratio unchanged. Therefore,
linear elastic analysis with limited torsion stiffness was not possible and hence, only SLS with

full torsion stiffness has been investigated in this part of this work.

80



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

7.1 Model description

The geometrical model of ATENA represents dimensions, material properties and loading.
The ATENA model consists of an assembly of macro elements (solids) connected by contacts.
Each macro element is an independent object defined by joints, lines and surfaces. The
geometry of the bridge at hand is constructed out of 475 macro elements of standard type. 8
nodded brick elements were employed for the girders, deck and end diaphragm beams and
tetrahedral elements were used for other non structural elements. Three displacement (in the
global x, y and z directions) degrees of freedom at each node have been provided for all
elements. In ATENA 3D, brick elements are only possible for 6 faced polygons. As a result
all structural elements have been divided into parts having 6 boundary surfaces each. For
other macro-elements that do not fulfill this requirement tetrahedral shape mesh would be

automatically generated.

Fig 7. 1, 3D view of ATENA Model

To reduce geometrical modeling errors, the precast prestressed girders were constructed out of

9 macro elements in the thickness direction as shown in the figure below.
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Fig 7. 2, Model of the precast prestressed girders

Transverse end diaphragm beams are modelled by blocks of concrete filling the space
between the girders as shown in the figure 7.3. Each of these blocks has been divided in two 6
parts to generate a brick finite element mesh. Contact planes are automatically generated in
ATENA 3D on border planes between macro elements. The contact between the cast in-situ

concrete of the end diaphragm beams and the precast girders was assumed to be fully rigid.

Deck

" Girder

End diaphragm beam

Fig 7. 3, Model of the end diaphragm beams
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To simulate the elastomeric bearings provided under each girder, 5 nodded pyramidal shaped
plate macro elements were created under each girder at the exact location of the bearings. The
number of restraints required at these 5-nodded macro elements to provide stability to the
bridge model was kept to the minimum possible. To allow limited displacement in the vertical
direction, spring having stiffness K, is attached to the global Z direction at these pyramidal
shaped macro elements. All girders, except the one at the middle of the bridge, are free to
translate in the global X and Y directions. Displacement restraints in global X and Y
directions were provided at one support of the middle girder. At the opposite end of this same
girder, displacements along Y were constrained and free to translate in the X direction. This

has been done to limit the rotation of the entire bridge about the global Z direction.

7.2 Load cases and combinations

7.2.1 Load cases

To compare the results of this model to the previous approaches, the load cases and
arrangements of the variable (traffic) loads should be exactly similar to the last four finite
element models. To decrease computational time only three variable load arrangements and
combinations were considered in this model. The following load arrangements were taken up
for maximum longitudinal bending, maximum twisting moments at the obtuse corner and
maximum transverse moments in the deck respectively. ATENA supports the application of
loads or boundary conditions only at geometrical entities. It is not possible to apply the
prescribed axle loads at the top of concrete deck. Therefore it has been necessary to create a
400mmx400mm sized rectangular macro element to apply the axle loads on top of the

concrete deck.

hard strip
2.5kN/m?
y 3.5KN/m?
3.5kN/m?
[mpw]
200kN 3.5kN/m?
o o
[mp =]
400kN 3.5kN/m?
oo

0o
600kN 10.35kN/m?
oo

hard strip

36m

Fig 7. 4, Load case 1(Load arrangement for maximum longitudinal bending moment)
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Fig 7. 5, ATENA model, lane loads for maximum longitudinal bending moment

Fig 7. 6, ATENA 3D model, axle loads for maximum longitudinal bending

In the orthotropic plat model, different load cases and arrangements were tested to find the
critical load case and position that generate maximum torque in the bridge. The following load

arrangement was found to be critical, which is considered in this 3D model.

hard strip

Un loaded area

S00LN 10.35kN /m*
oo
hard strip

36m

Fig 7. 7, Load case-2 (Load arrangements for maximum negative torsion moment)
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a) Lane load arrangement b) Axle load arrangement

Fig 7. 8, ATENA model, load arrangement for torsion moment

hard strip
remaining area 2.5kN/m?
lane-5 3.5KN/m?
oo
lane-3 200kN A 3.5kN/m?
oo
lane-1 600kN 10.35kN/m?
o o
o o
lane-2 400kN 3.5kN/m?
a a
lane-4 3.5kN/m?
remaining area 2.5KN/m?
hard st
ard strip &
36m

Fig7. 9, Load case -3 (load arrangement for maximum transverse moment in the deck)

7.2.2 Load combinations

Maximum bending moment in the longitudinal direction (My):
Asphalt layer + edge element loads + load case-1

Maximum torsion moment (My)

Asphalt layer + Edge element loads + load case-2

Maximum transverse positive moment in the deck

Asphalt layer + Edge element loads + Load case-3
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7.3 Finite element model results
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9.232E400
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Fig 7. 11, Stress (Oxx) in the longitudinal direction at the bottom fiber of the girders (comb-1)

The Figure 7.10 and Figure 7.11 show that there exist a large stress concentration at the
loading and support steel plates. It is understandable, but this affects the colour scale that is
automatically selected by the program such that it covers the whole stress range in the model.
Very often this is not desirable, since it would be more interesting to learn about the stress
distribution in the girders and deck slab only. With this scale setting, it is not possible since
almost the whole deck is covered by a single color. Therefore, new color scale was selected

and the stress in the first inverted T-girder and deck slab is shown in the subsequent figures.
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/g

Fig 7. 12, Stress (Oxx) in the x direction at the first inverted T-girder (Comb.1)
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Fig 7. 13, Stress (Oxx) in the deck in the longitudinal direction (load comb-1)

a) Shear stress Oy, b) Shear stress Oy

Fig 7. 14, Shear stresses at face of end diaphragm in the first inverted T-girder
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7.4 Post processing of results

In ATENA 3D one can define a section at a certain longitudinal distance and get stress
distribution on that section. These stresses are very general and shown as a wide range of
colours. Finding out the exact values of these stresses at a particular section is not possible in
ATENA 3D. For finding the magnitude of normal and shear stresses at a particular section,
the model has been exported to ATENA WIN. A model being examined can be depicted in its
unreformed or deformed state using wire or rendered visualization of the structure. Here in

ATENA WIN, it is possible to control direction of view and it is also possible to select one

particular macro element to display the internal stresses.

