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Abstract

For reinforced concrete (RC) slabs without shear reinforcement, shear and punching can be the
governing failure mode at ultimate limit state if subjected to large concentrated loads. Punching of
RC slabs without shear reinforcement has been a challenging problem in assessment based on
current standards. To examine a previously developed enhanced analysis approach, this study was
conducted by applying continuum FE analyses to a 55-year old RC bridge deck slab subjected to
concentrated loads near the main girder in a field failure test. The influence of parameters such as
boundary conditions, location of concentrated loads and shear force distribution were investigated.

Keywords: Shear and punching of RC slabs, Bridges, FE analysis, full-scale bridge test

1 Introduction

For reinforced concrete slabs without shear
reinforcement, shear and punching can be the
governing failure mode at ultimate limit state when
subjected to large concentrated loads. Currently,
building codes of practice provide several
approaches to check the two-way punching
strength of flat concrete slabs.

According to previous studies, non-linear FE
analysis was able to predict shear and punching
capacity with high accuracy, for example, Polak et
al. [1] and Shu et al. [2]. Recommendations on how
to make modelling choices when using 3D
continuum elements was also presented in Shu et
al. [3][2]. Results showed that not only the shear
and punching capacity could be predicted, but also
that influence of parameters such as specimen size
and amount of flexural reinforcement was
reflected in the non-linear FE analysis.
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Furthermore, the shear force distribution in RC
slabs and its relation to the critical shear crack has
been investigated using continuum element FE
analysis in Shu et al. [4]. However, all the studies
mentioned above were carried out based on
laboratory experiments. The application of these
methods to structures in reality is also needed to
show their applicability and advantage. In the past,
only a limited number of the bridges deck slabs
have been tested to failure. In addition, the
developed enhanced analysis method has not been
applied on such field tests.

The aim of this study was to examine the
developed modelling methods developed by Shu el
al.[2][3] and investigate the response of a real
structure in engineering practice. A full-scale field
test has been carried out to a 55-year existing RC
bridge [5], with a failure test of the deck slab under
concentrated load near the girder, leading to a
shear type failure of the slab; Figure 1.
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Figure 1: (a) Photo of the bridge and (b) geometry of the bridge.

2
2.1

FE analyses
FE model

In the FE model, the tested span including columns
was modelled by a detailed 4-node brick element
model and the remaining part of the bridge was
modelled using 2-node beam elements as
displayed in Figure 2 (a). At least 8 elements were
used in the thickness direction to sufficiently
reflect the flexural behaviour [3]. For the part of
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the bridge modelled with beam elements. The
part modelled with brick elements was connected
to the part modelled with beam elements
assuming that the connected cross-section,
perpendicular to the beam main axis, remained
plane and un-deformed, with the same rotations
and deflections as the connected beam element.
The reinforcement was included in the model as
fully bonded embedded reinforcement bars, in
accordance with the layout in the original
drawings.
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Figure 2. FE analyses: non-linear FE model of the tested bridge, showing supports 1-6.

The bridge was simply supported at the end
abutments and at the bottom of the columns at
support 2 and 3. Supports 1-5 were constrained
for displacement in vertical, transverse and
longitudinal directions of the bridge but support 6
was allowed displacement in longitudinal
direction. The bridge was preloaded with
concentrated loads above the girders before the
concentrated load was applied to the slab. The
analysis was carried out using a Quasi-Newton

2.2 Material models

In all calculations, material parameters were
obtained from the in-situ tests or from calculation
see Table 1. For the material model, concrete was
modelled using a fracture energy based total
strain crack model; see Figure 3. The response of
concrete in tension was described using a tension
softening curve according to Hordijk [6] and the
response in compression was described using a

iteration method based on force and energy compression  softening  curve  according  to
. . Thorenfeldt et al. [7]
convergence criteria, with a tolerance of 0.01.
Table 1. Input material parameters of concrete
Items Calculation method Values
Poisson’s ratio MC2010 v=0.15
Tensile strength MC2010 concerning reduction fetm = 2.0 MPa
Fracture energy MC2010 Gy = 140 Nm/m?
Mean crack distance EC2 hy =219 mm
2.5 70
(a) 60 | (() IS Original
52.0 T50 + ——Modified
15 =40 | 300mm
210 230 element size
& 220
0.5 10
0.0 : 0
0 2 4 0 10 20 30 40
Strain [%o] Strain [%o]

Figure 3. Material model of concrete: (a) response in tension; (b) response in compression.
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3 Results and Parameter studies

Load-carrying capacity and structural behaviour of
the bridge deck slab has been obtained both from
experiment and FE analyses. In addition, three
parameters have been studied: Influence of
structural model simplifications and boundary
conditions; Influence of load positions and arching
action; Shear force distribution.

