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Abstract

A multi-level structural assessment strategy for evaluation of response and load carrying capacity
of reinforced concrete bridges deck slabs are presented [1]. The strategy is based on the principle
of successively improved analysis methods in structural assessment. It provides a structured
approach to the use of simplified as well as advanced non-linear finite element analysis methods.
The proposed methods were used for analysis of previously tested slabs subjected to bending and
shear type of failures. As expected, the advanced methods gave an improved understanding of the
structural response and were capable of demonstrating higher, yet conservative, predictions of
the load-carrying capacity. The proposed strategy clearly provides the engineering community a
framework for using successively improved structural analysis methods for enhanced assessment
in a straightforward manner.

Keywords: Multi-level assessment; reinforced concrete slabs; non-linear finite-element analysis;
load-carrying capacity; bending failure; shear-type failure.

bridges, the bridge deck slabs are among the most

1 Introduction exposed parts and are often critical for the load-

It is of high importance to have accurate methods carrying capacity.

for assgssment of Ioad-carrying capaFity and In the assessment of existing structures, it is often
mechanical response for bridges, buildings and economic to use more accurate and detailed
other structures. The existing infrastructure and calculation models to better detect the real load-

built environment represent approximately 50% carrying capacities, than what is motivated in the

of th? national wea!th in most European design of new structures, [3]. With non-linear
countries, and the maintenance and repair of finite element (FE) analysis, the structural
these structures constitute around 50% of the response for a given set of actions can be

expenditure in the constru.ction. industry, Long et simulated realistically. For reinforced concrete
al. [2]. Furthermore, there Isan mcreas.e(':l demand (RC) structures, the influence of concrete cracking
for  greater load-carrying capacities  and and crushing, reinforcement vyielding and the

reassessment of transport infrastructure. For
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Figure 1. Flow diagram for structural assessment
based on the principle of successively improved
evaluation.

bond-slip interaction between concrete and
reinforcement can be included. It has been stated
that “non-linear FE analysis has the highest
potential from all the analysis method for
discovering any additional sources for load-
carrying capacity” [4] in the assessment of RC
bridges. With such methods, higher detectable
load-carrying capacity will in turn lead to lower life
cycle costs and reduced environmental impact.

For structural assessment of existing bridges a
step-level procedure is advantageous, where
successively improved evaluation methods are
used as an integrated part of the decision process
[3]. As illustrated in Figure 1, the assessment
normally starts with calculations using simplified
design methods based on existing documentation
and inspection protocols. If safety cannot be
assured, or if inspections reveal damage to the
structure, enhanced assessment can be
performed. This can include improved information
through inspections, monitoring and testing, or
deeper studies of the documentation. More
advanced structural analysis and resistance
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models that are more accurate and reliable can
also be used.

However, even though the principle of
successively improved evaluation for structural
assessment is a sound strategy, it has only been
described in general terms in the literature. When
used in engineering practice, it is left to bridge
engineers to decide upon the most suitable
method for each individual case. Consequently,
there is a need for more detailed
recommendations regarding suitable analysis
methods at different assessment levels for each
specific type of structure.

The aim was therefore to propose an assessment
strategy for the structural assessment of RC bridge
deck slabs and to demonstrate and examine the
strategy in case studies [1]. The assessment
strategy comprises structural analysis at five levels
of detail and accuracy, ranging from simplified
methods of the current dominate design methods
to enhanced non-linear FE analysis. The proposed
method was demonstrated and validated in two
case studies, representing different slab
geometries and failure modes relevant to
engineering practice.

2 A Multi-Level Structural Assess-
ment Strategy

The multi-level assessment strategy for RC bridge
deck slabs is based on the principle of successively
improved evaluation in structural assessment [3],
illustrated in Figure 1. It focuses on enhanced
assessment through improved structural analyses
and resistance evaluations. For RC bridge deck
slabs, different assessment levels according to
Figure 2 may be distinguished. Evaluation of the
structural response and load-carrying capacity can
be made with structural analysis at levels ranging
from simplified methods (I) over the currently
dominant design methods based on linear FE
analysis (Il) to non-linear FE analysis at different
levels of detailing (lll — V). If the failure mode in
question is not reflected in the analysis, the
structural analysis needs to be combined with
local resistance models. It is desirable that the
models for structural analysis and for the
determination of local resistance are, as far as
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Figure 2. Scheme for multi-level assessment of reinforced concrete bridge decks

possible, at equivalent levels of accuracy. In the
assessment process, Figure 1, it is reasonable to
use analysis on level | or Il for the initial
assessment. If the assessment is continued with
enhanced methods, improved structural analysis
and resistance models on higher assessment levels
(I to V) can be utilized successively within to the
“loop” for continued assessment indicated in the
figure.

