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Abstract

The main part of the existing buildings in the Mediterranean area is extremely vulnerable to
seismic actions. Since a complete renewal of the building heritage is not possible, the seismic
assessment of existing structures has gained importance to identify the structural deficiencies
and design the most appropriate retrofit interventions. Nonlinear dynamic analysis is widely
recognised as the most accurate tool to predict the seismic behaviour of structures. However,
it has high computational cost and is not suitable for professional purposes. To provide a tool
that reliably assesses the seismic behaviour of structures, with an acceptable computational
burden, nonlinear static methods of analysis have been developed.

This paper proposes a multimodal adaptive procedure named overDamped Displacement
Adaptive Procedure (D-DAP) for seismic assessment of RC frames. The D-DAP is ruled by
two main parameters: the value of top displacement adopted as step size and the number of
modes of vibrations deemed significant for the determination of the load vector. Furthermore,
the D-DAP is equipped with an equivalent damping law to consider the increase of the energy
dissipation due to the cumulated damage in both structural and non-structural members.

The goal of this paper is to determine the values of the displacement step size and the number
of modes of vibration necessary to achieve a suitable accuracy by means of the D-DAP. In
addition, a new equivalent damping law is calibrated considering also infilled frames. In fact,
nonlinear static analysis provided in literature are not optimised to estimate the nonlinear
behaviour of infilled frames, despite the well known influence of infill panels on the structural
response. A parametrical investigation that includes frames with and without infills is con-
ducted. A set of 54 RC frames have been designed to be representative of existing buildings
with various levels of seismic deficiencies and analysed. The adopted research methodology
assumed the response obtained by Incremental nonlinear Dynamic Analysis (IDA) as target.
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1 INTRODUCTION

Recently, increasing efforts have been devoted by the scientific research to develop meth-
ods of analysis to predict the seismic behaviour of existing structures. Since real structures
cannot keep an elastic behaviour under strong earthquakes, an accurate estimation of the
seismic performance of existing structures requires the determination of the inelastic defor-
mation experienced by structural members during earthquakes. To this end, the nonlinear dy-
namic analysis is considered the most reliable tool. However, due to its complexity and high
computational cost, this type of analysis is still considered accessible only for experts in seis-
mic engineering and is not suitable for daily professional use.

From the need of a tool that estimates the inelastic deformations of structures subjected to
earthquake with relative low computational burden, the scientific research has developed the
nonlinear static methods of analysis. Among the approaches available in scientific literature,
the Capacity Spectrum Method (CS), proposed by Freeman [1], and the N2 Method, proposed
by Fajfar [2], are the most popular. Although the results obtained by these analyses are gener-
ally deemed adequate for low-rise plane frames, common nonlinear static analyses do not take
into account the contribution of higher modes of vibration to the seismic response, and do not
consider the progressive reduction of the structural stiffness due to the nonlinear behaviour of
the structure. To improve the level of accuracy, advanced nonlinear static methods of analysis
were developed. Among others, innovative approaches are the DAP proposed by Pinho et al.
[3, 4], and the Advanced N1 method proposed by Lenza et al. [5, 6]. Despite the innovative
character of these two latter methods, they still suffer from some approximations: the DAP
still requires the use of an equivalent SDOF system for the evaluation of the displacement
demand, whilst the Advanced N1 method neglects the effect of the energy dissipation due to
the inelastic behaviour of the structure.

An additional important aspect is that existing structures are generally endowed with infill
panels. Usually, infills are considered nonstructural elements, and their contribution to the
seismic response is “conservatively” neglected. However, frames with infill panels have a
significantly larger stiffness, and their dissipative capacities and collapse mechanisms are
deeply influenced by the presence and mechanical properties of infills. Despite this, neither
the nonlinear static methods of analysis suggested by codes, nor the advanced nonlinear static
methods were conceived to estimate accurately the nonlinear behaviour of infilled frames,
which may be “unconservatively” predicted.

