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ABSTRACT

Bridge edge beams in Sweden may incur up to 60% of the life-cycle measures along the
bridge’s life span. In addition, road works results in traffic disturbances and, thus, increased
user costs. Consequently, the Swedish Transport Administration started a project to develop
solutions that can become better for the society in terms of cost. A life-cycle cost analysis was
carried out to evaluate which proposals could qualify for more detailed studies and a demon-
stration project. The results showed that a solution without edge beam may result optimal.
Even though such design solution might still fulfill the functional requirements of the edge
beam, a structural analysis should be performed to evaluate its robustness.

The aim of this paper is to study the influence of the edge beam on the structural behavior
of bridge deck slab overhangs. A non-linear 3D finite element model in the commercial soft-
ware ABAQUS was developed for this purpose and validated using experimental data availa-
ble in the literature. The load-displacement curves and the failure modes are observed. The
shear and bending moment capacity of the overhang is studied. An assessment of existing
design methods is presented in light of the load capacity obtained for each case.

The results show that the edge beam contributes to a higher load capacity of the bridge
overhang than of that without edge beam. The shear capacity of the slab is more efficiently
distributed, due to a stiffening effect in the critical cross section close to the transversal free
edge. Therefore, the effect of removing the edge beam should be investigated for the bridge
case at hand to account for the loss of robustness compared to a case with an edge beam. Ex-
isting design methods should be reviewed in order to account for the influence of an edge
beam.

Keywords: bridge edge beam, bridge overhang, cantilever, structural analysis, finite-
element model, shear force, bending moment, distribution width, failure mode.

Abbreviations: finite element (FE), reinforced concrete (RC), critical section (CS), edge
beam (EB), without edge beam (nEB)



LIST OF SYMBOLS

Lower case Roman letters

yCS

Length of the bridge overhang

Width of the load application in x-direction

Width of the load application in y-direction

Width of the edge beam

Distance of the load application point from the bridge overhang root
Effective depth at the considered cross-section

Eccentricity for the concrete damaged plasticity model

Coefficient for the Homberg-Rompers diagrams

Compressive strength of concrete measured on cylinders

Tensile strength of concrete

Tensile strength of reinforcement

Yield strength of reinforcement

Height of the edge beam

Bending moment per unit length in the y-direction

Height of the slab at the root of the overhang without edge beam
Height of the slab at the free edge of the overhang without edge beam
Thickness of the overlay (pavement)

Height of the compression zone

Effective distribution width

Distribution width for bending moments

Distribution width for shear forces

Control perimeter for a punching shear force

Distance from the center of the load application to the root of the overhang

Upper case Roman letters

CRd,c

Vig

Coefficient that depends on experimental tests (shear strength of concrete)
Elastic modulus of concrete

Elastic modulus of steel

Bending moment

Longitudinal bending moment of the edge beam in the x-direction

A arbitrarily placed concentrated load acting on the bridge overhang

Load resisting capacity

Shear force

Bottom tensile reinforcement chord (shear resistance)

Design shear force per unit width

Lower case Greek letters

a
Vo
V4

Vpav

Vperm

VQ
Vsw
VX

Vy
VRd

§
P

Direction of the principal resultant shear force

Principal resultant shear force per unit

Design shear force per unit width

Shear force per unit width due to the surfacing.

Shear force per unit width due to the other permanent loads.
Shear force per unit length due to a (group of) concentrated load(s),
Shear force per unit width due to the self-weight

Shear force per unit width acting in the x-direction

Shear force per unit length acting in the y-direction

Nominal shear resisting capacity of concrete per unit width
Factor accounting for the size effect in shear strength
Flexural reinforcement ratio



1. INTRODUCTION

Bridge edge beams have recently been a matter of study in Sweden. The Swedish Transport Admin-
istration (in Swedish, “Trafikverket”) started a project to develop new bridge edge beam solutions
that could become better for the society in terms of costs. The rationale was the heavy deterioration
observed which resulted in high life-cycle measure costs in terms of repairs and replacements. At the
same time, road disturbances are caused, i.e., user costs. In total, 25 proposals were presented and
grouped into four types:

e Type I: Concrete integrated edge beam

e Type ll: Without edge beam

e Type lll: Steel edge beam

e Type IV: Concrete prefabricated edge beam

These proposals are described in detail in Pettersson & Sundquist (2014). Type | is the Swedish
standard design. A type IV proposal where the edge beam is cast in situ and then lifted to the bridge
formwork where the deck is subsequently cast has successfully been constructed recently in Sweden
(Kelindeman, 2014). A life-cycle cost analysis (LCCA) was performed to evaluate and compare the
different edge bean types (Veganzones, Sundquist, Pettersson, & Karoumi, 2015). A representative
design solution for each type was chosen. The study concluded that type | may be an adequate solu-
tion for long bridges, whereas type IV is for short bridges.

Nevertheless, there is still room for improvement. In addition to the damage remarks documented
along the life span, the working conditions referred to Type | in the construction of the new bridge or
the replacement of an existing deteriorated edge beam are not favorable (Figure 1). This fact may
lead to worse quality in the edge beam and, therefore, shorter life span. Type IV contributes to en-
hanced working conditions which results in extended life span, but the replacement is not optimal.
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Figure 1: a) Construction and b) replacement of a Type | edge beam

The LCCA showed that uncertainties existed for Types Il and lIl. Such solutions could become better
from a LCCA perspective under certain scenarios. Type Il results in higher investment costs, but low
life-cycle measures costs, mainly because it enables a faster edge beam replacement. This fact has
motivated Trafikverket to consider this type for further detailed studies and implement it as means
of replacement of a damaged edge beam in a bridge in Sweden. The works are planned for execution
in spring 2016 (Ramos, 2015).

In order to provide enhanced working conditions during the bridge construction the option of not
having an actual edge beam (Type Il) turns out to be interesting. Figure 2 shows three design solution
proposals without edge beam from the edge beam group. In absence of an actual edge beam, these



proposals still need to fulfill basic requirements such as provide an adequate attachment for the rail-
ing, support the bridge deck overlay and contribute to the drainage system.

In Type lla, an L-shaped profile is placed to support the overlay and to lead the water to the drainage
system. The railing is attached from the side of the bridge deck slab. An alternative where the railing
attachment is from the top — as it is nowadays in Sweden — is represented by Type lIb. It has a similar
design as Type lla, but with steel supports at each railing post location instead. Type llc, which can
also be considered as Type lll — steel edge beam —, consists of a continuous L-shaped profile where
the railing is attached and fulfills the rest of the requirements aforementioned. The LCCA was carried
out for Type llb and showed that the investment costs resulted low. In contrast, the life-cycle meas-
ure costs became very high due to the maintenance of 1) the steel support, because of the contact
surface with the concrete deck slab and, 2) the L-steel profile because of the damaged caused by the
snow removal machine.

