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Abstract

Among the modern techniques envisaged to improve the seismic performance of structures
there is energy dissipation, which consists in dissipating part of the seismic input energy by
means of special devices, i.e., the dampers, which are not part of the structural frame support-
ing gravity loads. Energy dissipation systems are typically designed to provide structural safety
at the Life Safety ultimate limit state, but at the same time they are required, according to cur-
rent Seismic Codes, to resist to earthquakes of higher intensity, corresponding to the case of
Non-Collapse Limit State. However, the literature is missing of studies about the behavior of
structures equipped with damped braces under collapse condition. In this contribution, an ex-
isting RC structure is retrofitted for a high seismicity area using steel braces equipped with
hysteretic devices. Non-linear dynamic analyses are carried out considering two sets of bidi-
rectional natural ground motions, correspondent to the Life Safety Limit State (LLS) and Non-
Collapse Limit State (CLS). The aim of the research is to identify critical aspects of the retrofit
design and to provide the basis for the computations of the implicit risk of the seismic collapse
of the retrofitted structure and of the local failure of the dampers.
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1 INTRODUCTION

The seismic rehabilitation of existing buildings is aimed at preventing structural damage,
increasing life-safety and achieving a desired level of performance [1]. Both energy dissipation
and base isolation systems have demonstrated to be effective in improving the seismic perfor-
mance of buildings, protecting either the structure and its content [2]-[7]. Generally, these sys-
tems are designed to be engaged during the design earthquake and to satisfy the structural safety
requirement at the ultimate limit state to protect the life of the occupants. However, the Seismic
Codes (e.g., [8], [9]) require that these systems are also able to resist earthquakes of higher
intensity, which correspond to the non-collapse limit state. While the behavior of structures
equipped with either dampers or isolators under design conditions and the effectiveness of dif-
ferent systems have been widely investigated by several authors [10]-[19], there is a lack of
information about their behavior under collapse conditions. It is worth mentioning that some
studies and experimental investigations about isolated structures behavior under collapse con-
ditions and for high seismic intensities are available in the literature [20]-[24]; on the other hand,
to the Authors’ knowledge, this kind of studies is missing for structures equipped with energy
dissipation devices.

The present study aims to identify critical aspects of the effectiveness of energy dissipation
system in limiting building damage for high seismic intensities and to provide the basis for the
implicit risk of damage assessment and global collapse considering over-stroke displacement
of the dampers. The work is part of a larger investigation aimed at developing the second gen-
eration of Eurocodes, in which new partial safety factors are introduced consistently for the
design of new structures as well as for the assessment and retrofitting of existing ones [25].

This contribution describes part of the research activity carried out on an existing reinforced
concrete (RC) frame structure retrofitted for a high seismicity area according to the Italian seis-
mic code (NTC-18) [8] by means of steel braces equipped with hysteretic devices characterized
by different ductility levels. The European standard on anti-seismic devices EN15129 [26],
which is compulsory in Europe for the CE Marking, requires that the hysteretic dampers shall
be able to sustain a maximum displacement y.- y»°dpa, Where dpq is the design seismic displace-
ment of the damper, yx is the reliability factor according to the Eurocode with a recommended
value of 1.2, and y, is and amplification factor, whose value shall be not less than 1.1 according
to [26]. In this work, the case-study building is retrofitted in order to guarantee the Immediate
Occupancy structural performance level, i.e., the condition in which the structure, after the de-
sign earthquake, is immediately accessible as it retains its original strength and stiffness. Non-
linear dynamic analyses are performed considering 7 bidirectional natural accelerograms for
two different limit states, namely the Life safety Limit State (LLS) and the Non-Collapse Limit
State (CLS), in order to verify the displacement capacity of the damper.