Fig 7. 16, Wire mesh geometry of part of the first inverted T-girder
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Fig 7. 17, Wire mesh of part of the deck slab

The maximum normal stresses near the middle of the bridge and the shear stresses in the
obtuse corner of the bridge are the most interesting results in this research. Nodes have been
selected in the first inverted T-girder at critical sections and stresses and nodal coordinates
were printed from ATENA WIN output window. Twisting moment in the first inverted T-
girder has been computed using shear stresses Oxy and Oy, at the face of the end transverse
beam. The maximum bending moment in the major axis was calculated using normal stresses

at the middle of the girder.

7.4.1 Integration of nodal stresses over a cross-section

The four nodal stresses obtained in one particular area shown in the figure below are not equal
in magnitude. In order to get the moments and internal forces in a cross-section, stress

functions for each area has been generated and these stresses have been integrated on their

respective areas.
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Fig 7. 18, Node and area names in a particular section at the first inverted T-girder
Node No. | y(m) z(m) Node No. | y(m) z(m) Node No. | y(m) | z(m)
1 -0.600 | 1.550 | 13 0.175 | 1.290 25 -0.590 | 0.000
2 -0.334 | 1.550 | 14 0.175 |0.890 26 -0.590 | 0.140
3 -0.067 | 1.550 | 15 0.140 | 0.840 27 -0.375 | 0.175
4 0.200 | 1.550 |16 0.140 | 0.558 28 -0.140 | 0.275
5 0.423 | 1.550 |17 0.140 | 0.275 29 -0.140 | 0.558
6 -0.600 | 1.320 | 18 0.375 ]0.175 30 -0.140 | 0.840
7 -0.334 | 1.320 |19 0.590 |0.140 31 -0.175 | 0.890
8 -0.067 | 1.320 |20 0.590 | 0.000 32 -0.175 | 1.290
9 0.200 |1.320 |21 0.375 | 0.000 33 -0.140 | 1.290
10 0423 |1.320 |22 0.140 | 0.000 34 -0.140 | 1.320
11 0.140 |1.320 |23 -0.140 | 0.000
12 0.140 |1.290 |24 -0.375 | 0.000

Table7. 1, Nodal coordinates from the bottom of the girder
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7.4.2 Stress functions and integration of stresses

For first order linear interpolation in both x and y directions, the stress functions in one

particular area for quadrilateral finite elements would be written in the following form.

O, =a;ytbz+cyz+d, ... [ (15)]
The stress values at each node and their respective coordinates are known and it is possible to
write the stress functions in each area. Areas which are not rectangular are approximated to
rectangles of equal area with the original ones. The systems of equation of four unknowns
with four variables have been solved by Maple to determine constants aj, b;, ¢; and d;.

See [ANNEX D].

The bending moment in the major axis (My) is computed as follows:

M, =|[z*0,dA=|[z*0 dydz.......[ (15)]

Where: z is measured from the center of the composite system (girder and deck).

In the same way, the net internal in-plane force (normal force) in the composite system is:

N=[o.dA={[o,dydz,

The summation of the bending moment about the composite centroid for 14 areas shown in
the above figure would give total bending moment. And the summations of the normal forces

give the net normal force in the whole cross-section.

After integration the total bending moment in the longitudinal direction and the net normal
force for the composite system due to traffic load and edge element loading in the SLS has
been found to be 2515kNm and 499kN. See [ANNEX D].

In the same way the torsion moment is calculated as follows
M, =[(y¥o_ —z*0,)dA=|[(y*0,~2*0,)dydz

The total twisting moment at the face of the end diaphragm beam with critical combination in

the first inverted T-girder was found to be -120kNm. See [ANNEX D].

7.5 Comparison of results in the SLS

The comparison of all the preceding models has been clearly explained in following chapter.

91



FINITE ELEMENT MODELLING OF SKEW SLAB-GIRDER BRIDGES

CHAPTER 8, COMPARISION OF RESULTS AND SELECTION OF THE BET
MODEL

8.1 Limitations of each numerical model

It is always cost effective for the engineer to simplify the modelling approaches employed in
order to estimate the structural responses of the components within the structure. However,
these simplifications compromise one or more aspects of the real bridge deck behaviour. In
this chapter, the kind of simplification and limitations of all the modelling techniques studied

in the preceding chapters will be discussed in depth.

» Orthotropic plate model:

The orthotropic plate modeling method is a study of an equivalent plate system for an
assembly of cast in-situ slab and precast girders. This modelling technique fails to deal with
the following aspects of bridge deck behavior:

e Transverse and longitudinal in-plane forces

¢ Distortion of beam members

e Local bending effects
It is apparent that, the neutral axis for the entire bridge is not the same in the transverse
direction. This is due to the fact that, the center-to-center spacing between girders is not the
same for exterior and interior girders. Moreover, the cross sectional dimensions of the
spandrel beam (End girders) is not the same as the inverted T-girders. However, in orthotropic
plate modeling method, the transverse variation of this neutral axis should be taken into

consideration in the hand calculation of stiffness parameters.

» Centric beam element for girders and Isotropic plate for the deck:
Like the orthotropic plate model, this model is planar (two dimensional) and the following
things cannot be taken into account:
e Transverse variation in the level of the neutral axis
e Transverse and longitudinal in-plane forces
In addition to these limitations, this model failed to consider the eccentric distance between
the center of the deck and center of the girders. The centers of the girders are concurred to the

center of the deck slab. For this reason, it underestimates the flexural strength of the
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composite system in the major axis. Hence, this model underestimates the bending moments

in the longitudinal direction of the girders and overestimates the torsion moments.