TYPE I3 TYPE IIb TYPE llc

SECTION SECTION SECTION
D 18]

3

-
]
|
21,

#
O*O
o H o
aNa

| | LT

PLAN PLAN LAN

Figure 2: Design solution proposals without edge beam

Nevertheless, the effects from removing the edge beam should be studied in detail, especially for
bridges with overhangs (Figure 3). The reason is that the edge beam also serves to distribute concen-
trated loads from the traffic. Smith & Mikelsteins (1988) showed that the presence of an edge beam
affects the load distribution and indicated that a refined method of analysis including such effect
should exist. Vaz Rodrigues R. (2007) investigated the influence of different edge beam sizes (includ-
ing without edge beam) from a structural point of view on reinforced concrete (RC) slabs, and con-
firmed that the stiffening effect of the edge beam is related with its load-carrying function. A consid-
erable reduction of the total shear force near to the free edge was observed through a linear-elastic
finite element (FE) model. Nevertheless, the positive influence of an edge beam is not currently ac-
counted for in the existing regulations in Sweden.



Bridge overhangs
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Figure 3: Overhangs in a cross-sectional box beam bridge and a slab-on-girder idealized structurally as cantilever slabs

The aim of this paper is to study the possibility of implementation of a solution without edge beam
that fulfills functional requirements and is robust from a structural point of view. The goal is to ana-
lyze the influence of the edge beam on the structural behavior of the bridge overhang’s concrete
slab. The objective is the assessment of the total load resisting capacity for a case of a bridge over-
hang under concentrated loads considering the presence and absence of an edge beam. A non-linear
3D FE-model that can describe the failure of the bridge overhang has been developed and validated
for this purpose. The efficiency and adequacy of different design methods used to calculate the de-
sign bending moment and the shear force developed in the critical areas of the overhang in the ulti-
mate limit state is analyzed. A review of the development of simplified calculation methods is pre-
sented. Experimental tests concerning RC cantilever slabs under concentrated loads available in the
literature are described. The load capacity obtained from experimental tests, linear-elastic and non-
linear FE-models and simplified design methods are compared and discussed. A reflection on the old
Swedish Code BB94 and the use of distribution widths according to the design recommendations is
presented. Possible consequences of the removal of the edge beam are mentioned.

2. REVIEW OF CALCULATION METHODS FOR RC BRIDGE OVERHANG SLABS

Overhangs in bridges as shown in Figure 3 have traditionally been structurally idealized as cantilever
slabs (Bakht, 1981). Nevertheless, the assumption of full rotational restraint at the root may lead to
an overestimation of the peak intensity of the transversal moment (Mufti, Bakht, & Jaeger, 1993).
Bridge overhangs are usually designed with a tapered thickness (haunch) across the slab decreasing
from the root towards the free edge, ending in an edge beam (Figure 4).

Bridge overhang

Figure 4: Bridge overhang idealized as a cantilever slab subjected to a concentrated load from a vehicle P applied at
a distance ¢ from the overhang root of a length a

Either by using a classical simplified method or a linear-elastic FE-analysis, the design values for the
transversal bending moment per unit width along x-axis (my 4), longitudinal bending moment of the
edge beam (M, 4) and the principal shear force per unit width (v, 4) in the critical cross sections con-
sidered can be calculated. Unrealistic concentrations of cross-sectional moments and shear forces
occur due to the fact that necessary simplifications may occur in FE-modelling (Pacoste, Plos, &
Johansson, 2012). Furthermore, the redistribution of forces prior to failure should be considered.
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Thus, the maximum value calculated should not be used as the design value. The use of distribution
widths instead are contemplated in this study. A brief review of simplified calculation methods for RC
cantilever slabs and recommended values of distribution widths is presented for bending moment
and shear force. The notations illustrated in Figure 4 are used.

2.1 BENDING MOMENT

2.1.1 Simplified lower-bound calculation methods

Beam theory based

Wastlund (1964) proposed a simplified model to evaluate m,,(x) and M, (x) for a concentrated load
P applied on the edge beam. The cantilever slab was divided into plate strips. These were considered
as an elastic foundation supporting the edge beam. A parameter that depends on the moment of
inertia per unit length of the plate strip, the moment of inertia of the edge beam and a factor ac-
counting for a tapered thickness was introduced. Maximum values for m,, and maximum and mini-
mum values for M,, were presented.

Plate theory based

Jaramillo (1950) presented the exact solution in terms of proper integrals for m,,(x) using plate the-
ory in an infinitely long cantilever plate of constant width and thickness due to a concentrated load
acting at an arbitrary point. The edge beam was not considered. The solution was transformed into
series form by means of contour integration. Pucher (1951) presented influence surfaces for the cal-
culation of my, 5y at the root of the bridge cantilever for constant thickness slabs. Classical plate
theory assuming small deflections and no shear deformations was used. Homberg & Ropers (1965)
extended this work by including variable linear and parabolic thicknesses and multiple spans, includ-
ing cantilevers (Figure 5). The edge beam can be accounted for by extending the concrete slab with a
portion equivalent to its flexural rigidity. This approach should be handled with care since it might
lead to inaccurate results. The value of my .4 is derived by placing the concentrated load P on the
influence surface using the conforming scale. The corresponding contour level of the influence sur-
face will indicate the coefficient f used for the calculation of my .« (EQ. 1). In case of multiple n
loads several f,, can be used (Eq. 2).

My max = f P (Eq. 1)
n
m = P
y,max an n
= (Ea. 2)

Reismann & Cheng (1970) extended the problem postulated by Jaramillo including an edge beam
bonded to the free edge of the cantilever plate. The concentrated load P was applied on the edge
beam. Plate/edge beam stiffness ratios in bending and torsion were used. The results were ex-
pressed in terms of improper integrals and evaluated by a numerical integration procedure. In order
to prevent using improper integrals, Sundquist (2010) presented a simplified solution assuming the
transverse free edges of the cantilever to be simply supported. A generic solution in terms of Fourier
series was obtained for my, nax and My .« Sundquist (2010) showed that Wastlund’s solution using
beam theory was more conservative compared to his solution based on plate-theory. A drawback of
such methods is that the load shall be placed on the edge beam and not in an arbitrary point which
has made it not very usable in practice.
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Figure 5: Example of an influence surface for the calculation of the transversal bending moment at the cantilever
root for a thickness variation of t, /t; = 2 Reproduced from Homberg & Ropers (1965).

FE-model based

Bakht & Holland (1976) presented a semi-graphical simplified solution for the elastic analysis of infi-
nite wide cantilever slabs of linearly varying thickness. The distribution of my(x,y) at any point of
the cantilever slab can be calculated. A coefficient that depends on the relative position of the load,
the reference point with respect to the root of the cantilever and, if applicable, the slab/edge beam
stiffness ratios was presented in design charts. This coefficient was back-calculated from linear-
elastic FE-models. Later, Bakht (1981) also introduced a similar method to calculate M, ,x and
M, min- The current Canadian code (Canadian Standards Association, 2015) uses this formulation.

The assumption of a full fixity versus the consideration of the presence of the web and the portion of
the deck in between the webs was investigated by Dilger, Tadros, & Chebib (1990). It was observed
that moments could become higher by up to 40% for thin webs. Similar design charts completed later
by Mufti, Bakht, & Jaeger (1993) were presented including a parameter to represent the elastic re-
straint for the cantilever slab.