The structure of the present contribution will follow this scheme. In Chapter 2, the case-
study structure is presented, while Chapter 3 describes the modelling choices in OpenSees [27],
[28] for the building and the energy dissipation system. The retrofit design of the building is
reported in Chapter 4, and the selection of the seismic input is shown in Chapter 5. The results
of the non-linear analyses (pushover and time-histories) are eventually detailed in Chapter 6.

2 DESCRIPTION OF THE CASE-STUDY BUILDING

The case-study structure is a residential 6-story RC building, designed according to the NTC-
18 [8], which provides a similar approach to the Eurocode 8 [9], for a moderate seismicity zone
corresponding to the municipality of Pordenone, Italy [29], characterized by a PGA = 1.91 m/s?
and soil type B. Sketches of the building, with the main dimensions in plan and in elevation,
are shown in Figure 1. This building is characterized by square 50x50cm columns at the ground
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level and at the first floor, and by square 40x40cm columns from the second to the last floor,
Figure 1. This arrangement results in a variation of stiffness along the height of the building
and different floor masses at each story. The longitudinal reinforcement of columns and beams
is listed in Table 1; structural loads and additional design information are reported in reference
[29].
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Figure 1: Elevation and plan view of the RC case-study structure.

D Longitudinal reinforcement Transverse reinforcement
(top + bottom bars) (stirrups dimension/spacing at beam-column joint)

P1 12¢18 $¢12/5 cm

P2 12¢18 $12/8 cm

P3 818 $¢12/5 cm

P4 8918 012/8 cm

P5 818 $12/10 cm

P6 818 $12/12.5 cm

B1 442016 $8/8 cm

B2 3+2¢16 $8/8 cm

Table 1: Cross-section details of beams and columns of the RC frame according to the nomenclature of Figure 1.

The structure is intended to fail in flexure, thus other failure mechanisms (such as shear
failure of beams, columns or beam-column joints, bond slip and low-cycle fatigue, etc.) are out
of the scope of the present work.

For the seismic upgrade of the structure, steel braces equipped with hysteretic dampers char-
acterized by an elastic-perfectly plastic behavior are used.

3 NUMERICAL MODEL IN OPENSEES

Full 3-D numerical model of the structure is formulated within the OpenSees framework
[27], [28], by following the references [30], [31]. The structural elements are modeled using
the forceBeamColumn element object [32], in the form of the beamWithHinges element [28],
assigning a linear elastic material behavior to the internal sub-element, whereas non-linearities
can be activated only in the two external sub-elements. The length of these external regions,
which corresponds to the plastic hinge length L, is evaluated by applying the equation (A.9)
of the Eurocode 8 [33], valid when a well-detailed confinement model of concrete is assumed.
In these plastic regions, the concrete non-linear behavior is modelled through a fiber section
model, where each steel bar corresponds to a single fiber using uniaxial Giuffre-Menegotto-
Pinto constitutive law [34], equivalent to Stee/()2 material model with isotropic strain hardening
[35]. The strain-hardening ratio b is assumed equal to 0.005, as specified in reference [29]. The
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parameters that control the transition from the elastic to the plastic branch are assigned as
Ro =18, Cr; =0.925 and Cr2 = 0.15 [28]. The concrete model is implemented using the library
uniaxial material Concrete()4, which is based on the model proposed by Popovics [36]; the
properties of the core region of the sections are evaluated referring to Equations (A.6 — A.8) of
the Eurocode 8 [33] and the tensile strength of concrete is neglected in both core and cover
regions [37]. It is worth mentioning that the material properties of the building are evaluated
disregarding the confidence factors [8], [33]. In order to account for concrete cracking, the in-
terior elastic sub-element is characterized by an effective area moment of inertia /.4, equal to
50% of the gross area moment of inertia /,, according to the provisions of the Italian and the
European norms [8], [9].