The support system (bearings) in the real viaduct is under each girder. However, in
orthotropic plate, centric beam and eccentric beam element models the support system is at
the center of the deck slab. This implies that, the location of the support is moved vertically to
the center of the deck in the numerical models. This is also the other limitations of the above

models.

> shell elements for the deck:
In shell element model for deck and girder, SCIA Engineer failed to connect shell elements of
the deck and girders using rigid links. As a result, an approximate method by extending the
girder to the centre of the deck and sharing the same node with the deck shell element has
been used. In addition to this, non prismatic shaped girders were approximated with

equivalent prismatic sections.

In the following table all the above limitations for all modelling methods are summarized.
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Orthotro | Isotropic Isotropic plate | Shell 3D model
pic plate | plate with with eccentric | element using
Different aspects
model centric beam | beam element | for deck volume
of bridge deck
element and elements
girders
Transverse
variation in the
v X v v v

level of the neutral

axis

Transverse and

AN
AN

longitudinal in- X X v

plane forces

Distortion of beam

members
Flexural stiffness v X \/ ‘/ ‘/
calculation
Correct location of

X X X \/ \/
the support
Local bendi
ocal beénding X ‘/ \/ ‘/ ‘/
effects

Table 8. 1, Summery of limitations of each finite element modeling methods

8.2 Comparison of results

In chapters 3-6 different numerical models with different sophistication have been developed
using SCIA Engineer. In addition a comparative study has been done in both service and
ultimate limit state conditions in each chapter. However, none of those models has perfect
similitude with the actual structure. As part of an effort to more accurately represent the
bridge behavior a 3D model using volume elements has been created in chapter 7 using
ATENA 3D. The development of the ATENA model and a summary of the internal forces
and moment results were discussed in detail in the same chapter (Chapter 7). To make sure
that those previous simplified models were applicable to the current bridge case, the results

obtained from those simplified models have been compared to the results from the solid
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model. The comparison was limited to bending in the longitudinal direction and torsion at the

first inverted T-girder and bending moments in the transverse direction of the deck.

8.2.1 Summary all the five numerical models

As briefly described in each model, the reinforced concrete deck slab has been cracked in the
transverse direction even in serviceability limit state conditions. On the contrary, it is fully
effective to resist the longitudinal sagging moment in compression. In the three dimensional
model using ATENA 3D, it is impossible to create an orthotropic deck having different
stiffness in the transverse and longitudinal directions. Consequently, identical deck property
(Isotropic) in both directions was required. In order to compare the results of the simplified
models with the 3D one, it has been necessary to assign the same material property with the
3D model. To consider cracking for deck slab half of young’s modulus was used in both

directions for all finite element models.

When a structure is subjected to ultimate limit load condition, the structure would be cracked
severely and the torsion stiffness would particularly decrease to a great extent. To consider
this effect, the torsion stiffness of the section has decreased by 60% in the ultimate limit state
for all simplified models described in chapter 3-6. The increase in bending in the longitudinal
and transverse direction as a result of this reduction in torsion stiffness was also discussed in
depth. However, decrease in torsion stiffness by decreasing the shear modulus keeping the
modulus of elasticity unchanged in the ATENA 3D was not possible. Therefore, only

serviceability limit state condition has been compared in this chapter.

8.2.2 Comparison in SLS

In the comparison only traffic loads, both concentrated and uniformly distributed, and edge
element loads have been considered. The effect of self weight of the bridge was not taken into
account. Bending in the longitudinal direction, bending in the transverse direction and torsion
moments have been computed in their respective critical traffic load arrangements and load
combinations. End transverse diaphragm beams have been taken in to account in all cases.

Comparison results are presented in Tables 8.1 and Table 8.2 below.
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Finite element modeling Bending Normal Torsion my-deck | ny-deck

techniques moment force moment (kNm/m) | (kN/m)
(kNm) (kN) (kNm)

Orthotropic plate 2968 - 51 35 -

Isotropic plate for deck 2846 - 150 43 -

and Centric beam element

for girders

Isotropic plate for deck 2938 773 108 25 103

and Eccentric beam

element for girders

Shell element model for 2537 540 162 24 83

both deck and girder

Volume element model 2515 499 120 20 67

(brick)

Table8. 2, result of all finite element modeling methods in the SLS

As described in chapter 6, the twisting moments in the orthotropic plate model, shown in

Table 8.2, should be multiplied by two to obtain the design values. Hence, it is imperative and

reasonable to compare the modelling methods using design torsion moments in SLS

conditions.

The required longitudinal and transverse reinforcement due to torsion should be calculated

independently as per Euro-code of recommendations. The total longitudinal and transverse

bending reinforcements and/or prestressing cables are the sum of the amount computed due to

torsion and bending moments. Adding the part of torsion moments to the longitudinal and

transverse moments in the reinforcement estimation will make the calculation inaccurate.

Hence, in the table below, longitudinal and transverse moments are the result of the finite

element models.
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Finite element ) ) my- % difference
. Bending | Normal | Torsion .
modeling deck ny-deck with 3D
techniques moment force moment (kNm/ (kN/m) model

(kNm) (kN) (kNm) )

m) (torsion)

Orthotropic plate 2068 ) 102 35 ) 15%
Isotropic plate for
deck and Centric 2346 i 150 43 i +25%
beam element for
girders
Isotropic plate for
deck and
Eccentric beam 2938 773 108 25 103 -10%
element for
girders
Shell element
model for both 2537 540 162 24 83 +35%
deck and girder
Volume element
model (brick) 2515 499 120 20 67 0%

Table8. 3, Comparison, SLS

In the table above particular attention was given for torsion moments at the obtuse corner of
the bridge and the percentage difference obtained from each finite element model has been
tabulated in the last column. The table discovered that, the percentage difference in the design
torsion moments in the first inverted T-girder for orthotropic plate and eccentric beam element
models are fairly similar and have close proximity to the 3D model. Orthotropic plate model

underestimates the twisting moment by 15% and Eccentric beam element model by 10%.