To overcome these issues, in a previous paper [7] the authors proposed a multimodal adap-
tive nonlinear static procedure named overDamped Displacement Adaptive Procedure (D-
DAP). This method was developed by combining the approach by Antoniou and Pinho [3]
and Pinho et al. [4] to update the load vector, with the procedure by Lenza et al. [5, 6] to asso-
ciate the peak ground acceleration to the displacement demand. The D-DAP explicitly consid-
ered the increase of the energy dissipation due to the cumulated damage in the structure and,
to this end, the equivalent viscous damping ratio was updated at each step of the pushover
analysis. The goal of this paper is to calibrate the value of the parameters ruling the method,
i.e. number of modes to be enveloped and size of the incremental step. In addition, an equiva-
lent damping law is calibrated here on RC framed structures, with and without infills. Then,
the efficiency of the calibrated method in predicting the seismic response of RC frames is in-
vestigated. To this end, a set of 54 RC frames has been designed to be representative of exist-
ing RC buildings, suffering from various types and levels of seismic deficiency. The set of
case studies includes frames endowed with infill panels with negligible, medium and large
stiffness and strength. The adopted research methodology assumed the response obtained by
Incremental nonlinear Dynamic Analysis (IDA) as target.
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2 THE OVERDAMPED DISPLACEMENT ADAPTIVE PROCEDURE

The proposed D-DAP is structured in three main steps: (1) definition, application and scal-

ing of the load pattern, (2) association of the displacement demand to the corresponding PGA,
(3) overdamping correction. The three steps are repeated until the structural collapse (or a tar-
get displacement) is achieved. Figure 1 shows the flowchart of the procedure.
The D-DAP applies a displacement load pattern, that is updated at every step of the analysis
according to the modal shapes of the structure at the current step. For this reason, at the be-
ginning of every step of D-DAP a modal response spectrum analysis is run. The modal re-
sponse spectrum analysis is carried out assuming an elastic spectrum having a reference peak
ground acceleration ag s and 5% equivalent viscous damping ratio. The contributions of n
modes of vibration to the seismic response are considered. The displacement D; of the load
pattern (at the i-th storey) is calculated as the sum of the interstorey drifts Ax from storey 1 to
the i-th storey, following the interstorey displacement-based scaling approach suggested in [3, 4]:

D=, M
k=1

The interstorey drift A is determined at every storey as the SRSS combination of the con-
sidered modal shapes. The displacements obtained by Equation 1 are normalised to keep the
maximum displacement equal to 1. Hence, the normalised modal scaling vector D’ defines the
shape, not the magnitude, of the load (or increment of load) vector.

At each step of the analysis, a fixed increase of the top displacement AD; is imposed. The
displacement load pattern obtained from the modal response spectrum analysis is scaled so
that the displacement at the top storey corresponds to AD;. The final load pattern D;, applied at
the current step s at each i-¢h storey is given by the summation of the displacement vector cu-
mulated up to the previous step D;s.1 and the increase of the loading vector at the current step
ADis.

In order to associate the displacement demand to the corresponding PGA, the following
observation is made: as long as the increase of the load pattern is assumed small enough, it
can be reasonably assumed that the structure has a linear response within the step [5, 6].
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Figure 1 — Flowchart of the D-DAP procedure
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Hence, the increase of PGA (Aags) that has caused the increase of load pattern AD,, at the
step s is evaluated by linear interpolation (note that the increase of load pattern corresponds to
the increase of the top displacement of the structure):

A, = Tmag‘ref @)
where D; is the displacement at the top of the structure provided by the modal response spec-
trum analysis with response spectrum characterised by the reference acceleration ag,rer. The
acceleration ag s corresponding to the top displacement at the end of step s is:

a,,=a, +Aa,, 3)

g g.5-1

So far, the increase of acceleration Aag, (Eq. 2) has been evaluated with reference to a fix
value of the equivalent viscous damping ratio &r. However, it should be noted that, the
equivalent viscous damping ratio increases at every step of the analysis along with the spread
of the yielding in the structure. The value of Eer is included in the factor n, which appears in
the equation proposed by EC8 for the determination of the spectral displacement Sge. AS Erer 1S
assumed equal to 5% in both Equations 5 and 6, the energy dissipated by the structure through
yielding is not taken into account yet. To account for this, the PGA evaluated by Equation 6 is
corrected considering higher values of &wr. Regardless of the fundamental period 77 or the

type of soil, the ratio of a spectral displacement S)” obtained from the response spectra scaled

with 5% damping and the spectral displacement S’ obtained from the response spectra scaled

d.e
with a larger damping ratio &eq = £* is equal to the ratio of the corresponding parameters n:
SS% 5%
2 =0 )
Sie M