In all models, the masses of the structural members (beams, columns, and slabs) are concen-
trated at the center of mass of each floor; dead and live loads are uniformly distributed on each
beam and have been calculated according to the tributary area concept; P-Delta effects are con-
sidered in the analyses, while bond slip and low-cycle fatigue effects are disregarded. The col-
umns at the ground floor have fixed base supports, simulating rigid foundations. The damping
of the frame is defined according to the Rayleigh method, as a function of the tangent stiffness
matrix only, assuming 5% viscous damping ratio, to take into account the energy dissipation
coming from infill panels and other non modelled non-structural components [30], [31]. The
floor slabs are modelled as rigid diaphragms, by constraining the nodes belonging to the same
floor to have the same displacement. An “axial buffer” [37] has been introduced in the FE model,
through a zeroLength element object [38] characterized by a virtually zero axial stiffness and
very high stiffnesses in shear and bending, placed between one end of each beam and the adja-
cent node belonging to the rigid diaphragm. This element works as an axial release to eliminate
the fictitious axial force generated by the interaction between beam elements modelled with
fiber sections and the rigid diaphragm [37].

The braces equipped with the hysteretic damper are modelled as truss elements [28] with an
associated uniaxialMaterial model with elastic-perfectly plastic behavior [38].

4 RETROFIT OF THE CASE-STUDY STRUCTURE

The case-study building is upgraded for a high seismicity area, considering the seismic loads
provided by the NTC-18 [8] for LLS, municipality of L’ Aquila (Long 13° 23.9724°, Lat 42°
21.033’), functional class cu = II, PGA = 4.062 m/s?, soil type C and topographic factor To.
Diagonal steel braces equipped with hysteretic devices are inserted in the facades, according to
the layout shown in Figure 2 (4 units at each floor in both X and Z direction). These damped
braces are characterized by ductility capacities ups in the range 2+6, in agreement with other
studies [39]-[43]. In particular, the ductility capacity ups and the correspondent energy dissi-
pation capacity ¢pg of the selected damped brace systems are reported in Table 2.
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Figure 2: Diagonal layout of steel braces equipped with hysteretic dampers for case-study building.

ups  <Cpp

[-]_[%]
2 3185
4 4778

6 53.08

Table 2: Ductility factor upg and energy dissipation capacity ¢pp of the considered damped braces.

The dampers were sized for the Life safety Limit State (LLS) by applying the Direct Dis-
placement-Based Design (DDBD) retrofit procedure developed by some Authors of this work
[39]-[42]. In either direction of the building the target displacement d, was selected as the end-
ing point of the elastic part of the capacity curve, Figure 3. This performance level corresponds
to the Immediate Occupancy performance level [3], which guarantees that the structure is im-
mediately accessible after the design earthquake, since the strength and the stiffness of the
structural elements are not compromised. Figure 3 shows the Single Degree Of Freedom (SDOF)
capacity curves along X- and Z- directions with indications of the target displacement d”,.
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Figure 3: Capacity curves limit values of displacements d, in X-direction (a) and Z-direction (b).

Table 3 reports the values of elastic stiffness K,,”% and axial force N,”® of the damped brace

units at each floor of the case-study structure provided from the design procedure for the as-
signed ductility factors upp reported in Table 2.
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Upp =2 upp =4 Ups =6
X-direction Z-direcion X-direction Z-direction X-direction Z-direction

Floor KyiDB NyiDB KyiDB NyiDB KyiDB NyiDB KyiDB NyiDB KyiDB NyiDB KyiDB NyiDB
[kN/mm] [kN] [kN/mm] [kN] |[kN/mm] [kN] [kN/mm] [kN] |[kN/mm] [kN] [kN/mm] [kN]

1 471.4 1238.3 557.2 1339.0| 568.5 &811.6 5809 811.6| 780.1 7425 797.1 7424

2 242.6 11929 2814 1290.9| 292.5 7819 2934 782.4| 401.5 7153 402.6 715.7

3 180.3 10669 2089 1155.6] 217.5 6993 217.8 7004| 2984 639.8 298.9 640.7

4 1745 850.2 2008 922.0| 2104 557.3 209.3 558.8] 288.7 509.8 287.2 5112

5 170.9 5551 1956 602.6 | 206.1 363.8 2039 365.2| 2828 332.8 279.8 334.1

6 133.5 207.6 149.6 2257 | 161.0 136.1 156.0 136.8] 220.9 124.5 214.0 1252

Table 3: Properties of the damped braces for the investigated ductility factors upsg.