It is theoretically apparent that the shell element model for deck and girders has a better
similitude to the actual bridge than eccentric beam element and orthotropic plate models. In
spite of this fact, as described in chapter 6, this modelling technique with SCIA Engineer was
found to be impossible to accurately model the bridge geometry. This incorrect geometric
modelling increases the relative torsion stiffness than the corresponding flexural one. This

makes the torsion moment found in shell element model higher by 35% than the 3D model.
As clearly explained in chapter 4, the centric beam element model underestimates the flexural

stiffness of the composite system about the major axis at large. This makes an increase in

torsion moments by more than 25%, which makes it in appropriate modelling procedure.
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8.3 Selection of the best modelling technique

The question of which modelling technique is appropriate for a given structure is typically

answered by first considering the objectives of the analysis. Two critical and computing

aspects in a particular structural analysis are: a desired level of accuracy in results and the

time required. The decision of selection is a direct function of the economy behind the project,

as well as the requirements of the project.

In this particular case study the following

important aspects have been considered to select the best modeling techniques out of the

above models.

e The desired level of accuracy in results for daily practice in the construction industry.

¢ Time-efficiency of the analysis, which is a function of the modeling time for the

engineer and the time needed for the computer to give results (waiting time).

e Application friendliness of the model and susceptibility in making errors. Simplicity

of interpreting the results of the model, user friendliness of the software and the

required educational level of the engineer can be considered in this aspect.

The following table shows the comparison of all the modeling methods tested.

Table 8. 4, Summary of the selection procedure

Finite element _ Time efficiency Simplicity Requ'}red
. Required ) ] of educational
Modelling A Modelling | Computational | . . level of th
techniques ccuracy time fime interpreting | level of the
results Engineer
Orthotropic
plate(SCIA + ++ ++ + +
Engineer)
Isotropic plate with
Centric beam
element (SCIA h = o = *
engineer)
Shell elements with
Eccentric beam . ot o ot N
element (SCIA
Engineer)
Shell element for
both deck and 0 i N i N
girder (SCIA
Engineer)
Volume elementS - B 3 B i
(ATENA 3D)
++ Very good  + good 0 -neutral - bad -- very bad
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From the table 8.4, one can see that, concentric beam element model has very bad accuracy
and 3D model on the contrary has very good accuracy in results. However, the 3D model has
very poor time-efficiency in modelling. On top of that, the outputs of this model are stresses
and strains which are inappropriate for the design engineers. The same is more or less true for
the shell element model for the deck and girders. The results are normal forces in kN/m and
bending moments in kKNm/m which needs integration to find the design moments and internal
forces. The two remaining better modeling techniques are then orthotropic plate and Eccentric
beam element models. From table 8.3 above, these two models have fairly similar torsion
moment and have relatively smaller percentage difference with the 3D model. Comparing the
modeling time, orthotropic plate model takes relatively long time to calculate the stiffness
parameters than Eccentric beam element model. Eccentric beam element model allows the
engineer to exploit the program ultimately. All the section properties of the prestressed girders
and the deck slab are calculated automatically by the program. All what he or she needs to do
is to define the cross section of the girders and desk only. Moreover, Eccentric beam element
model can represent the 3D behavior of the bridge especially the transverse and longitudinal
in-plane forces than the corresponding orthotropic plate model. In conclusion, a model with
shell element for deck slab and eccentric beam element for girder can simulate the
horizontally skew inverted T-girders on cast in-situ deck slab with reasonable accuracy and

excellent time efficiency using SCIA Engineer.
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CHAPTER 9, EFFECT OF SKEWNESS ON THE GENERAL BEHAVIOUR OF
BRIDGES

9.1 Introduction

As already mentioned in the literature review part of this work, internal force distribution in
skew bridges is affected by angle of skewness, span length of the bridge, girder spacing and
number and arrangement of transverse beams. However, the skew angle of the deck is the
most influential factor on live load distribution. In this chapter, the internal force flow of a
particular bridge having different skew angles was tested using two finite element modeling
techniques. The bridge analyzed in the previous chapters of span length of 36m and internal
girder spacing of 1.2m was chosen for the subsequent study. Four skew angles of 0°, 30°, 45°,
and 60° were considered for each finite element model. Only two 900mm wide support
transverse beams were provided in each case. SCIA Engineer commercial finite element

program is adopted for this part of the work as well.

In the previous chapters it has been shown that in the transverse direction of the deck, tensile
stress even in SLS condition is far above the tensile strength of the in-situ deck concrete.
Therefore, the concrete would be cracked and this transverse cracking of the in-situ concrete
was considered by taking half of the young’s modulus in the transverse direction only. In the
longitudinal direction deck slab is fully effective to take the longitudinal sagging moment in
compression. Unlike the previous chapters, full stiffness was considered for the deck slab in
the longitudinal direction. Girders were made up of high quality concrete and they are

prestressed and full stiffness was assumed.

The following two finite element techniques were employed in this part

1. Orthotropic plate model (quadratic shell element)

2. Eccentric beam element for girders and orthotropic plate (quadratic shell element) for

the deck

Detail investigation about the modeling techniques of skew bridges has been carried out in the
preceding chapters, and it was made clear that eccentric beam element can represent the
presteressed girders with practically accepted accuracy. In this part, it was sufficient to model
the bridge deck using shell elements for the deck and eccentric beam elements for the girders.

Nevertheless, current practice showed that many engineers are using planar (two dimensional)
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orthotropic plate models. Hence, these two techniques were tested subsequently to understand

the effect of skewness in the general behavior of the bridge deck.