2.1.2 Linear-elastic FE-analysis

Moments achieved through linear elastic FE-analysis may be redistributed because of the plastic ro-
tation capacity of concrete according to Eurocode 2 (European Committee for Standardization [CEN],
2005). The resulting distribution must remain in equilibrium with the applied loads. However, cur-
rently there is no clear formulation for the distribution width (wy,) for m,,. Designers instead usually
account for my max as the design value (my 4). Pacoste et. al (2012) proposed recommendations for
the calculation of wy, for FE-analysis (Eq. 3) in the critical cross section as depicted in Figure 6a. For
loading situations involving two parallel forces so that the distribution widths overlaps, a distribution
width (wy,gr) can be used according to Eq. 4 and Figure 6b. Even though such recommendations were
considered still conservative (Lim, 2013), the effect of plastic redistribution should be handled with
care if there are moving loads that might cause accumulated damage to the structure, which might
lead to additional plastic rotation.



x
0,25 > Fu = 0,15 for concrete classes < C55/67

. (7d+ by +t,
m{ d+13 for X,
Wy, = 10d + 1,3ycs 0,15 = — > 0,10 for concrete classes = C55/67 (Eqg. 3)
d
x
2h+b+t, forvalues of Fu outside the above limits
WR = 2Xg + Wi (Eq. 4)

e d is the effective height of the cross section studied.

e b, is the width of the load in the x-direction.

* t,isthe thickness of the overlay.

® Y. isthe distance from the center of the load application to the critical cross section.

e X, is the depth of the neutral axis in the ultimate limit state after redistribution evaluated for
the section with the highest reinforcement ratio.

e Xxp is the distance of the resultant force of both loads to the closest external force.
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Figure 6: Shear distribution widths for a) one concentrated load and b) two concentrated loads

2.2 SHEAR FORCE

2.2.1 Shear strength of RC slabs

Shear is usually the governing failure mode in the ultimate limit state of RC slabs without transverse
reinforcement (Muttoni, 2008). Two types of shear failure modes are usually distinguished: one-way
shear and two-way shear (punching). The former is associated with line loads and linear supports.
The latter is usually related to concentrated loads. In both cases the failure is brittle and undesirable.
For RC bridge overhangs, Vaz Rodrigues R. (2007) stated that a hybrid failure between both occurs
and indicated that the design for such intermediate case is not always covered by current codes of
practice. A few experimental tests on RC cantilevers are described herein.

Miller, Aktan, & Shahrooz (1994) performed a test on a decomissioned concrete slab bridge under
two concentrated loads. The bridge failed in shear. Yield was observed just before failure. Ibell &
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Morley (1999) carried out series of full scale tests on a concrete beam-and-slab bridge deck with no
shear reinforcement under concentrated loads. The specimens failed in shear and no or limited
yielding was documented. Lu (2003) carried out a series of nine tests on reduced scale RC cantilever
without stirrups. Different reinforcement ratios and load configurations and the effect of an edge
beam were studied. The predominant failure was shear. For the case of the edge beam an increase of
the load capacity and slightly more ductile behavior was documented. The shear crack did not go
through the edge beam but developed in the area within the slab instead.

Vaz Rodrigues R. (2007) investigated the shear strength of RC bridge deck slabs without shear
reinforcement. Six large-scale tests on two cantilevers with different load configurations and flexural
reinforcement ratios were carried out. A brittle shear failure was observed. The theoretical flexural
failure load was not reached. The failure load increased with the number of applied loads. For the
tests performed with the same number of loads, the failure load decreased with the reinforcement
ratio. Significant yielding occurred in top and bottom reinforcement for the test configuation with
four concentrated loads. For the rest of the tests no or very limited yielding was reported. The critical
shear cracks did not seem to form from the existing flexural cracks.

Rombach & Latte (2008) conducted 12 large-scale tests on four specimens. The influences of stirrups
and a tapered thickness were studied. This latter refers to the consideration of a concrete compres-
sion chord (V..q) and/or a reinforcement tensile chord (V.4) to contribute to the shear resistance
(Figure 7). A spontaneous brittle shear failure was observed for the cantilever slabs without stirrups.
The bending reinforcement did not yield. The load capacity measured was higher than the design
one. The specimens with stirrups had a ductile bending failure, with a considerable yielding plateau.
The influence of the tapered thickness was almost not perceptible, which led to the performance of
new tests in single supported beams (Rombach, Kohl, & Nghiep, 2011). The contribution of the con-
crete compressed chord was studied as means of inclining the top part with varying angles (0-10°). A
brittle spontaneous shear failure was documented among great part of the slabs, except the ones
with higher angle of inclination which had a bending failure. In terms of load capacity, the considera-
tion of such positive influence could lead to unsafe results for designing concrete members with
varying depth without shear reinforcement.

Figure 7: Shear components for members with inclined chords

The formulation corresponding to the Eurocode to calculate the shear capacity of RC slabs for differ-
ent codes for the verification of the shear failure criterion is presented in Appendix 1. Members
without shear reinforcement and without pre-stressing are referred. In this paper the old Swedish
code BBK94 (Boverket, 1994) is studied to evaluate the load capacity of bridges designed following its
guidance. In spite of experimental evidence, as far as it has been investigated, no formulae including
the consideration of the edge beam for an increased shear strength capacity of concrete have been
found in the literature. A recently discussed aspect is the consideration of the inclined chords (Zanuy
& Gallego, 2015). Eurocode indicates that it should be considered for members with shear rein-
forcement. In some countries it is allowed for RC slabs without stirrups (Rombach & Kohl, 2013).
Zanuy & Gallego (2015) concluded that it is not consistent to account for such effect when using the
Eurocode because of the different background of both equations. In contrast, BBK94 highlighted that
the positive or negative influence of a tapered height beam or slab should be accounted for.



2.2.3 Simplified calculation of the design shear force

Designers may adopt one of one-way or two-way shear criteria to calculate the load capacity (Qrq)-
Intuitively, the punching shear criterion should be used for a two-directional flow of shear forces,
which can be the case of loads applied to the free edge. In contrast, a one-way shear criterion should
be adopted for a unidirectional flow, which can be the case of loads applied close to the root of the
overhang. Vaz Rodrigues R. (2007) concluded that both approaches for different load positions may
result suitable because of the hybrid nature of the failure.

One-way shear criterion

The authors believe that the consideration of one-way shear criterion in a local analysis can be con-
sidered adequate even for forces applied close to the transversal free edge if only the predominant
direction of the principal shear perpendicular to the root of the overhang is considered. A global
analysis should account for shear along the other direction. The design shear force per unit length v4
for one-way shear can be derived according to Eq. 5. The shear force per unit length (vq) can be cal-
culated along the critical cross section using the distribution width (wg) following Eq. 6 as illustrated
in Figure 8b.

