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ARTICLE INFO ABSTRACT

In this work, the seismic behaviour of UnReinforced Masonry (URM) structures under repeated earthquakes is
investigated. Such analysis is carried-out by using a purposely-developed non-linear software that describes the
hysteretic behaviour of a masonry panel through an appropriate phenomenological law. First, results obtained
from a series of non-linear dynamic analyses on a single degree of freedom (SDOF) system, which represents the
typical cyclic response of an unreinforced masonry structure, are presented. The seismic sequences adopted for
the analysis are taken from international databases and are selected on the base of the Peak Ground Acceleration
(PGA) of the events following the mainshock. The selected aftershocks have a PGA equal or almost similar to the
mainshock, in such a way to significantly influence of the required ductility for the analysed system and, con-
sequently, on the damage index used to quantify the structural degradation.

The obtained results are presented in terms of inelastic response at constant ductility or strength. On the base
of the collected results, modifications on the behaviour factors commonly adopted in seismic design are pro-
posed. Finally, a SDOF system representing a typical masonry structure subjected to the seismic sequence of
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Central Italy (2016) has been analysed with the aim to highlight the damage evolution.

1. Introduction

The recent seismic events in Central Italy [1] evidenced the fragility
of masonry buildings in the Italian historic towns, particularly under
the effect of a seismic sequence having aftershocks with PGA equal or
similar to the mainshock. For instance, the town centres of Amatrice
and Accumuli, province of Rieti, strongly suffered a progressive col-
lapse of unreinforced masonry (URM) structures after the events of 24th
of August 2016 and 30th of October [2], as shown in Fig. 1.

The behaviour of structures subjected to repeated seismic events has
been already investigated in the past. Amadio et al. [3] reported the
effects of repeated earthquakes on a SDOF system; Hatzigeorgiou and
Beskos used the inelastic displacement ratios for measuring the inelastic
demand on SDOF systems [4].

In general, all the structures may be designed adopting the resi-
lience concept [3,5], that is the ability of a system to revert to a fully
operational state after an event that interrupts its functionality or use
for a while time. In structural field, such request can be satisfied
through simple provisions, like structural redundancy, which increases
the number of critical components (i.e. vertical members) in order to
prevent extended damage to the building and/or supplying re-centring
capacity.

In the field of structural resilience, several seismic events happening
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in a short time don’t allow for rehabilitation of the structure, and
therefore the collapse under subsequent earthquakes cannot be pre-
vented. A first step in the direction of a correct design is then to take
into account the degradation that can occur during the entire seismic
sequence. In the Central Italy zone, for example, these design provisions
should be taken into consideration for the reconstruction, with the aim
to avoid the progressive collapses occurred in 2016.

A useful tool to achieve this, will go through the definition of a
modified behaviour factor to be used in the seismic design of a masonry
building. In this work, simple SDOF systems with non-linear behaviour,
calibrated upon the cyclic response of URM structures, will be analysed
with the final aim to obtain the inelastic responses in terms of constant
ductility or strength under repeated earthquakes. The increase in duc-
tility request will be evaluated under a series of seismic sequences, and
consequently variations on commonly adopted behaviour factors will
be provided. Actual behaviour factors for elastic design are in fact ca-
librated on the base of a single seismic event, represented by the design
spectrum, and do not include damage due to aftershocks.

The usage of SDOF systems is appropriate to represent the cyclic
shear behaviour of a whole masonry building, since the non-linear
hysteretic law employed has the same overall shape of the base shear
vs. top displacement curves that can be obtained from an experimental
test on full-scale specimens, as previously showed in [7]. On the other
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Fig. 1. Aerial view of Accumuli (province of Rieti, Central Italy) on August 24th (a) and on October 30th (b), from [6].