9.2 load cases and load arrangements

To investigate the sensitivity of the bridge with angle of skewness, bending in the longitudinal
direction of the girders, torsion near the obtuse corner of the bridge and bending in the
transverse direction in the deck have been compared with right bridge of the same span.
Having this in mind, three variable load arrangements were selected for longitudinal bending,
transverse bending and torque in the obtuse corner of the bridge as shown in the following

three figures.

hard strip

2.5kN/m?

y 3.5kN/m?

3.5kN/m?

o o
200kN . 3.5kN/m?

oo

400kN 3.5kN/m?
oo

00
600N 10.35kN/m?
0O o

hard strip

36m

Fig9. 1, Load cases and arrangement for maximum longitudinal bending in the girders

hard stnp

Un loaded area

600N 10.33kN/m*
oo

hard strip

36m

Fig9. 2, load case and arrangement for torsion moment near obtuse corner of the bridge
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hard strip
remaining area 2.5kN/m?
lane-5 3.5KN/m?
o o
lane-3 200kN &g 3.5kN/m?
O o
lane-1 600KN 10.35kN/m?
o o
O o
lane-2 400KN 7y 3.5kN/m?
lane-4 3.5kN/m?
remaining area 2.5kN/m?
hard stri
ard strip &
36m

Fig9. 3, Load cases and arrangement for transverse bending moment in the deck

In addition to the live loads shown in the above three figures, the permanent load due to
asphalt layer and edge elements were considered in the finite element models. Three different
load combinations for longitudinal bending, torsion near obtuse corner and transverse deck

was considered.

9.3 Result of the two finite element modes

The following tables show the result of orthotropic plate and Eccentric beam element models.

Orthotropic plate(shell elements) model with end diaphragms
Bending moment Design torsion Torsion in the Transverse
in the first inverted | moment in the first | end diaphragm | moment in the
T-girder inverted T-girder Beam deck
0° 3158 58 186 27
15° 3139 68 214 28
30° 3119 76 240 28
45° 3037 90 260 29
60° 3017 124 290 37

Table 9. 1, Result of orthotropic plate model

In the above table, the torsion moment found in the finite element model was multiplied by
two to get the design values. The locations of the maximum bending moments in the
longitudinal direction for each angle of skewnesses are not the same. For high skewness the
location of the maximum moment shifts towards the obtuse corner from the middle of the
bridge. In the table above the locations at which the maximum moment obtained are not the

same.
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Eccentric beam element for girders and orthotropic plate(shell elements) for deck with
end diaphragm beams
Bending Torsion Normal force | Torsion in
moment in the | moment in the in the first the end Transverse
first inverted first inverted inverted diaphragm moment in the
T-girder T-girder T-girder Beam deck
0° 3065 70 844 246 24
15° 3055 82 827 266 25
30° 3044 94 810 285 25
45° 2989 103 772 290 26
60° 2765 134 720 305 32

Table9. 2, Result of Eccentric beam element model

The longitudinal bending, torsion moment in the girders and transverse bending in the deck
tabulated in the above two tables were with their respective different worst load combinations

and in critical variable load arrangements.

9.3.1 Effect of skewness in bending moment in the longitudinal direction
The following graph shows the longitudinal bending moment results of the two finite element

modeling techniques mentioned above.

Bending moment in the longitudinal direction at the first ZIP

beam

3200

3100
= “Q.\I —&—Orthotropic plate
3000 N model with
O 2950 diaphragm .
E, 2900 N\ —a—Eccentric beam
c \ element With
.'é 2850 \ diaphragm
fg 2800 \

2750

2700 : . : ‘ L

0 15 30 45 60

Angel of skewness

Graph9. 1, Longitudinal bending moment verse skew Angle

The skew angle of the bridges is the most critical parameter that affects the wheel-load

distribution and is the focus of this study. Results from the 36m bridges investigated shown in
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the above graph that skew bridges always have smaller design live-load longitudinal moments
than right bridges with the same span and width. This result corroborates similar conclusions
by all researchers mentioned in the literature review part of this work. From the above graph,
for bridges with skew angle not exceeding 30° the reduction in the longitudinal live load
bending moment to the first inverted girder attains 1.5% in both finite element techniques
considered. For skew angles between 30° and 60° the reduction attains 10% and 5% for
eccentric beam element and orthotropic plate models respectively. As can be seen from the
table9.2, for a 45° skew bridge, the decrease in longitudinal bending moment is only 5%. For

a 60° skew bridge, however, the bending moment reduction increased to 10%.

9.3.2 Effect of skewness in Torsion moment in the First Inverted T-Girder

Design torsion moment at the first inverted T-girder

160
140

120 /'

—&— Orthotropic plate with

en
0] o
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g diaphragm.

£ / Eccentric beam element
g 60 - With diaphragm.

4

0 40

c

2 20

7]

O

(m] 0 L I 1
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Angle of Skewness

Graph9. 2, Torsion moment in the first Inverted T-girder

The decrease in longitudinal moment up to 10% in high skew bridges has been accompanied
by a big increase in torsion moment in girders. As shown in graph9.2, for 60° skewness, the
torsion moment at the obtuse corner of the first inverted T-girder increases by more than
100% as compared with right bridge. For decks with skew angle up to 30°, the increase in
torsion moment attains 30%. Although percentage variation in results for angle of skewness

less than 30° seems larger, the actual difference between the results is very small. Therefore,
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increase in twisting moment due to skewness less than 30° is insignificant. Graph9.2 shows
typically that the sensitivity of the rate of increase in torsion moment with respect to skew
angle is high for decks with a skew angle more than 45°. The above graph additional revealed
that the two finite element models produced parallel lines and the difference in the design

torsion was trivial.