V4 =VqQ + Vsw + Vpav + Vperm < Vrda [KN/m] (Ea. 5)
Qa

Vq = ;S [KN/m] (Eqg. 6)
Where:
® Vg is the shear force per unit length due to a (group of) concentrated load(s).
e vgw is the shear force per unit length due to the self-weight.
®  Vpay is the shear force per unit length due to the surfacing.
®  Vperm IS the shear force per unit length due to the other permanent loads.
ws is the distribution width for shear forces.

Distribution widths

The Swedish code Bro 11 (Trafikverket, 2011b) recommends calculating wg according to Eq. 7. This
formulation is originally based on the experimental tests made by Hedman & Losberg (1976). For
loading situations involving two parallel forces where wg overlap, an extended wg i can be used as in
Figure 6b. The critical cross sections depicted in Figure 8b are located at d/2 from the load pad
(Trafikverket, 2011b).

7d + by + t,

10d + 1,3y (Ea.7)

WS,Bll = max {

Two-way shear design criterion

The shear design criterion is presented in Eq. 8 where v4 is the design shear force per unit control
perimeter (wp,). Because of the presence of a free edge, a three-sided critical control perimeter can
be used in this problem (Vaz Rodrigues, Fernandez Ruiz, & Muttoni, 2008). The critical cross section
can be located at a distance 2d according to Eurocode (CEN, 2005), or d/2 according to ACI (ACI
[American Concrete Institute], 2014), respectively (Figure 9).
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Figure 9: Three-sided punching control perimeters at distances 2d or d/2 from the load application for a group of four
concentrated loads

2.2.4 Linear-elastic FE-analysis

The redistribution of shear forces in linear-elastic FE-analyses refers to the resultant principal shear
force vy (Eq. 9) and is performed in the x-direction. The principal shear force is assumed to verify the
shear failure. Pacoste et. al. (2012) proposed refined recommendations for the shear distribution
width, denoted as wg pp; (EQ. 10). All the existing load cases, including self-weight, are applied. Such
recommendations have recently been shown to be reasonable (Shams Hakimi, 2012). A maximum
and a minimum distribution width (Ws max, Wsmin) are calculated for the hypothetical critical cross
sections located closest to (y = 0) and furthest from (y = yax) the root of the overhang. yyax ac-
counts for a limiting distance (aiy) for the application of the load from the railing (Figure 10a). The
distribution width (w; ppy) for a load applied at a distance y from the root edge is calculated through
linear interpolation between wgnax and wg iy A similar principle as Figure 6b is applied for two
parallel forces to calculate a resultant distribution width wg ¢ (Eq. 11). A limiting condition for a cal-
culation of an effective distribution width (weg) based on the angle (a) of the principal resultant
shear forces is applied according to Figure 11. The rationale is to account for the shear forces distrib-
uted mainly in the y-direction.



Vo = fvxz +vy2 (Eq.9)

7d + by +t,,

= f =
Ws max max{lOd +1,3y,, ory=20
(Eq. 10)
We min = min{7d+bx+tpfory:y
S,min 10d + 1’3ycs max
WRspP] = 2Xg + Wy s (Eq. 11)

az45°

{ Wt |

Ws.ppy

W min
Ws

Figure 10: Interpolation of the calculation of the shear Figure 11: Limiting condition for the shear distribution width.
distribution width Adapted from Pacoste et. al. (2012)

3. METHODOLOGY

In order to study the structural behavior of bridge overhangs with and without an edge beam the
experimental tests carried out by Vaz Rodrigues R. (2007) were used as a reference. The reason for
this choice is that, even though the tests correspond to a scale of % of Swiss bridges in Switzerland,
such dimensions resemble approximately the ones used in Sweden. The experiment consisted of
three tests (DR1a, DR1b and DR1c) on the same RC slab performed successively. In test DR1a four
concentrated loads were applied in the middle of the RC slab. In tests DR1b and DR1c, two and one
concentrated loads respectively were applied in the area near the transverse free edge (Figure 12).
An edge beam with the Swedish standard dimensions was included successively.

The load capacity (Qrq) for bending and shear according to the simplified methods aforementioned
was calculated. Afterwards, Qrq from a 3D linear elastic FE-analysis was derived. These results were
discussed in the light of the conclusions stated by Vaz Rodrigues R. (2007). The influence of the edge
beam was studied as means of the distribution of shear forces and bending moments. The considera-
tion of the redistribution through distribution widths is also discussed.

Subsequently, a 3D non-linear FE-model with solid elements was built to investigate the structural
behavior of the bridge overhang in the ultimate limit state. The results were compared to the exper-
imental tests to validate the FE-model as means of load-displacement curves and failure modes ob-
served. The edge beam was added to investigate its influence on Qrq4. A comparison and assessment
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of the efficiency of the design methods presented to obtain Qrgq compared to Qrq from non-linear
FE-model and experimental tests was discussed.

ABAQUS/CAE, ABAQUS/Standard ad ABAQUS/Explicit Version 6.1.14 are the commercial software
used for the FE-analyses. ABAQUS/CAE is used for the construction of the FE-model and the genera-
tion of the input file. ABAQUS/Standard is used to perform the elastic-linear analyses and
ABAQUS/Explicit is used to perform the non-linear analysis, both generating the output files.

3.1 DESCRIPTION OF THE FE-model

General assumptions and limitations

e Bond slip between concrete and reinforcement was not considered. Since no anchorage fail-
ure was reported in the experiments this issue was not verified.

e The fluctuation of the load magnitude applied onto each plate during the experiment was
not accounted for. The actual applied force under each load application point was actually
measured in the test. In the FE-model the same load on each loading plate on the overhang
was assumed.

e The initial load cycling in test DR1a has not been considered. A load-displacement curve for
the comparison with the FE-model which does exclude this effect presented by Vaz
Rodrigues R., (2007) was used. Concerning tests DR1b and DR1c the successive steps of con-
stant and increasing loading were not considered.

Geometry and reinforcement

The geometry of the model follows the experimental test by Vaz Rodrigues R. (2007) represented in
Figure 12. The longitudinal reinforcement consists of two layers (top and bottom) of ¢16 mm bars
every 150 mm. The length of the cantilever is 10 m and the width is 4,2 m. The overhang has a ta-
pered thickness at the root of the overhang t, of 380 mm and at the free edge t; of 190 mm. The
transversal reinforcement is composed of 12 mm every 150 mm, but shortened to 75 mm across a
distance of 2800 mm from the left part of the slab (1400 mm from the overhang’s root). The edge
beam considered was 400x400 mm? and was added at the free edge of the slab without edge beam
(Figure 13). The top and the middle, and the bottom longitudinal reinforcement in the edge beam
consists of 16 mm and 20 mm bars respectively. The transversal reinforcement is 810 mm every
300 mm.