Since n is equal to 1 when the damping ratio is 5% [7] it follows that:
Sie=n"S; &)
Since the effect of the equivalent viscous damping is the result of the entire damage cumu-
lated by the structure, from the beginning of the analysis until the considered step, the correc-
tion that accounts for the increase of the equivalent damping can be applied straightforwardly
to the total PGA at the end of each step of the D-DAP:

as%
t

o5 = 6
4. e (6)

3 DESIGN OF CASE STUDIES

Two sets of RC frames have been created to simulate existing buildings with different fea-
tures. The first set is composed of frames (named GL) that are drawn from buildings designed
to sustain gravity loads only and are representative of typical Italian residential buildings of
the seventies. The frames of the second set (named SR) are extracted from RC buildings de-
signed for earthquake resistance in low seismicity areas according to the Italian standards for
constructions and seismic resistance [10] in force in the nineties. Two different plan layouts
have been considered (Figure 3): in the first plan layout, the unidirectional slab is character-
ised by reinforcements orientated along the y-direction (Figure 2(a) and (c)), while in the sec-
ond arrangement the unidirectional slab is parallel to the x-direction (Figure 2 (b) and (d)). All
the analysed frames lay along the x-direction. Each set of frames includes three types of
frames: frame type 1 and 2 are the central and the outermost frames, respectively, extracted
from the buildings where the slab is parallel to y-direction. In consequence of the orientation
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of the deck, frame type 1 supports larger gravity loads than frame type 2. Frame type 3 is
drawn from the building with the slab orientated along the x-direction and supports only the
self-weight of beams, columns, infills and the weight of an additional 50 cm wide stripe of
deck. Both the SR frames and the GL frames were designed with five 5.5 m wide bays and
with a number of storeys equal to 3, 6 and 9. The interstorey height is equal to 3.2 m. To in-
vestigate the influence of infill panels on the seismic response of buildings, the RC case study
frames have been endowed with infill panels, supposing the distribution of the infills uniform
along the height of the frame. Particularly, two kinds of infill panels are considered: one with
high stiffness and strength, and another having lower stiffness and strength. Furthermore, the
case study frames have been considered in the bare configuration as well. These cases repre-
sent the limit case of frames having very weak infill panels. In total, 54 RC frames are ana-
lysed.

Hereinafter, each frame is identified by a label. The first two letters indicate which set the
frame belongs to, the first number indicates the number of storeys and the last number the
amount of gravity load. Frames with the largest gravity loads are indicated with 1, frames
with the lowest gravity loads are indicated with 3 and the intermediate loaded frames are indi-
cated with 2. The second part of the label is required in the case of infilled frames. Here, the
letter I indicates the presence of infill panels and the number indicates the cracking strength of
infills in MPa.

The design internal forces of structural members belonging to GL frames are evaluated
considering gravity loads only [8]. The internal axial forces N on columns and the distributed
loads on beams are evaluated based on the tributary area concept. The dimensions of the cross
sections and the size of steel reinforcements are determined by the allowable stress method
[9].

To design the seismic-resistant frames, the regulations for building structures and seismic
resistance enforced in Italy in the nineties [10] are followed. The effect of the seismic forces
is determined by the lateral force method of analysis supposing that, at the time of construc-
tion, the location of the building was classified as low seismicity area.

Details on the design of frames can be found in [7].