9.3.3 Effect of skewness in bending moment in the transverse direction of the deck

Deck moment in the transverse direction

40
35 Pl
.30 //.
g " . - N
525 | — o —o— Orthotropic plate Model
T 20
8 —— Eccentric beam element
015 Model
4
210
7
c
S5
|—
O 1 L 1
0 15 30 45 60

Angle of skewness
Graph9. 3, Transverse moment in the deck

As torsion moment of the girders, the transverse moment in the deck increases with increase
in angle of skewness. For 60° skewness, the transverse live load moment in the deck
increases by more than 35% as compared with right bridge .Graph9.3 shows that, for decks
with skew angle up to 45°, the rate of increase in live load bending moment in the transverse
direction is approximately constant. However, for skew angles more than 45° this has found to
be very sensitive. The same observation was made in torsion moment for angle of skew
greater than 45°. The transverse moment in eccentric beam element model is less than in
magnitude than orthotropic plate model. This is due to the fact that in eccentric beam element
model there is tension normal force in the deck in addition to bending moment, which makes

the design tension stress will be more or less the same in both cases.
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9.4 Summary and conclusion

The effects of skew angle in single-span multilane reinforced concrete deck slab on precast
presteressed girders composite bridge were investigated and the FEA results are presented in
this chapter of this thesis work. The study involved keeping the geometric characteristics of
the bridges like span length and deck width unchanged and taking four distinct skew angles.
The live load longitudinal bending moment, torsion moment near obtuse corner of the bridge,
and transverse moment in the deck were compared with the reference straight bridge to clearly

understand the effect of skewness on this kind of viaducts.

The ratio between the FEA longitudinal moments in the first inverted T-girder for skewed and
straight bridges was almost one for bridges with skew angle less than 30°. As the askew angle
of the bridge increases to 60° the longitudinal bending moment in the reference girder
decreases by 10%. This decrease in the longitudinal moment is offset by an increase by up to
35% in the maximum transverse moment in the deck and by up to 100% in torsion moment in

the girders as the skew angle increases from 0° to 60°.

It can be concluded that large skew angles always reduce the longitudinal bending moment
and increases the torsion moment at the obtuse corner of the bridge and the transverse bending
in the deck. This might be due to the fact that some of the wheels of trucks on skew bridges
are closer to the supports than on right bridges. Another reason may be that in short spans
with large skew angle bridges, the slab tends to bend along a direction perpendicular to the
abutments. This action can transfer part of the load from deck slabs directly to the supports,

rather than through the girders as in right bridges.
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CHAPTER 10, ADVANTAGE AND DISADVANTAGE OF CONSIDERING
THE END DIAPHRAGM BEAMs IN THE FE MODEL

10.1 Introduction

Diaphragms are intended to tie girders together to facilitate construction and maintenance,
transfer lateral loads and improve traffic load distributions. Therefore, this element may be
one of the important structural components for bridge load capacity. Nevertheless, in the
calculation of live load distribution and capacity verification, many codes of
recommendations and researches recommends to exclude the effect of diaphragms in the
model.[24] As the result, it is a common practice to ignore the contribution of end diaphragms
in the analysis. However, providing wide full depth diaphragm beams thinking that it will help

load distribution between girders is questionable.

As part of this case study, the load distribution of 36m long and 20m wide skew bridge was
tested with and without considering the stiffness of the end diaphragm beam in the
serviceability limit state. For models with end diaphragm beams, 900mm wide cast in place
reinforced concrete diaphragm beams were added at both supports of the bridge. 0°, 30°, 45°
and 60° skewness were examined. In all cases cracked stiffness, half of the young’s modulus
of the in-situ concrete, in the end diaphragm and in the transverse direction of the deck is
considered. However, full stiffness is assigned in presteressed girders and in the longitudinal
direction of the deck. Material properties for both deck and girders were identical to the
previous chapters. All four angle of skewness were tested using orthotropic plate and
eccentric beam element modeling methods using SCIA Engineer general purpose commercial
finite element package.

In orthotropic plate model, the end diaphragm beam was modelled as an isotropic plate having
same property in all directions. However, in eccentric beam element, the diaphragms were
modelled as a space truss element connecting the girders in the transverse direction. The end

diaphragm beams and the longitudinal girders were eccentrically connected to the deck slab.
Three variable load arrangements for longitudinal bending, torsion and transverse deck

bending, which were considered in chapter 9 was taken up in this part. Permanent loads such

as asphalt layer and edge element loads were also added in the finite element model.
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10.2 Model results

Orthotropic plate(shell element) model
Without end diaphragm beams
Bending moment in | Design torsion in the | Transverse De.31gn torsion
Angle .2 - . in the end
the first inverted T- first inverted moment in .
of skew . . diaphragm
girder T-girder the deck
beam
0° 3237 94 29 -
15° 3207 104 30 -
30° 3177 112 31 -
45° 3124 142 32 -
60° 3102 170 38 -
With end diaphragm beams
0° 3158 58 27 186
15° 3139 68 28 214
30° 3119 76 28 240
45° 3037 90 29 260
60° 3017 124 37 290

Table10. 1, Results of orthotropic plate model with and without end diaphragm beams

Orthotropic plate(shell element) for deck and Eccentric beam element for girders model
Without end diaphragm beams
. ) ) Design
Bendlpg n D§31gn tqrswn Normal Force in | Transverse | torsion in the
Angle the first in the first . .
: . the first inverted | moment in end
of skew inverted inverted i )
. . T-girder. the deck diaphragm
T-girder T-girder
beam
0 3150 73 922 26 -
15 3141 87 905 27 -
30 3132 101 888 28 -
45 3100 123 870 30 -
60 2929 148 833 35 -
With end diaphragm beams

0 3065 70 844 24 246
15 3055 82 827 25 266
30 3044 94 810 25 285
45 2989 103 772 26 290
60 2765 134 720 32 305

Table10. 2, Result of Eccentric beam element model with and without end diaphragm beams
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10.2.1 Effect of considering end diaphragm beams in the longitudinal bending moment

of the first inverted T-girder

Bending moment in the longitudinal direction at the first ZIP beam

3300

3200 -

3100 1
—+—orthotropic plate without diaph

—-Orthotropic plate with diaph.