5 SEISMIC INPUT

Bidirectional non-linear dynamic analyses (BNLDA) are performed in accordance with the
provisions of the Eurocode 8 [9] considering natural ground motions selected from the Euro-
pean Ground Motion Database [44] using the computer program REXEL [45]. The seismic
inputs agree, in the interval of periods between 0.15 and 2.0 seconds, with the elastic spectra at
5% equivalent viscous damping ratio defined by the NTC-18 [8] for two different limit states,
namely LLS and CLS, of an ordinary structure (functional class cu=II) with a nominal life V,
= 50 years, located in L’Aquila, soil type C, category T>. The magnitude (Mw) of the seismic
events was chosen within the interval [5 — 7], with an epicentral distance (Rep) in the range 0—
30 km. Details of the input ground motions are provided in Figure 4 and Table 4 and Table 5.
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Figure 4: Scaled ground motion spectra and target spectra for LLS (a) and CLS (b).

— Target spectrum
==== Lower Tolerance

Waveform ID PGAx PGAz Station ID Earthquake Name Magnitude Mw Rep

[m/s?] [m/s?] [km]
772 0.5673 0.405 ST223  Umbria Marche (aftershock) 5.3 20
42 5.1459 2.4983 ST8 Ionian 5.8 15
600 1.6852 1.0406 ST223 Umbria Marche 6 22
133 1.0686 0.9324  ST33 Friuli (aftershock) 6 9
378 1.4437 1.1158 STI152 Lazio Abruzzo 5.9 16
879 2.6739 3.1306 ST271 Dinar 6.4 8
6975 0.6464 0.512 ST3272 Izmit (aftershock) 5.8 26

Table 4: Selected natural ground motions for LLS.
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Waveform ID PGAx PGAz Station ID Earthquake Name Magnitude Mw  Rep

[m/s?] [m/s?] [km]
772 0.5673 0.405 ST223  Umbria Marche (aftershock) 5.3 20
600 1.6852 1.0406  ST223 Umbria Marche 6 22
133 1.0686 0.9324  ST33 Friuli (aftershock) 6 9
1726 2.1575 2.6442  ST549 Adana 6.3 30
378 1.4437 1.1158 STI152 Lazio Abruzzo 5.9 16
879 2.6739 3.1306 ST271 Dinar 6.4 8
6975 0.6464 0.512  ST3272 Izmit (aftershock) 5.8 26

Table 5: Selected natural ground motions for CLS.

6 RESULTS OF THE NON-LINEAR ANALYSES

Figure 5 shows the comparison between the capacity curve in X-direction of the case-study
structure retrofitted with damped braces characterized by ups = 6 with the results of BNLDA,
expressed as the maximum displacement at the last story and the maximum base shear. In par-
ticular, Figure 5(a) shows the results relevant to the accelerograms of LLS, while in Figure 5(b)
the results of the CLS analyses are reported. Both the results for the seven bidirectional accel-
erograms and their average value (labelled as “AVG”) are shown. The design requirement at
the LLS is met since the retrofitted structure attains by average the target displacement d), Fig-
ure 5(a). On the other hand, in case of CLS accelerograms the structure experiences displace-
ments 11% greater on average than d,, Figure 5(b). For sake of brevity the comparison is shown
only along X-direction and considering only the case of ups = 6, however, similar results were
obtained also in Z-direction and for different values of ups.

