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Abstract

This research work aims to investigate the seismic residual capacity of earthquake-damaged beams’
plastic hinges, to support the decision-making in repair versus demolition. To this end, refined numer-
ical models of reinforced concrete beams with different structural details are implemented in the finite
element software DIANA. For each analysed configuration, capacity-reduction factors for stiffness (A«),
strength (Aq), and deformation/ductility (Ap) are derived to simulate the effects of different damaging
earthquakes. Results show that, even for a slight level of damage, a non-negligible reduction of plastic
hinges’ seismic capacity is observed, especially in terms of stiffness.

1 Background and motivations

Recent major earthquakes worldwide have further highlighted the urgency for an effective evaluation
methodology of structures’ seismic residual capacity. In fact, after an earthquake, buildings can be
affected by substantial structural damage, which can lead to loss of their lateral-force resisting capacity.
Yet, in the post-earthquake recovery phase, the lack of knowledge regarding the evaluation of the seis-
mic performance of earthquake-damaged buildings could play a crucial role in the decision to demolish
rather than repair/retrofit.

Considering, for instance, the 2010-2011 Canterbury earthquake sequence ([1], [2]), there is evi-
dence that the main driving factors that led to the demolition of several damaged buildings were a lack
of knowledge/guidelines in terms of: a) evaluation of the residual capacity of a damaged building to
sustain subsequent aftershocks; b) selection and implementation of a set of reliable repairing techniques
to bring back the structure to “at least” its as-is conditions before the earthquake; and c) the ability to
predict the cost (or cost-effectiveness) of such a repair intervention, when compared to fully replace-
ment costs and accounting for potential aftershock in the near futures [1],[4].

Moreover, in line with the “capacity design” philosophy (and contrary to the public’s expectations),
even up-to-date code-conforming structures can show significant structural damage when subjected to
a design-level earthquake (e.g., Kam et al.[1]; Fig. 1). Therefore, proper and effective procedures for
assessing the seismic residual capacity, including loss-assessment considerations and socio-economic
impact evaluations, are needed for both existing structures and modern structures.
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Fig. 1 Plastic hinges in the beams on the Precast 22-storey perimeter frame of the Price Water-

house-Coopers PWC in Christchurch, New Zealand, after the 22" Feb 2011 Christchurch
Earthquake (adapted from Kam et al. [1]).
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In the aftermath of an earthquake, the safety evaluation of buildings currently relies mainly on tagging
procedures based on visual inspections (e.g., ATC [5], Baggio et al.[6]). Although these methodologies
allow for a rapid safety evaluation of the damaged buildings, they are typically based only on expert
judgment of the damage level. Yet, in addition to the visual inspection phase, a second phase employing
a more refined safety assessment should be carried out through a Detailed Engineering Evaluation pro-
cedure (DEE, e.g. EAG 2012).

To this end, in the past decades, significant research efforts have been devoted to proposing seismic
assessment methodologies for earthquake-damaged structures and specific guidelines have been devel-
oped (e.g., FEMA 306 [7], FEMA 307 [8], JBDPA guidelines [9][9]). Among others, in the FEMA 306
report capacity reduction factors for stiffness, strength, and ductility capacity (namely Ak, Ag, and Ap,
respectively) are proposed in order to account for the effects of a damaging earthquake on structural
components. However, these guidelines are mainly focused on reinforced concrete (RC) and masonry
wall structures. On the other hand, considering RC frame structures, only a few works in the literature
investigated the residual capacity of structural components such as beam/column plastic hinges and
beam-column joints (e.g., Di Ludovico et al.[10]; Cuevas and Pampanin[11]; Marder et al.[12]). Thus,
research effort is still needed to evaluate the effects of earthquake-related damage to these structural
components.

Considering the previous background, this paper aims to numerically investigate the seismic resid-
ual capacity of earthquake-damaged beams, characterized by either code-conforming or dated structural
detailing. In line with the FEMA 306 approach, the goal of this research is to derive capacity-reduction
factors for stiffness (A«), deformation/displacement (Ap), and strength (Aq) of damaged beam compo-
nents. To this end, a parametric analysis is performed by implementing refined numerical models of
RC beams with different structural details in the finite element software DIANA [13]. For each analysed
configuration, the aforementioned capacity-reduction factors are derived by comparing the force-dis-
placement capacity curve of the “as-built” and damaged configuration. Moreover, simplified regres-
sion-based relationships are also proposed to derive A-factors as a function of the rotational ductility,
in analogy with past studies in the literature (e.g., Di Ludovico et al.[10]).

2 Parametric investigation on RC beams

A parametric analysis is carried out to investigate the seismic residual capacity of RC beams. Detailed
information about the implemented methodology and the analysis results are reported in this section.