Bending moment

3000 1
eccentric beam elem. Without diaph.
eccentric beam ele. With diap

2900 =

2800 ommmmmmmmmmm oo

2700 I 1 I 1 i 1 I 1 I

0 15 30 45 60
Angel of skewness

Graph10. 1, Longitudinal bending moment with and without end diaphragm beam

1. Orthotropic plate model:

In orthotropic plate model, considering the stiffness of the end diaphragm beam in the analysis
has small decrease in longitudinal bending moment in the girders. As shown in graph 10.1, the
blue and the pink lines are almost parallel. This implies effect of end diaphragm beam in the
longitudinal bending moment of the girders is barely affected by the skew angle. For 60° skew
angle, a 3% reduction in bending moment at the first inverted T-girder is observed. This is
more or less true in all angle of skewness considered in this work.

2. Eccentric beam element for girders and orthotropic plate (shell element) for deck:
Graph-10.1 clearly shows that the bending moment in the longitudinal girders is
predominantly affected by the angle of skewness. The effect of end diaphragm beam in the
model is very minimal. For bridges with skew angles not exceeding 45° the reduction in the
longitudinal live load bending moment to the first inverted girder due to the stiffness of end

diaphragm attains 4%. However, for skew angles between 45° and 60° the reduction increases
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to 6%. Due to longitudinal in-plane tension force at loaded area of the girders, the longitudinal
bending moment in eccentric beam element model is always less than the corresponding

bending moment in the orthotropic plate model.

10.2.2 Effect of considering end diaphragms in Torsion moment in the girders

Design torsion moment at the first inverted T-girder

180

160 A

140

—o—Orthotropic plat without

£120 / .

[ diaph.

cE>1 00 - // —m—Orthotropic plate with
£ /-/

diaph.
S 80 Eccentric beam ele.
@ 60 / Without diaph.
1S
8 - Eccentric beam ele. With
%40 diaph.
2
o 20
O I I I I
0 15 30 45 60

Angle of Skewness

Graph10. 2, Torsion moment in the first inverted T-girder at the obtuse corner of the bridge

For bridges having angle of skewness less than 30°, the stiffness’s of end diaphragms have
approximately 35% decrease in the torsion moment at the reference girder in orthotropic plate
model. In eccentric beam element model, however, this reduction in torsional moment due to
end diaphragm beams was found to be lower than 5%. In the plate model, for bridges with 60°
angle of skewness, the introduction of transverse end beam decreases the torsion moment at
the first inverted T-girder by up to 20%. As a matter of fact, the amount of decrease in
torsional moments at the reference girder due to the introduction of end diaphragm beam in
orthotropic plate was found to be similar for all angle of skewness. The percentage difference
is due to increase in torsion moment at high skew angles. With the same change in torsion

moment, higher values have small percentage difference.
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Graph10.2 additionally shows that, the change in torsion moment in the girders due to the
presence of end transverse beam in the model is high in orthotropic plate model than in
eccentric beam element model.

10.2.3 Torsion moment in the end diaphragm beam

Torsion moment in the end diaphragm beams

350

e

[\

a

o
L

—&— Eccentric beam element
Mod.

—&— Orthotropic plate model

- N
a o
o o

—
o
o

Torsion moment

(&)
o

o

0 15 30 45 60
Angle of skewness

Graph10. 3, Torsion moment in the end diaphragm beam

In both finite element models examined, due to the occurrence of end transverse beam in the
FE model, a small decrease in longitudinal bending and torsion moment in the girders has
been observed. This decrease in bending and twisting moment is as the expense of very high
torsion moment in the end diaphragm beams. The magnitude of the torsion moment in the
transverse beams exceeds 300kNm in both models. From graph 10.3 shown above, the torsion
moment in the end transverse beam increase linearly with skew angles in both models. The
above graph further made clear that, the two models have equivalent torsion moments in the

transverse end beams.
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10.2.4 Effect of considering end diaphragm in the transverse bending moment of the

deck
Deck moment in the transverse direction

40

38 /

36 / /f

: X
E34
£ /
£32
'8 —o— Orthotropic plate Model
230 with diaphragm
g - == Orthotropic plate without
o 28 o——-—-“‘%'/ - diaphragm
3’26 Eccentric beam ele. Model
g with diaph
|:24 X Ec.centriclbeam ele.
Without diaph.
22
20 L L 1 L L 1

0 15 30 45 60
Angle of skewness

Graph10. 4, Transverse bending moment in the deck

Like longitudinal bending and twisting moment, the transverse bending moment in the deck
decreases when the transverse support beams were taken in to account in the FE model. From
graph10.4, in orthotropic plate model the decrease in transverse moment in the deck is in the
order of 1-2kNm/m. This decrease varies from 2-4kNm/m in eccentric beam element model.
Due to the presence of transverse in-plane tension force in the deck at the middle of the deck,
the transverse bending in the deck for eccentric beam element model is smaller than the

corresponding plate model.
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10.3 Summary and conclusion

The effects of introducing the stiffness of end transverse beam in the finite element model in a
single-span multilane cast in-situ reinforced concrete deck on precast prestressed girders
composite bridge were investigated. Two finite element modeling techniques were examined
and the results of the two models were presented. 36m long and 20m right width bridge with
four different skew angles with and without end transverse beams were analyzed to look into
the sensitivity of the bridge performance on the diaphragm stiffness. The live load
longitudinal bending moment, torsion moment near obtuse corner of the bridge in the girders,
edge transverse beam torsion moment and transverse bending in the deck were compared with
and without diaphragm beams to evidently understand the effect of considering the stiffness of

end transverse beams in the model.