4 CALIBRATION OF PARAMETERS

In this section, first, an analysis is conducted to calibrate (1) the number of modes to be en-
veloped and (2) the value of the displacement step size. The goal is to select the values of the
optimal ruling parameters that ensure the best accuracy together with the best efficiency of the
D-DAP for the case study frames. Hence, once these optimal parameters have been deter-
mined, a new equation of the equivalent viscous damping ratio as a function of the period of
the first mode of vibration is proposed. The numerical analyses are performed by OpenSees

[11].
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(a) (b) (c) (d)
Figure 2 — Plan layout of buildings (units in cm): (a) GL building and (c) SR building with slab perpendicular to longitudinal
frames; (b) GL building and (d) SR building with slab parallel to longitudinal frames

1043



F. Barbagallo, M. Bosco, A. Ghersi, E. M. Marino, P. P. Rossi

4.1 Numerical model and seismic input

The nonlinear response of the case study frames has been investigated by a 2D numerical
model with masses concentrated at floor levels. The slab at each level is assumed rigid in its
own plane and is simulated by a rigid diaphragm. A leaning column is added to the numerical
model to account for P-A effects. For nonlinear dynamic analysis, a Rayleigh viscous damp-
ing is used and set at 5% for the first and the third mode of vibration.

The gravity loads assigned to beams and columns are those specified in EC8 for the seis-
mic design situation. The floor masses are determined as a percentage of the total mass of the
deck and are equal to 99.3 t for frames GL1 and GL2, 198.6 for frame GL3 and 106.1 t for
frames SR. The gravity load at each level of the leaning column is equal to the seismic weight
of the storey of the frame (i.e. the floor mass assigned to frame times 9.81).

Beams and columns of the RC frame are modelled as members constituted by an elastic el-
ement with plastic hinges at their ends (Beam With Hinges Element in OpenSees). The length
of the plastic hinge is equal to the depth of the cross section and a fibre cross section is as-
signed to each plastic hinge. The concrete part of the cross section is subdivided into fibres
having 5 mm depth and width equal to the width of the cross section. Single fibres enclosed in
the cross section are used to model rebars.

The Mander constitutive law (“Concrete04” uniaxial material) is assigned to concrete fi-
bres [12]. The parameters used for concrete material are summarized in Table 1. Since frames
SR are expected to be endowed with dense and well detailed stirrups, the concrete compres-
sion strength of the core of the member cross sections is supposed to increase due to the con-
finement effect of the stirrups. The confinement effect on the core of member cross sections is
neglected for frames GL, because RC structures designed without seismic provisions general-
ly have very few stirrups. An elasto-plastic with strain kinematic hardening constitutive law
(“Steel01” uniaxial material) is assigned to steel fibres and the values of the mechanical pa-
rameters are reported in Table 2.

A “ZeroLength Element” is added at one end of each beam. This element connects the end
of the beam to the corresponding node restrained by the rigid deck and is characterized by a
low axial stiffness and very large shear and flexural stiffnesses. This expedient allows the
beams to deform axially, so as to prevent arising of axial force, which leads fibre modelled

Table 1 Characterization of concrete for nonlinear analysis of frames

Frame GL fem (MPa) €00 Eou Ecm(MPa) fim(MPa) &t
3 and 6 storeys Core 28 0.002 0.0500 29961 0 0
Cover 28 0.002 0.0035 29961 0 0
9 storeys Core 33 0.002 0.0500 31477 0 0
Cover 33 0.002 0.0035 31477 0 0
Frame SR fem (MPa) €00 Eou Ecm(MPa) fim(MPa) &t
Core (columns) 37 0.0054 0.0500 29961 0 0
3 and 6 storeys Cover (columns) 28 0.0020 0.0035 29961 0 0
Core (beams) 33 0.0039 0.0500 29961 0 0
Cover (beams) 28 0.0020 0.0035 29961 0 0
Core (columns) 44 0.0055 0.0500 31477 0 0
9 storeys Cover (columns) 33 0.0020 0.0035 31477 0 0
Core (beams) 41 0.0045 0.0500 31477 0 0
Cover (beams) 33 0.0020 0.0035 31477 0 0
Table 2 Characterization of steel for nonlinear analysis of frames
fym (MPa) Esm(MPa) b
Frame GL 400 210000 0.0044
Frame SR 450 210000 0.0049
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RC beams to an artificial stiffening and strengthening [13]. In the meantime, it ensures the
transfer of shear force and bending moment from the beam to the frame node.