2.1 RC beam configurations and modelling approach

The case-study beams are selected from experimental tests available in the literature. These beams are
characterized by different structural details and plastic hinge developments (e.g., widespread cracks vs.
single wide crack failure). The geometrical details and material properties of these RC beams are listed
in Table 1. More details about the specimens can be found in the cited papers.

Tablel  Geometrical details and material properties of these RC beams (note: f’ck = concrete com-
pression strength - characteristic value ; fyk = steel yield stress-characteristic value -; p| =
longitudinal reinforcement ratio; pw = transversal reinforcement ratio per metre).

Authors ID Section Length f ek fyk pI pw
[m] [MPa] | [MPa] | [-] []
Marder et al. [12] | CYC 720x320mm | 2.750 30 300 0.006 | 0.01
Opabola et al. [21] | CYC- 700x400mm | 2.135 25 300 0.008 0.004
1.96.25

Each selected beam is analysed by implementing a refined FEM model in the structural software DI-
ANA (Dlsplacement ANAlyzer)[13]. Specifically, the adopted modelling approach consists of a two-
dimensional (2D) numerical model. Concrete elements are modelled by plane stress regular elements,
while steel reinforcements are modelled as ‘line’ elements embedded in the concrete beam. In
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particular, every layer of reinforcement is modelled through one bar: the cross-section assigned to this
bar is the sum of all the steel corresponding to that layer.

The concrete behaviour is modelled by the “Total strain crack model”, provided by the software.
The constitutive model, based on total strain, relies on the Modified Compression Field Theory, origi-
nally proposed by Vecchio & Collins [14]. Similarly to the multi-directional fixed crack model, the
total strain-based crack models follow a smeared approach for the fracture energy. In particular, the
adopted approach is the “rotating crack model”, where the crack directions continuously rotate accord-
ing to the strain vector's principal directions. The implemented concrete compressive behaviour is a
parabolic relationship according to Feenstra’s formulation [15], while the tensile behaviour is that pro-
posed by Hordjik [16]. All the parameters required by the software have been selected according to the
fib Model Code 2010 [17].

In order to implement non-linear cyclic analyses, the steel rebars are modelled using the Monti-
Nuti constitutive law [18]. The relationship’s parameters are defined according to the experimental
behaviour of the bars (when available), while the loading-unloading constants are selected according
to the ranges of values provided by Fragiadakis et al.[19]. Specifically, for the initial curvature Ro a
value of 20 is assumed, the weighting parameter P is taken equal to 0.9 and the material constants A1
and Az are assumed equal to 18.5 and 0.1 respectively. Moreover, it is worth mentioning that these
models account for both materials and geometrical nonlinearities.

The numerical models are calibrated and validated by comparison with the available experimental re-
sults. In Fig. 2, an example of numerical vs. experimental results is reported for the specimen tested by
Opabola et al. [20]. A good agreement between numerical and experimental behaviour is observed,
confirming the reliability of the adopted modelling approach.
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Example of numerical vs. experimental results: (left) comparison in terms of observed crack
patterns; (right) comparison in terms of non-linear cyclic response.

Fig.2

In order to increase the dataset, parametric configurations of the RC beams listed in Table 1 are defined
and additional numerical models are implemented adopting the same modelling approach. The selected
specimens allow for the definition of two different groups for the analysed beams, namely “Type-A”
and “Type-B”. More specifically, Type-A beams rely on the experimental test performed by Marder et
al. [21]. These RC beams are representative of typical cast-in-situ seismically-designed components.
Accordingly, these beams present symmetrical longitudinal reinforcement and denser stirrups in the
plastic hinge regions; deformed bars are used.

On the other hand, Type-B beams rely on the experimental test performed by Opabola et al. [20].
These beams are representative of components of modern designed buildings, but they are expected to
show a different failure mechanism than Type-A beams. Specifically, due to the presence of curtailed
bars (i.e., bars which are cut at the beam-joint interface), the development of a single crack instead of
a distributed cracking is expected (e.g., Opabola et al. [20]). For each analysed beam typology (i.e.,
Type-A and Type-B) twelve parametric configurations are identified by modifying the structural details
and geometrical features of the original specimens.

Additionally, a third beam typology is also investigated in this study, namely “Type-C”. Beams
belonging to the Type-C typology are representative of non-seismic-code-conforming beams (e.g. pre-
1970s existing structures in Italy) with typical inadequate structural details and deficiencies. In fact,
these elements are designed for gravity loads only (e.g., with reinforcement bars disposed
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asymmetrically in the section), and sections are lightly confined because of the wider spacing between
the stirrups in the plastic hinge regions. In the group of Type-C beams twelve parametric configurations

are defined.
Therefore, in total 36 beams with different structural details and expected failure mechanisms are

analysed. Geometrical and construction details of the analysed configurations are listed in Table 2 and
shown in Fig. 3.