Material properties and models

The mechanical properties based on the experimental test are presented in Table 1. In the FE-models
the properties corresponding to test DR1a for concrete were used for all the simulations. The ra-
tionale is that a fair comparison between different loading situations was pursued in this work. This
also enabled an impartial assessment of the calculation methods. The authors would still like to re-
mark that the consideration of the properties described for the other tests led to almost negligible
differences in the structural response. The material model chosen for concrete was '‘Concrete Dam-
aged Plasticity’, which was proposed by Lubliner, Oliver, Oller, & Onate (1989) and modified by Lee &
Fenves (1998). The values of the parameters are shown in Table 2. The tensile behavior was defined
according to the model presented by Cornelissen, Hordijk, & Reinhardt (1986), which is considered
the most accurate for tensile cracking (Karihaloo, 2003). Concerning the compressive behavior, the
guidance of the Eurocode 2 (CEN, 2005) adapted to the biaxial compression curves presented in the
experimental test was used. The material model chosen for the reinforcement is ‘Plastic’ which al-
lows defining a plastic isotropic hardening after yielding (Table 2).
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Figure 12: Geometry and reinforcement of the experi-

mental tests. Adapted from Vaz Rodrigues R. (2007)

Figure 13: Overhang bridge slab without and with an edge

beam including the reinforcement

Table 1: Mechanical properties of the concrete in the experimental test

Test | Parameter Symbol | Unit Value
Density De kg/m’ 2450
Poisson ratio Ve - 0,2
Dilation angle ¢ - 35
All Flow-potential eccentricity e - 0,1
Ratio biaxial—uniaxial compression foo/feo - 1,16
Second tensile-compressive stress invariant ratio K - 0,667
Viscosity parameter [ - 1E-10
Compressive strength fee MPa 39,11
DR1la | Tensile strength fet MPa 2,94
Young’s modulus E. GPa 36,03
Compressive strength fee MPa 39,91
DR1b | Tensile strength fet MPa 3,02
Young’s modulus E. GPa 36,09
Compressive strength fec MPa 40,82
DR1c | Tensile strength fet MPa 3,11
Young’s modulus E. GPa 36,16
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Table 2: Mechanical properties of the reinforcement

Bar diameter | Parameter Symbol | Unit Value
Density Ds kg/m’ 7800
All Young modulus E; GPa 200
Poisson ratio Vs - 03
$16 mm Yield.strength Iy MPa 499
320 mm Tensile strength . fi MPa 600
Deformation under maximum load &u (%) 10,73
$12 mm Yield'strength fy MPa 541
310 mm Tensile strength . fi MPa 629
Deformation under maximum load &u (%) 9,05

Mesh size and non-linear analysis procedure

For the linear analyses a 50 mm mesh has been used formed by 4-noded shell quadrilateral ele-
ments. For the non-linear analyses, an approx. 25 mm mesh formed by 8-noded solid hexahedral
elements was used for concrete. This enabled at eleven elements across the height of the slab which
is suitable to describe shear behavior. A 25 mm mesh formed by truss elements was used for the
reinforcement. The task was considered non-linear because of a brittle shear failure which led to the
performance of a quasi-static analysis to prevent convergence issues. The loading step was smoothed
to avoid inertial forces affecting the results. The total and kinetic energy of the model during the
simulation were monitored to control this effect.

Loading, boundary conditions and constraints

A statically-determined load-structure built of beams and trusses was connected through a con-
straint equation to the loading plates, which were simultaneously connected to the reinforced con-
crete overhang. Such structure was used to ensure better convergence and the possibility to reflect
more accurately the load-displacement curves (Broo, Lundgren, & Plos, 2008). A prescribed dis-
placement-control was assigned to a node on top of the load-structure to appreciate vertical fluctua-
tions of the total force applied. The reaction force was calculated subsequently. The support of the
column is represented by restraining all the degrees of freedom of the bottom surface. The pre-
stressing was modelled by restraining all the degrees of freedom at the two contact surfaces of the
slab. Fully bonded reinforcement was used forcing the nodes of the bars to follow the displacement
degrees of freedom of the surrounding concrete.

3.2 MODEL VALIDATION

A comparison between the load-displacement curves and a cut failure surface from the tests and the
non-linear FE-model is shown in Figure 14. The total load represented refers to the sum of all the
applied loads in each test. The displacement corresponds to the tip of the cantilever located at the
symmetry axis with respect to the load application for each test, as depicted in Figure 12. The differ-
ence in the beginning of the curve of test DR1 is justified by the initial cyclic loading performed. A
shear failure mode was observed for all the FE-models, in agreement with the experimental tests.
The results obtained for tests DR1b and DR1c show a stiffer response than that of the experiment.
The authors believe that this fact is motivated by the manner the experiment was performed where
the tests were carried out successively in the following order: DR1a, DR1b and DR1c. A consideration
of this aspect would lead to a less stiff behavior. Furthermore, the load history was not accounted
for, which would also affect the initial stiffness. Numerical simulations using damage parameters that
can account for these aspects are underway. In this work, nonetheless, it is of interest to study the
behavior of the slab without any previous loading history that can have an influence. The results pre-
sented were considered accurate enough to validate the FE-model for its application in the case of

13



the addition of an edge beam. The authors believe that a reasonable match between the load-
displacement curves was obtained.
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Figure 14: Load-displacement curves and failure surfaces after cutting of the slabs obtained from the experimental
tests and the non-linear FE-models for tests DR1a, DR1b and DR1c
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4. RESULTS AND DISCUSSION

The results in this chapter are presented in the following order: simplified hand calculations, linear-
elastic FE-analysis and non-linear FE-analysis. The bending critical cross section is located at the root
of the cantilever. The shear critical cross sections considered for bending and shear for tests DR1,
DR1b and DR1c are located at a distance d /2 from the load application point (Figure 15). Two critical
cross sections have been considered for test DR1a corresponding to each load position (CSI and CSlI).
These critical cross sections are the same for both cases without and with an edge beam. Safety coef-
ficients were not used to capture the real behavior according to the experimental tests.

TEST DR1a TEST DR1b and DR1c

Shear critical cross Shear critical cross Shear critical

section Il (CSII)\ section | (CSI) cross section \

\
I 11 90 350@/%/—‘ 11 90

dr2 ar2 arR
| | A |

2780 2780

350

Figure 15: Shear critical cross sections considered for experimental tests DR1a, DR1b and DR1c.

4.1 SIMPLIFIED CALCULATIONS

Shear forces

The load capacity (Qrq) due to shear forces using the guidelines provided by Eurocode 2 and BBK94 is
presented in Table 3. The distribution widths (wg44) from the guidance provided by Bro 11 were
used. An underestimation of the load capacity of RC overhang slab for the cases with an edge beam
was documented. The rationale is that this approach only considers the added self-weight and does
not account for any positive influence of such member. A positive influence of the edge beam is not
reflected on the distribution widths either. A considerable difference of around 60% between BBK94
and Eurocode is observed. This fact is further discussed in Section 4.4, including also a comparison to
the experimental results.