Infill panels are modelled as a pair of diagonal trusses without tension resistance. The
force-displacement relationship of the diagonal truss is calibrated to replicate the shear force-
drift relationship proposed by Panagiotakos and Fardis [14] and Celarec et al. [15]. This rela-
tionship consists of four branches and the stiffness and the value of the maximum force of
each branch are determined according to the equations proposed in [15]. Two types of infill
panels have been considered here and both of them were supposed to be realized by ceramic
bricks, with thickness equal to 20 cm, Young modulus and shear modulus equal to 4130 and
1240 MPa, respectively. The so called “strong” infills were characterized by stiffness and
cracking strength (0.28 MPa) that were twice the stiffness and strength (0.14 MPa) of the
“weak” type of infills. The mechanical properties were taken from the data provided in [15]
according to the experimental tests conducted at the University of Pavia [16]. Further details
on the adopted infill modelling may be found in [7].

4.2 Calibration of the number of modes of vibration

The load vector applied in the D-DAP is evaluated from the envelope of the modal drifts at
each storey. In this regard, it is well recognized that the higher the mode of vibration, the least
its contribution to the total seismic response. In order to select the number of modes actually
significant for the analysed frames, the seismic response of the case study frames has been
evaluated by the D-DAP including an increasing number of modes. For each frame, the num-
ber of modes of vibration ranged from 1 to the total number of participating modes, equal to
the number of storeys. The final step of each analysis has been set at a target top displacement
equal to the 5% of the total height of the frame.

For the sake of simplicity, Figure 3 shows the results of the analysis conducted on frame
type GL-1 and SR-1, with 3 and 9 storeys, with and without infills. The seismic responses of

1 mode 2modes = 3modes = =+ 6modes =rrer-r 9 modes
Bare frames Infilled frames
Vi GL31 Vi GL91 Vi GL31-1028 Vy GL91-1028

2000 2000 2000 2000
1500 1500 1500 1500

1000 1000 | ~ == | 1000 1000 _
500 |/ 500 500 500
0 0 0 0

0 500 1000 D, 0 500 1000 D, 0 500 1000 D, 0 500 1000 D,

(b) (c) (d)

SR91 Vi SR31-1028 Vi R91-1028

2000 2000
1500 L\ 1500

1000 1000
500 500
0 0
0 500 1000 D, 0 500 1000 D, 0 500 1000 D, 0 500 1000 D,
(e ® (2 (h)

Figure 3 —Analysis of significant modes of vibration for frame (a) GL31, (b) GL91, (c¢) GL31-1028, (d) GL91-1028 (¢)

SR31, (f) SR91, (g) SR31-1028, (h) SRO1-1028
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the considered bare frames (Figures (a), (b), (e) and (f)) show that for a fixed value of the top
displacement the influence of the higher modes of vibration leads to a larger base shear. In
particular, this tendency becomes more significant when the number of storeys increases. In-
deed, when the structure yields, the first mode of vibration becomes very flexible and its peri-
od increases. As a consequence, the contribution of the first mode to displacements becomes
progressively more significant, while its contribution to the internal forces reduces and tends
to be negligible. On the contrary, higher modes of vibration are less influenced by yielding of
the structure. Thus, although the structure has already yielded, higher modes still contribute to
the internal forces of the structure. This means that when the contribution of higher modes of
vibration is taken into account, the base shear of the structure keeps increasing even after
yielding of the structure. In particular, for the considered bare frames, the contribution of the
second and third modes of vibration is actually significant, while higher modes of vibration
become negligible. If infill panels are included in the frame (Figures (c), (d), (g), (h)), the first
mode of vibration is predominant regardless of the number of storeys, and the contribution of
higher modes of vibration becomes negligible. Based on the previous considerations, it is suf-
ficient to include three modes of vibration when the D-DAP is applied to RC framed struc-
tures with or without infill panels

4.3 Calibration of the displacement step size

Another crucial choice is the value of the increment of displacement within the loading
step Asiep. In order to select the most appropriate step size, the frames have been analysed by
the D-DAP with gradually reduced displacement step sizes. Three values of displacement step
size have been considered: 10, 1 and 0.1 mm. Figure 4 shows the results of the analysis con-
ducted for frames GL-1 and SR-1, with 3 and 9 storeys, with and without infill panels. When
the step size is 10 mm, sometimes the analysis stops before the target displacement (5% of the
total height of the frame) is reached, or fails at the very beginning. A value of Ayep, =1 mm