The proposed assessment levels are briefly
described below, and are exemplified by two case
studies in Sections 3.

2.1 Level I: Simplified analysis methods

At this level, the structural system is commonly
simplified to 2D beam or frame models with a pre-
assumed load distribution along the main
directions. For a RC slab, this can be generalised as
the strip method [5]. In both cases, the structural
model is based on the lower bound theorem of
plasticity. The analysis can be complemented by
the yield line method [6], giving an upper bound
for the plastic load-carrying capacity. The limited
plastic deformation capacity of the slab can be
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accounted for by limitations of the load
distribution widths, e.g., BBK 04 [7]. For two-way
spanning slabs, there are also solutions tabulated
in handbooks for the distribution of load effects.

The load effects are compared with corresponding
resistances determined by local models for
bending, shear, punching and anchorage of
reinforcement. Common design resistance models
are used, as described in e.g., the Eurocode 2 [8],
ACI 318-05 [9] or national regulations.

2.2 Level ll: 3D linear shell FE analysis

Here, the structural analysis is performed using 3D
FE models, most often based on shell or bending
plate theory. The analysis is performed assuming
linear response to be able to superimpose the
effect of different loads, in order to achieve the
maximum load effects in terms of cross-sectional
forces and moments throughout the structure for
all possible load combinations. Since both the
assumption of linear material response and
geometrical simplifications result in unrealistic
stress  concentrations, and because the
reinforcement is often arranged in strips with
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equal bar diameter and spacing, redistribution of
the linear cross-sectional forces and moments are
necessary. Recommendations on redistribution
widths for bending moments and shear forces are
given in Pacoste et al. [10]. The load effects are
compared with corresponding resistances in
similar way as at level I.

2.3 Level lll: 3D non-linear shell FE analysis

In a non-linear analysis, the loads are successively
increased until failure of the structure is reached.
In practice, due to the excessive amount of work it
would require, non-linear analysis cannot be
performed for all possible load combinations, but
only for the most critical loads determined
previously in the assessment process. At this
assessment level, shell (or bending plate) finite
elements are used. The reinforcement is included
in the FE model but assumed to have perfect bond
to the concrete; it is preferably modelled as
embedded reinforcement [11] layers in the shell
elements, strengthening the concrete in the
direction and at the level of the reinforcement
bars. In such a model, bending failures will be
reflected in the analysis, whereas out-of-plane
shear, punching, or anchorage failures are not
reflected. Instead they must be checked by local
resistance models. With this level of accuracy on
the structural analysis, resistance models at higher
levels of approximation according to MC2010 [12]
are preferably used. For shear type failures,
models taking into account the in-plane stress-
state from the non-linear analysis are
recommended.

2.4 Level IV: 3D non-linear FE analysis with
continuum elements and fully bonded
reinforcement

Here, the non-linear analysis is performed using
3D continuum elements representing the
concrete. Similarly to level Ill, the reinforcement is
assumed to have perfect bond and no slip to the
concrete [11]; embedded reinforcement layers
can be used in coarse FE meshes, while individual
(embedded) bars may be preferred in dense
meshes with elements smaller than the
reinforcement bar distances, to better reflect the
crack pattern. In such an analysis both bending
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and shear type failures including punching can be
reflected. However, anchorage failures need to be
checked with the help of separate resistance
models.

2.5 Level V: 3D non-linear FE analysis with
continuum elements including
reinforcement slip

Compared to level IV analysis, the reinforcement
is modelled using separate finite elements.
Furthermore, the bond-slip behaviour of the
interface between the reinforcement and the
concrete is included. With a fine mesh, individual
cracks can be studied and anchorage failure can
be reflected in the analysis. With this level of
accuracy in the structural analysis, the intention is
that no major failure modes should be necessary
to check using separate resistance models.