Table 3: Shear load capacity according to Bro 11 (Qrq p11) and BBK94 (Qgq4 ppk)

VRd,B11 | VRd,BBK Wg11 Qra,B11 Qra,BBK @BBKRd

[kN/m] | [kN/m] [mm] [kN] [kN] OB11,Rd
Test nEB EB nEB EB nEB/EB | nEB EB nEB/EB | nEB | EB
DR1a CS-I 193 294 2917 | 2917 | 1060 | 1037 1,02 1651 | 1628 1,02 1,56 | 1,56
DR1a CS-lI 306 474 3965 | 3965 | 1195 | 1179 1,01 1859 | 1844 1,01 1,56 | 1,56
DR1b 294 453 3703 | 3703 | 1047 | 1032 1,01 1637 | 1622 1,01 1,60 | 1,60
DR1c 294 453 2803 | 2803 | 776 | 764 1,01 1222 | 1211 1,01 1,65 | 1,65

nEB: without edge beam; EB: with edge beam

In the previous calculations the favorable influence of the tapered thickness was not accounted for.
For a hand-calculation of a slab such effect is not straight forward to consider since the distribution
of moments is not uniform. To assess its influence, the maximum bending moment at the critical
cross section in the direction perpendicular to the root of the overhang obtained from a linear-elastic
FE-analysis was used. It has to be noted that this approach may result unsafe because it may overes-
timate the shear capacity. In reality, if the principal shear force is distributed then a distributed mo-
ment should be considered as well, accounting for the directions of the principal shear at each loca-
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tion. Table 4 visualizes the difference of taking into consideration such effect following the guidance
of BBK94 (Qrq,BBKi)-

Table 4: Influence of the consideration of the inclined compression chord using BBK94 on the shear load capacity

(Qrasex and QrasEki)

VRd,BBK | VRd,BBKi WsB11 Qrd,BBK Qrd,BBKi UBBKRd

[kN/m] | [kN/m] [mm] [kN] [kN] OBBKiRrd
Test nEB EB nEB EB nEB /EB | nEB EB nEB /EB | nEB EB
DR1a CS-I 294 303 2917 | 2917 | 1651 | 1628 1,02 1702 | 1678 1,01 1,03 | 1,03
DR1a CS-lI 474 542 3965 | 3965 | 1859 | 1844 1,01 2132 | 2116 1,01 1,15 | 1,15
DR1b 453 478 3703 | 3703 | 1637 | 1622 1,01 1728 | 1713 1,01 1,06 | 1,06
DR1c 453 475 2803 | 2803 | 1222 | 1211 1,01 1285 | 1274 1,01 1,05 | 1,05

nEB: without edge beam; EB: with edge beam

The consideration of the influence of a tapered bottom thickness may be considered negligible (3-
6%) for one or more concentrated loads applied in a single row parallel to the root. In contrast, it
becomes more pronounced (15%) for the case of four concentrated applied loads for critical section
Il (two rows of forces parallel to the root). The rationale is that the bending moment calculated at
this location is of a higher magnitude because it accounts for all the loads applied. The authors con-
clude that the addition of this contribution should be handled with care as it may lead to unsafe es-
timates.

Bending moments

The lower-bound flexural load capacity using the simplified method of Homberg & Ropers (1965)
denoted as Qrgq yr is presented in Table 5. An extension of the concrete deck slab with an equivalent
flexural rigidity to the edge beam was considered. The presence of an edge beam leads to a higher
resisting moment capacity and thus a higher load capacity, especially for the case of four concentrat-
ed loads. The theoretical lower-bound flexural failure load is slightly lower than the shear failure
Qras11 Which indicates that either flexion or shear could be not critical for the design of the bridge
overhang. This is in agreement with the tests as pronounced yielding in the flexural reinforcement
was documented. If Qrq gk Was considered instead, the design flexural load would be critical. This
fact might explain in some part the lack of robustness in those bridges as the designers believed that
a ductile flexural failure would be the critical one.

Table 5: Flexural load capacity using Homerg&Ropers influence surfaces (Qgrg yr)

Qrd,HR
[kN]
Test nEB EB nEB /EB
DR1a 1046 | 1250 0,84
DR1b 1173 | 1301 0,90
DR1c 966 1084 0,89

nEB: without edge beam; EB: with edge beam

4.2 LINEAR-ELASTIC FE-ANALYSIS

Shear forces

Table 6 presents the shear load capacity for a linear-elastic FE-analysis (Qrqrg). The distributed
principal shear force (vjggq) using the recommendations provided by Pacoste et. al. (2012) and the
shear resisting capacity for each critical cross-section (vgrq) are also presented. Figure 16 illustrates
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the distribution of the principal shear force per unit width v, in the corresponding critical cross sec-
tions for tests DR1a, DR1b and DR1c for Qgrgq ifE-

Even though the presence of an edge beam is not clearly distinguished by the formulae to
late wg ppj, an interesting fact to highlight is the change of the shear flow direction because of such
member, which influences the use of the limitation presented in Figure 11. For slab DR1a without an
edge beam at the critical cross section I, such limitation had to be used. This was not the case with an
edge beam. The rationale is that the shear stream lines become more perpendicular to the support
which deactivates such limitation. The load is transferred in the longitudinal direction which contrib-
utes to a wider distribution of the shear forces. As a result, Qgrqpg for test DR1a is considerably
augmented in the case of an edge beam.

Another interesting fact is that with an edge beam, cross section Il becomes the critical one for de-
sign, which was by far not the case without an edge beam. These facts confirm a ‘stiffening effect’ of
the edge beam for loads applied close to the free edge, which is related to its load-carrying function.
Still, cross section | lies very close to its maximum shear resistance capacity. This can be interpreted
as an efficient distribution of the shear resisting capacity of the bridge overhang, which does not
occur without an edge beam. Concerning tests DR1b and DR1c the presence of the edge beam can be
considered negligible, which is motivated by the fact that the loads are not close to the free edge. A
comparison between the load capacity calculated using the maximum principal shear force (Qpg max)
and the distributed shear force (Qpg q) is presented in Table 7. The choice of the maximum principal
shear force (vVipg max) Without redistribution as the design value is shown to be very conservative,
especially for only one and two concentrated loads.
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Figure 16: Principal shear force along the critical cross section and corresponding distribution width according to
Pacoste et. al. (2012) for tests DR1a, DR1b and DR1c.

17



Table 6: Shear load capacity obtained from a linear-elastic FE-analysis for tests DR1a, DR1b and DR1c

Wsppy [MM] | Vracst | Vracsn | Vireacs VIFEd,CSII Qra,red [KN]
Test nEB EB nEB EB nEB EB nEB EB EB/EB
DR1a-CS| 1709 | 2937 193 306 193 233 986 | 1362 0,72
DR1a-CS Il 4142 | 4142 193 306 189 306 986 | 1362 0,72
DR1b 3370 | 3370 296 296 951 953 1,00
DR1c 2890 | 2890 298 298 802 804 1,00

nEB: without edge beam; EB: with edge beam

Table 7: Comparison of the load capacity obtained from the maximum and the distributed shear force

Qrd,IFEd QRrd,IFEmax Qrd,IFEd
[kN] [kN] QRrdIFEmax
Test nEB EB nEB EB nEB EB
DR1la 986 1362 765 777 1,29 1,75
DR1b 951 953 541 542 1,75 1,76
DR1c 802 804 344 346 2,32 2,33

nEB: without edge beam; EB: with edge beam
Bending moment

The flexural load capacity (Qrgmireq) for the tests with and without edge beam calculated from a
linear-elastic FE-analysis following the recommendations proposed by Pacoste et. al. (2012) is pre-
sented in Table 8. The distribution of my, for Qrgqmireq is presented in Figure 17. To calculate wy, ppy
the second formula in Eq. 4 had to be used because the ratio x,, /d was 0,13. The flexural load capac-
ity is higher compared to the ones obtained from the shear capacity for experimental tests DR1b and
DR1c. For the case of test DR1a a slight difference is appreciated, partly because the method used is
lower bound and, hence, conservative. However, it is important to remark that considerable yielding
of the flexural reinforcement was observed in this case.