In this part of this thesis work it has been made clear that taking the stiffness of end
diaphragm beam in the analysis results in up to 4% decrease in live load bending moment and
up to 35% live load torsion moment in the presteressed girders. Very small reduction in
transverse bending is also observed in the cast in-situ deck slab. These decreases in span
bending moments and torsion moments have been accompanied by a high live load torsion
moment in the transverse end beams. The percentage decrease in variable load longitudinal
bending moment is a very small portion of the whole bending moment when the self weight of

the bridge is included.

Practices showed that placing reinforcement and constructing diaphragms used in prestressed
girder bridges on skewed viaducts are difficult. As the skew angle increases and girder
spacing decreases, the connection and the construction become more intricate. In spite of this
fact, in very skew bridges the presence of end diaphragm beams in the FE model decreases
especially the torsion moments in some extent. At high angle of skewnesses, the shear stresses
as the result of torsional moments and shear forces might be large and excessive stirrups
would be required. To optimize the required stirrups in the inverted T-girders the introduction
of the end diaphragm beams in the FE model is advantages. However, in small angle of
skewnesses, the presence of end diaphragms in the finite element model would be additional

labour work and could be eliminated.
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CHAPTER 11, CONCLUSIONS AND RECOMMENDATIONS

The main goal of this research study was to develop a numerical modelling technique capable
of predicting the three dimensional behavior of skew bridges consisting of cast in-place
concrete deck on precast prestressed inverted T-girders. Different finite element modelling
methods were tested and compared with a 3D volume element model. The Torsional moments
in the skew bridge was the most fascinating part of this work. This is due to the fact that, the
torsion moments near the obtuse corner of skew bridges are generally high. Concentrated and
uniformly distributed variable loads, which covers most of the effect of the traffic of Lorries
and cars as per Euro code of recommendations was consulted. To determine the worst
scenario in the particular bridge under consideration, different variable load arrangements

were investigated. Based on this study the following conclusions are consolidated.

1. For the particular bridge considered, the maximum torsional moment is near the obtuse
corner of the bridge. It was obtained by putting the axle load close to the edge of the
bridge in the middle of the span. [Refer- Fig3.16] It was remarkable that the extra
design axle loads reduce this torsion moment. For UDL, placing the first design lane
load at the first notional lane and leaving unloaded for the others creates maximum
effect. This simple rule has been obtained by studying all possible load configurations
for all variable load cases.

2. Five structural models have been developed and analyzed for the particular bridge.
Comparison shows that the model consisting of shell elements for the deck and
Eccentric beam elements for the girders is best choice for engineering practice
[Table8.4]. This recommendation is based on accuracy in results, the modelling time,
and the post processing effort.

3. The orthotropic plate model failed to predict the transverse and the longitudinal in-
plane forces (ny and N). The other result, my, my and myy are sufficiently accurate for
engineering design.

4. Analysis has been made with the orthotropic plate modelling method where the
contribution of the girders to the torsion stiffness had been ignored. This had very little
influence on the maximum bending moments. This shows that for ultimate limit state
equilibrium, it is possible to leave out the torsional reinforcement. However, Euro-

code detailing rules to avoid excessive cracking should be consulted.
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5. A centric beam element model for girders is not suitable for modelling the bridge
considered. This is because, this modelling technique is unable to calculate the flexural
stiffness of the composite system about the major axis correctly and it was found to be
the most erroneous model to capture the three-dimensional behavior of the real bridge.

6. All three of the 3D models developed in this study showed that for linear elastic
analysis, a tension normal force in the transverse direction of the deck was occurred
under vertical loading. This result is carefully checked and considered to be correct.
However, hand calculations and experimental results showed that when cracking is
included this tensile membrane force becomes compressive. This compressive force is
advantages to increase the shear capacity of the deck. Therefore linear elastic analysis
is not appropriate to determine the membrane force in the lateral direction of the deck.
Consequently, the shear capacity of the deck is underestimated.

7. Live-load maximum bending moments in girders of skew bridges are generally smaller
than those in right bridges of the same span and deck width. The larger the skew angle,
the smaller the live load bending moments of the girders. On the contrary, the torsional
moments in the obtuse corner of the bridge and the transverse moments in the deck
increases with skew angels. These effects have been negligible for skew angles less
than 30°.

8. The bridge at hand with different skew angles was analyzed to investigate the
sensitivity to the presence of diaphragm beams. End diaphragm beams decreases the
bending and twisting moments in the girders and the deck. However, this reduction
was insignificant as compared to the torsional moments occurring in the diaphragm

beams.
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RECOMMENDATIONS

a. It would be convenient to model skew bridge with skew angle larger than 30° as an
equivalent right bridge. As explained in the conclusion part, the predicted bending
moment would be large and the torsion moments would be small. The resulting
reinforcement could be still sufficient. More research on this area is recommended.

b. End diaphragm beams could be excluded from the finite element model. This has
only very small effects on the internal forces and moments due to vertical loading
of the other structural elements of the bridge. In this case, the end diaphragm beams
can be designed with minimum reinforcement according to Euro-code of

recommendation.

c. For small angle of skewnesses the presence of end diaphragm beams gives only a
small reduction of the longitudinal bending moments and the torsions for vertical
loading. For the purpose of fast construction and economy the wide reinforced
concrete diaphragm beams could be replaced by simple non structural elements.

However, detail investigation of the consequences is required.

d. Presence of end diaphragm beams in the bridge restraint the horizontal expansion of
the deck slab. This lateral restraint increases the strength of the deck slab in excess
of those predicted by Eurocode of recommendations. This strength enhancement is
the result of compressive membrane action. The degree of membrane action is
strongly dependant on the magnitude of the lateral restraint and in reality the
contribution of the end diaphragm beams to this lateral restraint can’t be easily
defined. Additional study to predict the contribution of the end diaphragm beams to

the compressive membrane action in the considered bridge type is required.
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