LLS Analyses CLS Analyses
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a) b)

Figure 5: Comparison between the capacity curves of the retrofitted structure with xpp = 6 and the maximum top
displacements versus base shears from BNLDA along X-direction.

The results of the BNLDA were evaluated in terms of maximum displacement (d) and peak
acceleration (PFA) at each floor calculated by averaging the maxima of the results obtained for
each pair of accelerograms. Figure 6 shows the variation of the maximum top displacement dnax
and the maximum acceleration among the floors PFAn. with respect to the ductility ups of the
damped brace systems. Increasing upp reduces the structural response of the retrofitted building
in either limit state condition and along both directions, which is an effect of the larger damping
introduced in the structural system by the devices characterized by higher upa.
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Figure 6: Maximum top displacement d,... and peak floor acceleration PFA4,... along X- and Z- directions for
LLS (a) and CLS (b).

The norm EN15129 [26] prescribes that the hysteretic dampers designed for an assigned
LLS displacement dpq shall be able to sustain a maximum displacement at CLS of 1.32 dpa. To
verify this requirement, the overstroke f between peak damper displacements at CLS and LLS,
respectively, was evaluated at each floor and reported in Figure 7, in which the dotted red line
corresponds to the limit 1.32 prescribed by the norm [26]. In Z-direction (Figure 7(b)) the ratio
[ is always lower than the limit, while in X-direction (Figure 7(a)) £ at the first floor is greater
than 1.32 for every ups. It is worth noticing that for ups = 2, f exceeds the limit at every floor
except at the 5™ and 6™ floors, while for greater ups, the limit is always respected at every floor
except the first one.

B[] —@-story 1 —O—story 2 —@-story 3 B[] —@-story | —O—story 2 —@-story 3
1,50 —O-story 4 —@-story 5 ~O-story 6 —O—story 4 —@—story 5 —O-story 6
1.40 130 1
1.30 + 120 A

1.00 . . . . . 1.00 . . : :
1 2 3 4 5 6 1 2 3 4 5 6
a) Hps b) Hpg
Figure 7: Ratio of the maximum inter-story displacements at CLS and LLS at each floor of the retrofitted struc-
ture.
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7 CONCLUSIONS

This contribution presents the first results of an ongoing project aimed to investigate the
implicit risk associated to structures retrofitted with hysteretic energy dissipation devices sub-
jected to earthquakes of higher intensity than the design seismic scenario.

A case-study RC structure has been investigated and the seismic retrofit has been designed
examining three damper solutions, characterized by increasing ductility xps. Non-Collapse and
Life Safety performance levels have been evaluated through non-linear dynamic analyses per-
formed under bidirectional ground motions considering seven couple of natural earthquakes for
each limit state. The results point out that all the energy dissipation systems work effectively
under the design earthquake condition, since the retrofitted structure attains on average the tar-
get performance. Moreover, higher upp values benefit the structure, which undergoes lower
displacements and accelerations in both LLS and CLS seismic scenarios.

An important outcome of this work refers to the check of the suitability of the prescription
of the European norm EN15129 [26], which requires that the hysteretic devices are able to
sustain a larger displacement than their correspondent design seismic displacement dps, and
recommends a limit of 1.32 dpa. The results of the non-linear dynamic analyses have shown that
this prescription does not seem appropriate, since all the dampers installed at the first floor in
the perimetral X-direction frames of the case-study structure underwent larger displacements
than the 1.32 dpq limit. Moreover, in case of upp = 2, this limit was never verified expect for the
dampers installed at the last two floors.

Even though more cases need to be examined to validate these outcomes, the study provides
a first insight to identify critical aspects of the retrofit design and to provide the basis for the
computations of the implicit risk of the seismic collapse of retrofitted structures and of local
failure of the dampers. The future research will investigate structures with different number of
floors (low-, mid- and high-rise buildings) and retrofitted with hysteretic dampers characterized
by different ductility values, in order to cover a large range of ups.
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