Ay;=10.0 mm Ayey=1.0 mm — Ay,,=0.1mm
Bare frame Infilled frame
Vi GL31 Vy GL91 Vi GL31-1028 GL91-1028
2000 2000 2000

1500 1500 1500

D-DAP with A=10.0 mm
1000 1000 1000 failed at 2% siep <
500 500 D-DAP with A=10.0mm|| 500 500 D-DAP with A=10.0 mm
failed at 1% step failed at 2" step

’ 0 500 1000 D ’ 0 500 1000 L ’ 0 500 1000 C ’ 0 500 1000 D,
(@) (b) (© (d)
2000 2000 2000 2000
1500 1500 1500 1500
1000 1000 1000 E 1000
500 500 500 500
0 0 0 0
0 500 1000 D 0 500 1000 D 0 500 1000 D 0 500 1000 D,
©) () @ (h)

Figure 4 —Analysis of incremental step size for frame (a) GL31, (b) GL91, (c) GL31-1028, (d) GL91-1028 (e) SR31,
(f) SRI1, (g) SR31-1028, (h) SR91-1028
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avoids the untimely failure of the analysis, especially in the case of infilled frames (Figure (c),
(d), (g), (h)) whereby the analysis with larger Asep stopped right after the attainment of the
maximum strength of infills. Furthermore, the prediction of the seismic response provided by
the D-DAP with Ayep = 1 mm is significantly different from that obtained with Agey =10 mm,
as showed in Figure 5 (a), (d), (e), (f), (g). No significant changes in the prediction of the
seismic response were observed when the step size has been further reduced to 0.1 mm. Since
the tendency noted in the shown frames has been essentially observed in all other analysed
frames, a value of Ay =1 mm could be considered appropriate. However, since the D-DAP
with Ayep = 1 mm in very few cases failed slightly before the target displacement was reached,
for the sake of accuracy the displacement step size has been assumed equal to 0.1 mm.

4.4  Calibration of the equivalent damping law

The total equivalent viscous damping ratio is the summation of the inherent viscous damp-
ing in the elastic range &o, and the viscous damping &y due to the hysteretic behavior [17,
18]. The damping ratio due to the hysteretic behaviour &, (hysteretic damping) is generally
assumed as a function of the ductility demand p, according to the following form:

éhyst = &“’ [1_ },lil J (7

whereby &. represents the asymptotic value that the hysteretic damping reaches for infinite
values of ductility demand, and a1 is a constant usually assumed equal to 0.5 or 1. Here o is
taken equal to 1.

The goal of the numerical calibration is the determination of the asymptotic damping &
that is appropriate for the structural types under investigation. To this end, the average drift
A, defined as the summation of drifts at all storeys divided by the total number of storeys, is
assumed as the reference parameter of the numerical calibration. Incremental Dynamic Anal-
yses (IDA) are conducted for every case study frame, for PGAs increasing from 0.02 gto 2 g,
in steps of 0.02 g. A set of ten artificial ground motions (EC8-Part 1 [19]), compatible with
the ECS elastic spectrum for soil type C and characterized by 5% damping ratio and reference
PGA for soil type A equal to 0.35 g, is adopted as reference seismic input. The accelerograms
were generated by SIMQKE computer program [20] so that the mean spectrum in terms of
acceleration 1s compatible with the response spectrum proposed by EC8 in Appendix A. For
every level of seismic excitation and for each of the 10 ground motions, the maximum value
during the time history of the average drift A, is calculated. Then, the mean value of the aver-
age drift A,, over the 10 ground motions is calculated for each PGA. The value of A, is calcu-
lated also at each step of the D-DAP analysis. Thus, every average drift A, corresponds to a
value of peak ground acceleration PGA determined by the D-DAP with an elastic response
spectrum with fixed 5% damping. Generally, for a fixed A,, the D-DAP with 5% damping
underestimates the values of PGA provided by the IDA. Hence, the PGA evaluated by the D-
DAP has to be corrected with an appropriate damping ratio. Thus, for every relevant frame,
the optimal hysteretic damping & is calculated as the value that minimizes the summation of
the squares of the differences between the PGAs by D-DAP and that by IDA. For every case
study frame, the optimization process led to a different value of optimal &..