2.6 Safety format

For each level of assessment, a relevant safety
format should be used. When a two-step
procedure is used to determine the load-carrying
capacity, as at levels | and I, the partial factor
method is normally used. For non-linear analysis,
using a one-step procedure to determine the load-
carrying capacity at the structural level, safety
formats based on global safety factors according
to MC2010 [12] are recommended. This applies to
level V as well as levels Ill and IV for the types of
failures reflected in the non-linear analysis. When
failure modes not reflected in the analysis are
checked via separate resistance models, the
partial factor method is an appropriate choice.
This means that separate structural analyses may
be needed to check different failure modes for
level lll and IV.

When safety formats based on global safety
factors are used, and bending failures in skew
directions and shear type failures govern the
capacity, the modelling uncertainty used should
be given special attention since the values given in
MC2010 [12] might be too low, see Schlune et al.
[13].

2.7 Deterioration and buckling

When the structure is deteriorated due to causes
such as reinforcement corrosion, frost damage or
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alkali-silica reaction, the structural effect of the
deterioration needs to be accounted for in the
analysis. At levels | and Il, the deterioration will
affect the structural analysis only if the stiffness
relations are altered, whereas the resistance
calculations are more directly influenced. With
non-linear structural analysis at levels 1l — V,
lowered material strength, concrete cover spalling
and deteriorated reinforcement-concrete
interaction may directly be included in the
analysis. Recommendations on how to take into
account the effect of deterioration can be found
in Zandi Hanjari et al. [14,15] for reinforcement
corrosion and in Zandi Hanjari et al. [16,17] for
frost damage.

When global buckling might be critical, this can be
taken into account in analyses at levels Ill =V by
including geometric non-linearity and initial
imperfections in the FE analysis. The level of
assessment that is needed in each individual case
is governed by the local failure mode limiting the
deformations. For most cases, when bending is
limiting the deformations, analysis at level Il will
be sufficient.

2.8 General considerations

Even though assessment at more enhanced levels
provide improved understanding and higher
detectable load carrying capacity, the increased
cost in terms of additional working hours and
computation time must be weighted in relation to
what can be gained before choosing whether to
proceed with analyses at higher levels. The benefit
of performing more advanced structural analysis
must also be weighed against other methods to
improve the assessment, e.g.,, improved
inspections, monitoring and testing and
reliability-based assessment.

When evaluating simple structures it might not be
likely to gain much by improved structural analysis
beyond a certain level. For example, for a simple
structure like a simply supported one-way
spanning slab with distributed load, it is not likely
to gain much by going beyond level | or Il; for a
two-way spanning slab failing due to bending, it is
probably not possible to show much higher load-
carrying capacity when going beyond level Il
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3 Application in two case-studies

The proposed method was demonstrated and
validated in two case studies, representing
different slab geometries and failure modes
relevant to engineering practice. The case studies
consisted of (a) two-way slabs subjected to
bending failure [18], and (b) a cantilever slab
subjected to a combination of shear and punching
failure [19], see Figure 3. Both types of slabs have
been tested under concentrated loads. The
capability of the different proposed assessment
levels to reflect the structural response and
predict the load-carrying capacity of the slabs
studied was evaluated by comparison to the test
results.

Figure 3. Experiments used for the case study: two-
way slabs subjected to bending failure [18] (left),
and a cantilever slab subjected to a combination

of shear and punching failure [19] (right).

The predicted load-carrying capacities were
calculated wusing mean values of material
parameters at all different levels. In this way, the
different safety formats or chosen safety levels did
not influence the comparison. Instead, it was the
capability of the structural analysis and resistance
models to predict the load-carrying capacities that
was evaluated and compared to test results. A
thorough description of modelling methods are
found in [1].

For analysis at Level [: Simplified analysis
methods, the load-carrying capacity with respect
to bending failure was estimated using the strip
method [5] and the vyield line method [6]. The
resistance was checked according to Eurocode 2
[8] for bending, one-way shear, punching and
anchorage.