The presence of an edge beam has a slight relevance for test DR1a. A smooth reduction in my at the
cantilever’s root exists for the case of four concentrated loads, in agreement with the results pre-
sented by Vaz Rodrigues R. (2007). The FE-model accounts for the presence of the edge beam for the
moment distribution, in contrast with the simplified calculation methods. Such positive effect should
be handled with care. Duran (2014) showed that m,, can become even higher for the case with an
edge beam. The cantilever span a and the size of the edge beam would be the governing factors con-
trolling such effect. For tests DR1b and DR1c where the loads are closer to the overhang’s root such
effect can be considered negligible.
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Figure 17: Distribution of m in the cantilever root for and corresponding distribution widths according to Pacoste,

et. al. (2012) for Qrgq yrx for tests DR1a, DR1b and DR1c

Table 8: Flexural load capacity for linear-elastic FE-analysis
W,ppj [Mm] my ra [KN/m] Mg qistr [KN/m] Qrd,mired [KN]
Test nEB EB nEB | EB nEB | EB nEB | EB | nEB/EB
DR1a — Section | 1934 1934 438 438 1040 | 1121 0,93
DR1b 1934 1934 438 438 1043 | 1055 0,99
DR1c 1034 1034 438 438 926 939 0,99

nEB: without edge beam; EB: with edge beam

4.3 NON-LINEAR FE-ANALYSIS

Figure 18 shows the load-displacement curves and the failure modes obtained from the non-linear
analysis for the case with and without edge beam for test configurations DR1a, DR1b and DR1lc. A

higher load capacity of the bridge overhang was observed because of the presence of the edge

beam, more substantially in test DR1a (15%). A shear failure mode was also observed. The failure

surface did not extend through the edge beam, resembling a punching failure, in consonance with
the findings of Lu (2003). A secondary crack developing in the critical cross section Il may become

significant and the slab can even fail at that point, in agreement with experimental results and the
simplified methods. This fact proves the efficient distribution of shear forces for the case with an

edge beam. The load capacity is barely increased for the tests DR1b and DR1c. A slight increased duc-
tility was observed in test DR1a with an edge beam, whereas a more fragile failure occurs in tests

DR1b and DR1c.

19




Test DR1a
1800
1600
1400
__ 1200 I
é 1000
T 800
=]
= 600 7
/
400 / —— Non-linear FEM (Edge beam)
200 ——Non-linear FEM (No edge beam) |—
0
0 0,02 0,04 0,06 0,08
Displacement [m]
Test DR1b
1400
1200 /
1000 )
Z 800
5 /
g 600
= /
400
/ ——Non-linear FEM (Edge beam)
200 —— Non-linear FEM (No edge beam) |
0 i i i i
0 0,01 0,02 0,03 0,04
Displacement [m]
Test DR1c
1400
1200 | ——Non-linear FEM (Edge beam)
——Non-linear FEM (No edge beam)
1000
Z 800 /Y?
-]
g 600
- /
400 /
200
0 i i i
0 0,01 0,02 0,03

Displacement [m]

OniFepR1aEB _ 1614

= =1,22
Quirgpria 1325

FE-model without edge beam:

FE-model with edge beam:

P el

1

QniIFE,DR1bEB _ 1195 _
Quirgprip 1125

1,06

FE-model without edge beam:

| e

FE-model with edge beam:

-

inFE,DRlCEB — 914

= 1,00

inFE,DRlc 912

FE-model without edge beam:

B

FE-model with edge beam:

B i1 Lid

-

-

Figure 18: Load-displacement curves and failure surfaces after cutting of the slabs obtained from a non-linear analy-
sis for tests DR1a, DR1b and DR1c with and without edge beam

4.4 ANALYSIS OF THE LOAD CAPACITY

Table 9 and Table 10 gathers all the load capacities presented in the previous sections for shear and
bending respectively. A comparison to a reference load capacity (Qref) is visualized. The Qef chosen
for the results of the bridge overhang without edge beam refers to the one from the experimental

20



tests (Qexp). For the case with the edge beam, since there was no experimental data, the one ob-
tained from the validated non-linear FE-model (Q,rg) has been elected. Results obtained from a
punching criterion using the 3-sided control perimeters 2d and d/2 are also included.

Table 9: Summary of shear load resisting capacities obtained through different methods and comparison to the ex-
perimental tests and the non-linear FE-model

Test DR1a Test DR1b Test DR1c
Without EB With EB Without EB With EB Without EB With EB
Q Q Q Q Q Q Q Q Q Q Q Q

[kN] Qref [kN] Qref [kN] Qref [kN] Qref [kN] Qref [kN] Qref
Qref 1397 1614 1025 1195 910 914
QRd,nIFE 1325 0,95| 1614 1,00 1125 1,10] 1195 1,00 912 1,00 914 1,00
@Rrd,B11 1060 0,76 1037 0,64] 1047 1,02] 1032 0,86 787 0,87 776 0,85
(rd,BBK 1651 1,18| 1628 1,01] 1637 1,60 1622 1,361 1222 1,34 1211 1,33
(@Rrd,BBKi 1702 1,22| 1678 1,04) 1728 1,69] 1713 1,431 1285 1,41] 1274 1,39
QRd,IFEd 986 0,71] 1362 0,84 949 0,93 951 0,80 798 0,88 800 0,88
(Rd,IFEmax 765 0,55 777 0,48 542 0,53 541 0,45 344 0,38 344 0,38
QRd,pun,d/z 565 0,40 552 0,34 555 0,54 547 0,46 355 0,39 350 0,38
QRd,pun,Zd 849 0,61 830 0,51 990 0,97 860 0,72 668 0,73 658 0,72

Table 10: Summary of bending load resisting capacities obtained through different methods and comparison to the
experimental tests and the non-linear FE-model
Test DR1a Test DR1b Test DR1c
Without EB With EB Without EB With EB Without EB With EB
e | 2o |2 le |2 ]e |l ]| 2fe]|X