3.1 Load-carrying capacity and failure

mode

Load-deflection relationship from the continuum

non-linear FE analysis are compared to
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corresponding relationship from experiment in
Figure 4. The deflections were taken from the
model at the same position as in the experiment.
Figure 4 (a) shows the comparison of 6
measurement points on girders and slab and
Figure 4 (b) shows the comparison of
measurement points under the two loading
plates. A good agreement between continuum
NLFEA and experiment was observed for both
stiffness and final capacity.
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Figure 4: Load-deflection relationship for FE analysis, compared to experiment results

The crack pattern at the bottom and top of the
bridge deck slab after experiment is displayed in
Figure 5 (a) and (b) respectively. This indicates that
it was a combination of one-way shear and
punching shear failure.

Figure 5 (c) and (d) illustrates the strain based
crack pattern at the bottom of the slab and an
isometric view with a cross section of the slab from
the continuum FE analysis one loading increment
before failure happened. In the FE analysis, at
approximately 60% of failure load, a large shear
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crack was developed between the loading plates
and the girder. Just before the punching failure
occurred, another shear crack developed on the
other side of the loading plates and the failure
occurred. At failure, the cracking in the FE analysis
corresponded closer to a one-way shear failure
than to a punching failure. In the experiment,
shear failure occurred only adjacent to load 1 and
no major shear crack was registered close to load
2. However, in the non-linear FE analysis, the
failure crack propagated from load 1 to load 2,
even though it was initiated adjacent to load 1.
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Figure 5: Photo of crack patter at final load level in experiment (a) at bottom of slab and at (b) top of slab in
experiment; crack pattern from FEA: at (c) bottom of slab and at (d) isometric view of cross section

3.2 Influence of boundary conditions loaded half span of the slab, simply supported on
the north side and symmetry boundary conditions

on the other three sides (i) Model including the
loaded half span of the slab, the girder closest to
the load and the closest cross beams. (iv) Model
including the tested 2™ span of the bridge. (v)
Model including the entire bridge. The prestress of
the main girders was included only in models (iv)

The study was carried out by studying four
different structural models with different
boundary conditions (see also Figure 6): (/) Model
including the loaded half span of the slab, clamped
on the north side at the connection to the main
girder and with symmetry boundary conditions on

the other three edges (i) Model including the
and (v).
N o
, > ~
<
(i) Clamped slab model Ay SR oo iy STabgivd ol (iv) 2% span model

Figure 6. Assumed five boundary conditions in different models

Figure 7 illustrates load - deflection relationship but that the shear capacity was predicted with
for loading plate 1 for the different models. It was reasonable accuracy. Model (ii) showed too soft
observed that model (i), showed too stiff response response and bending failure occurred instead of
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shear type failure for a low load. Model (ii) had a
similar stiffness as in the experiment but the shear
capacity was underestimated by 30%. Model (v)
provide a rather accurate estimation of the
response as well as the load carrying capacity. It
was also observed that model (iv), only including
the 2™ span of the bridge, showed a structural
behaviour rather close to that observed in the
experiment and predicted by model (v), but the
computation cost for models (iv) and (v) was very
similar.
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Figure 7. Load-deflection relationship of the
loaded slab with different boundary conditions

3.3 Load positions and arching action

Assuming one-way shear failure occurred on the
slab during the test, the arching action usually

(a)

Girder
Iy —
dy; e
V2
¥ ]
« Position 1 >
« Position 2 g
_________________ - Position 3 L
| Position 4 ——% i
Load 1 — / Load 2

Loads

needs to be taken into account when loads are
close to the support. According to EC2 [8], for
members with loads applied on the upper side
within a distance 0.5d < a, < 2d from the edge of a
support, the contribution of the load to the shear
force Veg may be multiplied by a factor 6 = a,/2d.
According to MC2010 [9], arching action is also
accounted for in a similar way. The contribution of
point loads, applied within a distance d < a, £ 2d
from the edge of the support, to the shear force
may be reduced by the factor 8 = a,/2d < 1.