In the second part of the calibration, the optimal values of £, obtained for every frame
were plotted as a function of different parameters. Out of the considered parameters, the fun-
damental period 71 showed the most significant influence on the value of £x. In particular, in
the case of very stiff structures the values of & tend to increase with 71 (Figure 5a). This ten-
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(a) (b)
Figure 5 — (a) Relation between the optimized &» and the fundamental period T for every case study frame; (b)
Equivalent damping evaluated by the proposed law plotted for fixed value of T}

dency is demonstrated by almost all the infilled case study frames, whose fundamental peri-
ods is smaller than 0.4 s (grey and black dots). This tendency is inverted for larger 71, and the
values of & tend to decrease. This trend is exhibited by all the analysed bare frames (black
diamonds). In fact, the lack of infill panels strongly reduces the stiffness of bare structures,
which have fundamental periods ranging from 0.40 to 1.95 s. Only two infilled frames fall in
this region, and they are frame GL91-1028 and GL91-1014 with 7 equal to 0.433 and 0.548 s,
respectively. Based on these results, the asymptotic damping ratio & can be reasonably ex-
pressed as a function of the fundamental period of the structure.

To propose an equation for the evaluation of the asymptotic damping &, the domain & -
T1 has been divided into two regions. For low fundamental periods, the relation between &
and 71 could be approximated by a linear function, whilst for larger fundamental periods it
could be approximated by a hyperbolic function. The linear equation has been calibrated by
minimizing the sum of the square deviations of values of &, determined by numerical anal-
yses and by the proposed equation for frames whose fundamental period was lower than
0.40 s. Instead, the hyperbolic function has been calibrated by minimizing the sum of the
square deviations of values of & in the case of frames with fundamental period higher than
0.40 s. Hence, given a period 71, the value of & to be assumed is the minimum between the
values provided by the linear and the hyperbolic equation, as expressed in the following function:

. 5.4
Eo= mm[65Tl FJ (®)

1
The intersection between the two functions occurs for a period of vibration equal to 0.34 s.
In Figure 5(a) Equation 8 is plotted with the continuous black line. It can be seen that the cali-

brated function approximates with a good accuracy the tendency of the values of . Finally,
the equation of the proposed equivalent viscous damping ratio is:

4
Eeg = & +mir{65Tl;%J (1 —ﬁj 9)

Figure 5 (b) plots the proposed equation of &, as function of the ductility demand p. Each
curve displays the results obtained for a different value of 71. Regardless of 71, the equivalent
viscous damping ratio increases with the ductility demand p. However, when the ductility
demand becomes larger, the rate of increase of &, becomes smaller, and the equivalent vis-
cous damping tends towards the asymptotic value &y + Ex (7).

5 ANALYSIS OF THE RESULTS

To validate the calibrated D-DAP, IDA was run to assess the seismic response of each case
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study frame. To this end, the numerical model described in Section 4.1 was subjected to the
set of 10 ground motions introduced in Section 4.4. The PGA in IDA was increased in step of
0.02 g until the 5% of storey drift is attained at one of the storeys. For every PGA and for
each ground motions, the maximum values during the time history of the following Engineer-
ing Demand Parameters (EDP) are evaluated: maximum top displacement D;, maximum base
shear V5, maximum drift at each i-th storey A; and the maximum average drift A,. The mean
over the values of the 10 ground motions is calculated for each EDP and are assumed as the
benchmark to evaluate the accuracy of the calibrated D-DAP.

For the evaluation of the seismic response at local level, three limit states were considered
in the IDA, i.e. the attainment of a maximum storey drift equal to 1%, 2% and 4%, which cor-
respond to the attainment of the Immediate Occupancy (10) limit state, the Life Safety (LS)
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2+ 24
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0 1 1 0 1 1 0 +—— 0 ; ; ; ;
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Figure 6 — Seismic performance of frames GL32, GL91-1014, SR31-1028 and SR93 in terms of (a) V3-D,, (b) PGA-
Dy, (c) distribution of drifts corresponding to the PGA leading to 1% maximum drift in the ID, (d) distribution of
drifts corresponding to the PGA leading to 4% maximum drift in the IDA.
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limit state and the Near Collapse (NC) limit state, respectively. Given the PGA corresponding
to the attainment of the considered limit state in the IDA, the corresponding distribution of
storey drift has been evaluated by the D-DAP. For the sake of simplicity, the results are here
presented for four significant frames. To cover the widest possible range of behaviour, the
four selected frames included frames with 3 and 9 storeys, with large, medium and low gravi-
ty loads resting on beams, with and without infills. The frames thus picked are: GL32, GL91-
014, SR31-028 and SRI1.