Table 2 Geometrical details and material characteristics of the analysed configurations.

d f’c fy s (stir. spacing) | BxH Length
Em?r) [MPa] | [MPa] | [mm] [mm] [mm]
Type-A 35 40 300 120 300x500, 300x600, | 3000/5000/6000
300x700, 400x700
Type-B 35 25 300 120 300x500, 300x600, | 3000/5000/6000
300x700, 400x700
Type-C 25 25 300 200 300x500, 300x600, | 3000/5000/6000
300x700, 400x700
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Fig. 3 (Left) Type-A (code-conforming beams), (Centre) Type-C (non-code-conforming beams),
and (Right) Type-B (single crack beams).

2.2 Non-linear static analyses and A-factors evaluations

According to the FEMA 306 report [7], the most reliable approach to determine A-factors would involve
experimental investigations on two identical specimens for the analysed structural component. The first
specimen would represent the component in its “intact” or “as-is” (i.e., pre-earthquake) configuration,
while the second one would represent the component in its damaged (i.e., post-earthquake) configura-
tion. Thus, by comparing the force-displacement capacity curves of the two specimens the capacity
reductions factor would be carried out. Nevertheless, the FEMA 307 report [8] (which includes some
theoretical information about the FEMA 306 report) points out that at the date of the document, these
types of experimental tests were not available and, therefore, the A-factors were rather derived consid-
ering individual cyclic-static tests.

In line with the FEMA 307 approach and similarly to past research work in the literature (e.g.,
Ceccarelli et al. [22]), the refined FEM models are subjected to two different loading protocols. The
aim is to compare the seismic performance of the damaged components against the undamaged ones.
Thus, the A-factors can be derived by comparing the force-displacement curves of the damaged and
undamaged components in terms of strength, stiffness, and displacement ductility. For each specimen,
five different displacement ductility targets are considered for the derivation of the capacity-reduction

factors.
To this end, each analysed beam is subjected to two different loading protocols, defined as follows:

e  Unidirectional monotonic lateral load until failure, to evaluate the force-displacement capac-
ity curve of the beam in its pre-event (i.e., undamaged) conditions.
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e  Quasi-static cyclic load until a target displacement ductility followed by unidirectional mon-
otonic lateral load until failure, to evaluate the force-displacement capacity curve of the beam
in its post-event (i.e., damaged) conditions. This procedure is repeated for each considered
displacement-ductility (damage level) target. Specifically, each loading protocol is composed
of three drift levels, and for each drift level, three complete cycles are performed (Fig. 4).
The last considered drift level represents the displacement-ductility target.

In order to compare the force-displacement capacity curves of the undamaged and damaged configura-
tions, the obtained non-linear curves are firstly bi-linearised. Three alternative bi-linearisation methods
are considered in this study to account for the different assumptions on the definition of the yielding
displacement (which may affect the results in terms of A-factors). The used bi-linearisation methods are
those suggested by the FEMA 273 [23], Paulay & Priestley [24] and NTC2018[25]. After the bi-line-
arization process, the non-linear curves are compared to derive the reduction factors in terms of stiff-
ness, strength, and deformation limit (Fig. 4).
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Fig. 4 (Left) Example of loading protocol, (Right) assessment of the reduction factors by compar-
ing the damaged and the undamaged curves (FEMA 273 bilinearization).

cycle

The obtained A-factors are computed and, for each analysed beam typology, are collected in diagrams
as a function of the rotational ductility demand. These data are also used to derive simplified data-
driven relationships for the evaluation of capacity reduction factors as a function of the rotation ductility
demand (similar to Di Ludovico et al. [10]). To this end, the Ordinary Least Squares (OLS) regression
method is implemented for the fitting of the data.

Detailed information on the results in terms of A-factors and corresponding relationships is provided
in the next paragraph.

3 Results and Discussion

In this section, the obtained A-factors and the corresponding proposed analytical expression are pre-
sented. Results in terms of A-factors for each analysed beam typology are shown in Fig.5, while the
obtained regression-based formulations are listed in Table 3, together with the observed coefficient of
determinations (R?).