In the bridge test, the distance from the edge of
the loads to the edge of the girder were only 1.09d
and 0.6d for load plate 1 and load plate 2,
respectively. To study the influence of arching
action, the loads were gradually moved further
away (100mm per step) from the girder (see
Figure 8 (a) and Table 2. The nominal shear
capacities were calculated assuming the a pure
one-way shear failure and then values were
compared to laboratory test results obtained by
Natario et al. [10] and Lantsoght et al. [11]; see
Figure 8 (b). From the analysis results, it was
observed that the shear capacity decreased when
loads were moved further away from the support.
When the loading plates were placed in position 4,
the failure mode even changed from shear to
bending failure.

(b)
1200
4 Natario et al, (2014)
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Figure 8: (a) Variation of load positions in the analysis of the tested bridge and (b) nominal shear capacity of
the slab subjected to loads at different positons, with comparison to literature [10][11]
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Table 2: Variation of load positions, shear span ratios and load carrying capacity from the analysis of the

tested bridge.
Load loading plate 1 loading plate 2 Capacity
positions d;[mm] au[mm] di/a,; d:[mm] a.[mm] d:/a. [MN]
1 270 295 1.09 259 155 0.60 3.28
2 262 395 1.51 259* 255 0.98 2.72
3 253 495 1.96 253 355 1.40 2.34
4 244 595 2.44 244 455 1.86 2.00

* The d; and d; are taken at the critical section using 45 degree dispersion. Load plate 2 is too close to the

girder, so critical section is the same for position 1 and 2.
3.4 Shear force distribution

In Figure 9, the shear force per unit length along a
line in the longitudinal direction of the bridge close
to the girder is presented for different load levels.
A clear shear force redistribution was observed for
the shear force near loading plate 1: the shear
force close to loading plate increased fast as the
applied load increased at low load levels (Q/Q, <
0.8), but stopped to increase at higher load levels
(@/Q, > 0.8). Instead, the shear force in the

adjacent region increased faster. Similar
observation was also presented for the reaction
force along a slab support by Natario et al.[10].

According to French practice, the effective width
for shear force distribution should be limited to
the area within 45 degree angles from the edges
of the loaded area. The shear force within this
region (grey shadow) was observed to be much
higher than the adjacent region.

Distance to center of loading [mm]
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Figure 9: Unitary shear force across a line parallel to the girder, from FE analysis with continuum elements.

The shear force per unit length around the two
loading plates, at a distance of 0.5 d, was also
studied for different load levels; see Figure 10. As
expected, the magnitude of the shear force on the
north side of loading plate 1, towards the closest
girder, is much higher than that on the south side,
whereas, the magnitude of shear force on the east
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and west sides of the loading plates is in between.
The difference in shear force between the
difference sides of the loading plates also support
the conclusion that the failure mode is a
combination of one-way shear and punching
shear, but one-way shear is more dominant.
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Figure 10: Shear force per unit length around the
loading plates, from FE analysis with continuum

4

(brick) elements.

Conclusions

The tested RC bridge deck slab failed in a
combination of one-way shear and punching
shear. This kind of shear type failure as well as
structural response of the slab could be reflected
using continuum non-linear FE analyses with a
model including the entire bridge with reasonable
simplifications.

a.

5
(1]

The extent of the FE model, as well as the
assumption of boundary conditions for the
tested slab has significant influence on the
analysis results.

The location of applied load plays an
important role. When the load was moved
further away from the closest girder in the
continuum FE analysis, the load-carrying
capacity with respect to shear was decreased
until the failure mode changed from shear to
bending.

In addition, the analysis of shear force
distribution also shows that the method using
a 45 degree dispersion to define effective
width is reasonable.
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