The first column of Figure 6 shows the seismic response of the considered frames in terms of
Vp-Dy. 1t can be observed that the D-DAP provides an accurate estimate of the seismic behaviour
of the considered bare frames (plots in first and last row of Figure 6). In those cases, the maxi-
mum base shear increases with the top displacement, and the D-DAP follows the trend of the IDA,
with an error lower than the 18%. In the case of infilled frames, an almost constant branch is ob-
served in the V;-D; curve determined by the IDA. This upper value of the base shear is due to the
fact that for every PGA the maximum base shear is recorded in the IDA. Thus, once the infills
have cracked, the displacement keeps increasing while the maximum base shear maintains almost
the same value. This constant branch represents an upper limit for the base shear and is here inter-
preted as the ultimate lateral strength of the frame. The D-DAP estimates accurately the elastic
behaviour predicted by the IDA and provides an abrupt reduction of the base shear force right af-
ter the cracking of the infills. Indeed, for such degrading structures, the D-DAP evaluates the
maximum resistance with an error lower than 15%. In the second columns of Figure 6, the
PGAs associated to the displacement demands by the D-DAP are compared to the values pre-
dicted by the IDA. It can be observed that the D-DAP leads to an accurate prediction of the
displacement demand regardless of the presence of infill panels.

Eventually, Figure 6 shows the distribution of storey drifts along the height for two of the
considered limit cases, i.e. 1% storey drift (column c¢) and 4% storey drift (column d), respec-
tively. At 1% limit state, the D-DAP estimates the maximum storey drift with an error lower
than 5% for GL91-1014 and 35% for SR31-1028. For medium and large storey drifts (i.e. 2%
and 4% limit state), the prediction of storey drifts of the IDA obtained by the proposed D-
DAP still has an acceptable level of accuracy for the bare frames. Particularly, in the case of
infilled frames, the error committed by the D-DAP in evaluating the maximum drift is lower
than 12% and 31% for frame GL91-1014 and SR31-1028, respectively.

Even though it is not shown in figure, given the PGA corresponding to the 4% limit state in the
IDA, the D-DAP predicted the average drift A with less than 10% of error for frame GL32. For
frame SR93 the error reached a value around 35%, In the case of infilled frames, the error commit-
ted by the D-DAP is lower than 14% and 20% for frame SR31-1028 and GL91-1014, respectively.
The tendency showed by those cases study can be found generally in all the other case study frames.

6 CONCLUSIONS

The research developed in three steps. First, the parameters ruling the operations of the D-DAP,
i.e. The number of modes to be enveloped in the loading vector and the size of the displacement
increment, were calibrated. To this end, two analyses were conducted and for the considered
frames it was found that (i) the contribution of the modes of vibration higher than the third one is
negligible and (i) a displacement increment of 0.1 mm has to be assigned at each step to get ac-
curate results for all the considered frames at reasonable computational cost. Afterwards, a new
damping law was formulated by an optimization process that minimizes the differences between
the results provided by the D-DAP and those obtained by the IDA.

The new equivalent damping law is a function of both the ductility demand and the fundamental
period of vibration. According to the proposed equation, for very stiff structures, the value of &
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is linearly dependent from 77. Instead, for more flexible structures, the relation between &., and

T is hyperbolic. The effectiveness of the proposed D-DAP with the proposed damping law is

investigated and the following conclusions can be drawn:

e As for the seismic response in terms of V-D;, the D-DAP with the proposed damping law
predicted the maximum base shear with an error on average equal to 20% for bare frames,
and 15% for infilled frames. The seismic response in terms of a,-D; was predicted accu-
rately by proposed D-DAP, as well.

e The proposed D-DAP predicted the average drift at 4% limit state of infilled frames with
an error lower than 20%.
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