Table 3 Regression equations for the A-factors

Type-A Type-B Type-C

(code-conforming beams) (single crack beams) (non-code-conforming beams)
=1 for pg<1 =1 for pg<1 =1 for pg<1

A = pg~ 1535 for 1< pg < 10.64 A =He~t743 for 1< pg <7.24 A = 0.99u972%7 for 1< pg <9.68
R? = 0.439 R% =0.39 R% = 0.83

Ag=1 for pg <55 Ag=1 for  pg <268 Ag=1 for pg<1

Aq = —0.093pg + 1.516 for 5.5 < Aq = —0.212pg + 1.568 for 2.68 < pg < | Aq = 0.99257 %38 for 1 < pg < 9.68
Hg < 10.64 7.24 R? = 0.73

R? = 0.94 R? = 0.49

Ap=1 for  pg <2.02 Ap=1 for pg <167 Ap=1 for pg=1

Ap = 1.35157 %% for 2.02 < pg < 0.64 | Ap = 1.52p97%8% for 1.67 < pg < 7.24 Ap = pp 17 for 1 < pg < 9.68

R% = 0.61 R? = 0.67 R% = 0.86
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Type-A (code-conforming beams) Type-B (single crack beams) Type-C (non-code-conforming beams)

s [ s[4 e [1]
Fig.5 Reduction factors (1) and corresponding regression-based relationships.

It is worth mentioning that the values obtained for a rotation ductility minor than 1 (which should rep-
resent an elastic behaviour) have been neglected in the regression analysis. This choice is made since
these values correspond to a loss of capacity due to the concrete cover cracking, which is typically
neglected in numerical simulations implemented in engineering practice. In other words, the effects of
concrete cracking are typically already accounted for in non-linear numerical models based on a lumped
plasticity approach (widely adopted in the current practice) by considering an effective stiffness secant
to the yielding point. For these reasons, the proposed formulations should be considered representative
of the effect of damage due to only plastic deformation. Results show that, as expected, stiffness is the
most sensitive parameter with damage. In the case of non-code-conforming beams (Type-C), a different
trend for strength reduction factors (Aq) is observed when compared with Type-A and Type-B beams.
Specifically, a severe reduction in terms of strength capacity is observed even for low ductility levels.
A lower dispersion in the results is also obtained if compared to the A,-values of the other two beam
typologies (i.e., Type-A, Type-B). However, for the latter, strength degradation starts for higher ductil-
ity levels and the trend of the curves is affected by a significant dispersion. High dispersion in the results
is also observed for the ductility reduction factors Ap. It is worth noting that in some cases there are A
values that are over 100%, which are physically unsound. This result is mainly due to the adopted bi-
linearization method.

The results are finally compared with those proposed by Di Ludovico et al. [10] for non-code-
conforming columns and those proposed by Marder et al. [12] for code-conforming beams (Fig. 6). As
shown in Fig. 6, results in terms of stiffness reduction A, are in good agreement with both the results
of Di Ludovico et al. [10] and Marder et al. [12] in terms of observed shapes. However, the proposed
formulations highlight a higher loss of stiffness (at the same ductility level) for the analysed beams
when compared to the relationships for columns. As far as the strength capacity reduction factor A,is
concerned, the formulation proposed by Di Ludovico et al. is similar only to the observed trend for
Type-A beams (modern beams). This difference is most likely expected and given to the different types
of structural components analysed, i.e. columns rather than beams, as well as to the non-negligible
dispersion in both results.
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Fig. 6 Comparison of reduction factors vs. drift-ductility level (pre-damage) with literature results
on columns and beams. (Left) stiffness reduction factor Ak; (Right) strength reduction factor
A\o.

4 Conclusions

A numerical investigation on the seismic residual capacity of beams’ plastic hinges has been presented.
In line with the FEMA 306 approach, originally focused on wall elements, the work aimed to derive
simplified data-driven relationships for evaluating capacity reduction factors for beam plastic hinges in
terms of stiffness, strength, and deformation limits (namely, A, A4, and Ap, respectively). To this end,
a parametric analysis of different beams characterized by different structural details and expected fail-
ure modes has been performed. Each beam has been analyzed through a refined numerical model im-
plemented in the structural software DIANA. Capacity reduction factors have been carried out by com-
paring the force-displacement capacity curves of the pre- and post-earthquake (i.e., undamaged and
earthquake-damaged) configurations.
The main observation can be summarised as follows:
= Stiffness is the most sensitive parameter to damage, confirming the observations of past stud-
ies available in the literature;
=  The adopted bi-linearization methods may strongly affect the results in terms of capacity-
reduction factors. Moreover, in some cases, A values higher than 100% are observed, and this
inconsistent result is deemed to be due to the adopted bi-linearization method,;
= Higher dispersion is observed for ductility (4,) and strength (1,) capacity reduction factors;
= By comparing the obtained results in terms of observed trends for A-factors with other results
available in the literature [26], a good agreement has been observed for stiffness reduction
factors (Az).
Results presented in this study can be used to perform seismic risk analyses in post-earthquake
conditions, directly accounting for the effect of cumulative damage. Nevertheless, future experimental
investigations are needed to better validate the presented result.
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