For analysis at Level lI: 3D linear shell FE analysis,
the slab was modelled with eight-noded
rectangular shell elements. Distribution widths
and reinforcement moments for load effect
calculations were determined according to [10].
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Resistances were calculated

Eurocode 2 [8].

according to

For analysis at Level lll: non-linear 3D linear shell
FE analysis, a similar FE model as for Level Il was
used, but with non-linear material and geometry
effects included. A fracture energy based total
strain rotating crack model [20] was used for the
concrete, with an isotropic damage constitutive
law for the compressive response. The
reinforcement was included as fully bonded
embedded reinforcement. The analysis was
carried out using displacement control. The
resistance for shear and punching was checked
separately based on MC2010 [12]. The punching
capacity was calculated using the slab rotations
from the non-linear FE analysis by applying the
critical shear crack theory by Muttoni [21]
according to MC2010.

For analysis at Level IV: 3D non-linear FE analysis
with continuum elements and fully bonded
reinforcement, the slab was modelled with 8-
noded brick elements. For the two-way slab eight
first order elements were used over the slab
thickness, while second order elements with three
elements over the slab thickness were used for
the cantilever slab to limit the model size and
thereby the computational time. The same
material models and fully bonded embedded
reinforcement as at Level /Il was used. At this level
of analysis, all critical failure modes were reflected
in the analysis and only anchorage failure was
checked by a separate resistance model [8].

The models at Level V: 3D non-linear FE analysis
with continuum elements including
reinforcement slip, were identical to the Level IV-
models, except for the modelling of
reinforcement. Here, separate elements were
used for the reinforcement bars and a bond-slip
behaviour according to MC1990 [22] was included
to better describe the interaction between
reinforcement and concrete. No separate
resistance checks were made.

4 Results

The load-carrying capacity at level I-ll and the
load-deflection responses from non-linear FE
analyses at level 1lI-V and from the tests are
displayed in Figure 4 for the two cases.
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Figure 4. Load—deflection response and load-

carrying capacity the case study slabs: two-way
slabs (above), and cantilever slab (below).

In Figure 5, the crack pattern from the analyses on
levels IlI-V are compared to the tests. It is evident
that the load-deflection behaviour as well as the
flexural cracking in the non-linear analyses well
reflects the experiments with increased accuracy
and level of detail with higher level of detailing in
the modelling. Also the successive development of
reinforcement yielding is reflected. For analyses
on level IV-V the shear cracks and shear type
failure in the cantilever slab are also well
reflected, Figure 14. In figure 15 and 16, the
detectable load carrying capacity with analysis at
different levels are compared with experimental
results. It is obvious that the detectable load-
carrying capacity generally was higher for higher
levels of assessment, but was always lower than
the experimental value.

5 Conclusions

A novel multi-level assessment strategy for
reinforced concrete bridge deck slabs has been
proposed [1]. The strategy is based on the
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principle of successively improved evaluation in
structural assessment. It provides the engineering
community a framework for using successively
improved structural analysis methods for
enhanced assessment in a straight forward
manner. The proposed strategy was evaluated on
two case studies, including slabs subjected to
bending and shear type failures, that shows that
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Figure 5. Load-carrying capacity determined by
assessment on level I-V, in relation to experimental
results: for the two-way slab subjected to bending
failure (grey), and the cantilever slab subjected to

combined shear and punching failure (black).

the proposed assessment strategy and analysis
methods are valid and give conservative estimates
of the load carrying capacity. Even though it was
demonstrated on simple structures tested in
laboratory only, the strategy is intended and
suited for assessment of real full-scale structures
like bridge deck slabs in engineering practice. As
expected, the case studies show that more
advanced methods vyield an  improved
understanding of the structural response and are
capable of demonstrating  higher, vyet
conservative, predictions of the load-carrying
capacity.

Furthermore, the presented case studies
demonstrate that non-linear FE analysis (levels IlI,
IV and V) gives improved understanding of the
structural response for RC slabs because e.g. the
load-deflection response and crack pattern are
obtained from the analysis, and it is possible to
witness where and how the slab failed. The case
studies indicate that the largest improvement in
detectable load carrying capacity can be obtained
when using non-linear shell FE analysis (level )
instead of linear analysis (level Il). This was
observed not only for bending failure, but also for
shear type failure when combined with more
advanced resistance models according to MC2010
[12]. However this needs to be verified through
more case studies.
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