[kN] Qref [kN] Qref [kN] Qref [kN] Qref [kN] Qref [kN] Qref
Qref 1397 1614 1025 1195 910 914
Qrd,HR 1046 0,75] 1251 0,77) 1173 1,15] 1301 1,09 966 1,06| 1084 1,19
Qrd,mIFEd 1040 0,74 1121 0,69] 1043 1,02] 1055 0,88 926 1,02 939 1,03
(Rd,mIFEmax 998 0,71] 1082 0,67 937 0,92 948 0,79 874 0,96 885 0,97

The results obtained using the existing Swedish regulations Bro 11 following the Eurocode may be
considered adequate for the case without an edge beam, but conservative for the case with an edge
beam. In contrast, the use of BBK94 may lead to an overestimation of the bridge load resisting capac-
ity for shear, which is more accentuated if the positive compression chord contribution is accounted
for. This would motivate the increased use of more shear reinforcement (stirrups) in recent bridges
that were designed according to Eurocode compared to the ones designed using BBK94. Moreover,
the results may be interpreted as a lack of sufficient robustness, which has been documented in
Swedish bridges. A design performed from a punching perspective using the control perimeter at a
distance 2d leads to a very conservative estimate of the total load resisting capacity. A much better
agreement is achieved if a distance of d /2 is contemplated.

Concerning the results from the linear-elastic FE-model, the recommendations provided by Pacoste,
et. al. (2012) are reasonable and provide a good match according to the experimental tests and the
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non-linear FE-model for both cases with and without an edge beam. The use of the maximum value
as the design one is shown to be very conservative.

The flexural failure load calculated is not critical compared to shear failure load, except for the design
according to BBK94. It is important to notice that a bending failure would become dominant for larg-
er overhang spans or larger edge beams.

The presence of the edge beam should be especially considered for concentrated loads close to the
transversal free edge of the bridge overhang. The edge beam functions as a load-carrying member
and provides a wider distribution of shear forces. The removal of the edge beam would imply less
loading capacity and thus less robustness in the bridge overhang compared to existing bridges with
an edge beam. This fact might result in an increase of the thickness in a critical cross section for a
concentrated load close to the transversal free edge, or the use of transversal reinforcement, if the
same load capacity of the RC bridge overhang slab with the edge beam is desired.

5. CONCLUSIONS AND FURTHER RESEARCH

Bridge cantilevers are a sensitive part of the bridge deck because they must resist simultaneously
high moments and shear forces induced by concentrated loads. The influence of an edge beam on
the structural behavior of a RC bridge overhangs has been investigated. Different design
methodologies have been compared to experimental tests and a validated non-linear FE-model, and
their suitability has been discussed. The following conclusions are drawn:

- The presence of an edge beam increases the load capacity of RC slabs of bridge overhangs for
loads placed near the free edge. This ‘stiffening effect’ is associated with the edge beam’s
load-carrying function. The edge beam influences considerably the distribution of shear forc-
es near the free edge. A positive influence on the moment distribution would depend on the
size of the edge beam and the length of the overhang. The influence of the edge beam for
loads applied near the overhang root is almost negligible.

- The aforementioned ‘stiffening effect’ may imply that the critical cross section governing the
design changes for the case of concentrated loads near the free edge in a RC slab with an
edge beam. In this case, both critical cross sections close the overhang root and the free
edge can be critical for the design. This fact can be interpreted as an efficient distribution of
the shear resisting capacity of the RC overhang slab.

- Consequently, if compared with existing road bridges, the removal of the edge beam would
imply loss of robustness. Thus, in order to increase the load capacity of the RC bridge over-
hang slab, an alternative could be to increase the depth of the cross section closest to the
transversal free edge. Another alternative, which might not be desired by contractors be-
cause of the additional expenses, would be to add stirrups.

- Even though quite conservative estimates are obtained for simple hand calculations, these
methods can be considered useful in conception and control of the results obtained with a
FE-analysis. The distribution widths according to the Swedish code used together with the
Eurocode are quite conservative for the case of an edge beam. If a puching problem is
considered, the use of a control perimeter at a distance 2d leads to reasonable results. In
contrast, if a distance of d/2 is used, very conservative results are obtained.
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- The old Swedish code BBK94 (Boverket, 1994) may overpredict the shear load capacity of the
RC bridge overhang, which could explain the lack of sufficient robustness of Swedish bridges.
This fact is accentuated if a positive influence of a variable depth is considered. Unsafe re-
sults may be obtained. In contrast, the Eurocode provides conservative estimates. The influ-
ence of the edge beam should be accounted for in the existing design regulations for loads
applied near the free edge.

- The choice of the maximum shear force and bending moment obtained from the FE-model as
the design values is very conservative. The results obtained using the distribution widths
proposed by Pacoste et. al. (2012) are considered very adequate, even for the cases with an
edge beam, where the limitation specified considering the direction of the principal shear
flow applies.

- Non-linear FE-analyses with continuum elements can simulate in an acceptable manner the
shear failure of RC slabs of bridge overhangs without stirrups. The load capacity and the dis-
placement can be obtained. An explicit solver where the load is applied in a quasi-static
manner can be used to prevent convergence issues.

Future research by the authors will involve, among other things, the influence of different thick-
nesses and slopes, and the reinforcement ratio in the bridge overhang, considering dimensions from
Swedish bridges. An investigation of different failure modes depending on the geometry of the
bridge overhang, the thickness of the slab and the size of the edge beam is also of interest. Modelling
a vehicle crash for a case without the edge beam for the development of a solution of an edge beam
is also under consideration.
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APPENDIX 1: Nominal shear resistance of concrete members

Eurocode (CEN, 2005)

The nominal shear strength (vgrq) is calculated according to Eq. 12. The critical cross section is con-
sidered to be at a distance of 2d from the load application point. The Swedish code Bro 11
(Trafikverket [The Swedish Transport Administration], 2011b) recommends the use of the Eurocode,
even though the use of d/2 is advised instead.

VRdEN = Crac * € (100 p; - f)*/3 - d [kN/m]

f=1+ 200 gnm] (Eq. 12)

1/2
VRd,min = (0,035 . 53/2 fc)

Where:

e (Rrq, is a factor that depends on experimental tests (in Sweden Crq . = 0,18)
e d is the effective depth

e s afactor accounting for the size effect

e p; isthe flexural reinforcement ratio, p; < 0,02

e f.isthe compressive strength of concrete measured on cylinders.

BBK94 (Boverket, 1994)

The nominal shear strength (vgrq ggk) is calculated according to Eq. 13. The critical cross section is
considered to be at a distance of d/2. The influence of a tapered height is expressed as means of a
term v; depending on the bending moment My and a lever arm computed as d (Eq. 14-15).

VrRapek = &gk " (1 +50-p;) - 0,30 foe - d - by
VraBek = ek " (1 +50-p;) - 0,30 fo - d

1,4 ford < 0,2 (Eq. 13)
Eany = 1,6 —d for02<d<0,5
BBK ™ 1,3-0,4d for0,5<d<1
0,9 ford >1
VRdeff = Vrd + Vi [kKN/m] (Eq. 14)
My M (t, — t;)
v =—_tana = E—Z = [kN/m] (Eq. 15)
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