Table 1
List of selected seismic sequences.
Sequence name Event no. Date Mw PGA Event duration
[m/s*] [s]
Christchurch 1 03/09/2010 16:35 7.1 -1.51 110
2 21/02/2011 23:51 6.1 5.56 110
Nocera Umbra 1 10/06/1997 23:24 5.4 —4.81 37
2 26/09/1997 00:33 5.7 4.85 29
3 26/09/1997 09:40 6 —4.92 14
Mexicali Valley 1 11/03/1978 05:40 3.7 4.59 13
2 11/03/1978 23:57 4.8 4.57 10
3 12/03/1978 00:30 4.5 —4.51 12
Mendocino Cape 1 25/04/1992 11:06 7 -5.78 60
2 26/04/1992 00:41 6.6 5.87 40
Chi Chi, Taiwan 1 20/09/1999 17:47 7.6 —9.83 160
2 20/09/1999 18:03 6.2 -9.33 104
Niigata 1 23/10/2004 17:56 6.6 -5.21 299
2 23/10/2004 18:34 6.3 —-5.26 299
3 25/10/2004 06:05 5.7 —-4.27 299
4 27/10/2004 10:40 6.0 —5.23 299
NW China 1 05/04/1997 23:46 5.9 -2.29 45
2 11/04/1997 05:34 6.1 2.68 60
3 15/04/1997 18:19 5.8 2.34 60
Tohoku 1 11/03/2011 14:46 9.0 4.12 300
2 07/04/2011 23:32 7.1 3.89 184
Hokkaido 1 29/11/2004 03:32 7.0 2.72 159
2 06/12/2004 23:15 6.7 2.93 121
Weber 1 19/02/1990 05:34 6.2 1.44 51
2 13/05/1990 04:23 6.4 1.64 54
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Table 2
List of selected events for Central Italy earthquake (2016).
Date Event no. Time Mw PGA Epicentral distance Depth Duration
[em/s?] [km] [km] [s]
24/08/2016 1 01:36 6.0 352.57 15.3 8.1 40.0
24/08/2016 2 02:33 5.4 167.01 4.7 8.7 47.1
24/08/2016 3 02:59 4.1 51.50 3.8 9.0 44.0
24/08/2016 4 04:06 4.3 64.06 3.5 7.6 38.3
24/08/2016 5 17:46 4.4 12.00 17.7 10.0 42.6
25/08/2016 6 12:36 4.3 3.85 27.0 10.0 55.4
26/08/2016 7 04:28 4.8 6.67 26.6 10.9 71.7
27/08/2016 8 02:50 4.0 4.68 13.5 8.2 53.5
28/08/2016 9 15:55 4.4 12.83 12.0 8.7 72.7
31/08/2016 10 18:12 4.1 5.88 14.0 9.0 50.6
03/09/2016 11 01:34 4.3 123.42 3.3 10.6 69.2
03/09/2016 12 10:18 4.5 16.31 12.7 9.0 69.6
15/09/2016 13 14:40 4.3 10.64 8.2 10.0 9.7
19/09/2016 14 23:34 4.1 2.56 20.2 9.7 53.6
16/10/2016 15 09:32 4.1 16.79 8.3 9.0 45.1
26/10/2016 16 17:10 5.4 294.74 10.1 8.7 52.9
26/10/2016 17 19:18 5.9 248.28 13.2 7.5 57.7
26/10/2016 18 21:42 4.6 59.33 8.1 9.5 73.6
27/10/2016 19 03:19 4.1 24.46 7.2 9.0 57.6
27/10/2016 20 03:50 4.4 7.12 21.7 8.9 58.3
27/10/2016 21 08:21 4.4 27.13 9.0 9.3 43.8
30/10/2016 22 06:40 6.1 476.43 5.4 9.4 50.0
31/10/2016 23 03:27 4.3 58.72 2.6 11.0 44.0
31/10/2016 24 07:05 4.4 82.16 7.3 20.0 43.1
01/11/2016 25 07:56 4.7 18.14 23.5 9.9 73.5
02/11/2016 26 19:37 4.0 4.47 10.9 10.0 56.5
03/11/2016 27 00:35 4.7 36.45 26.7 8.0 35.3
Fa
{>d

Fig. 2. Hysteresis law adopted for the SDOF system.

hand, the simplifying approach given by N2 method in European codes
[8] undoubtfully allows for that.

In the last part of this work, with the aim to investigate the damage
evolution under repeated events, a SDOF system will be subjected to the
Central Italy seismic sequence. The Park & Ang [9,10] index will be
used to quantify the damage evolution.

2. Selection of seismic sequences

In the paper, only records from real earthquakes are chosen, since,
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as previously outlined in [3], artificially generated records have too
many drawbacks. Such selection is operated mainly on the seismic se-
quences composed by single events with different PGA, duration and
frequency content.

Several record databases have been used, such as the Italian data-
base ITACA [11], the Japanese repository NIED [12] and the interna-
tional collection COSMOS [13]. Ten natural sequences, already em-
ployed in [14] and listed in Table 1, have been adopted.

To this ones, the recent sequence of Central Italy has been added.
Such records have been selected from the database ESM [15] and
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Fig. 3. Force-displacement cycles for a SDOF with T = 1s subjected to the Mendocino Cape sequence after the mainshock (a) and at the end of the sequence (b).
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Fig. 4. Inelastic spectra for Christchurch sequence for p = 2 (a, b) and 4 (c, d) and with TOM EPP (a, c) and TOM 10% (b, d) behaviour.

include the mainshock occurred on 24th of August 2016 and more
significant aftershocks until to 3rd November, for the station of Norcia.
Table 2 reports the chosen events.

The composition of each sequence has been done by interposing an
interval of 30 s, which is sufficient to stop the system even for the ones
with reduced damping (a damping ratio of £ = 0.05 has been adopted
for all the records).

3. Adopted non-linear SDOF systems

The hysteretic law adopted to carry-out the analyses on SDOF sys-
tems has been obtained with the Tomazevic & Lutman law [17], already
used to represent the non-linear behaviour of unreinforced masonry
structures in [7].

A short description of the adopted non-linear law is provided in the
subsequent chapter.
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3.1. Hysteretic behaviour

The law shown in Fig. 2 has been used,; it has a bi-linear backbone
curve with an elastic and a plastic branch. The slope K}; of the plastic
branch has been varied as to obtain 3 different configurations:

1. K = 0 for elastic perfectly-plastic behaviour;
2. Ky = —0.05 for a 5% softening;
3. Ky = —0.1 for a 10% softening.

The response is collected in terms of inelastic spectrum and ductility
request at a chosen strength level. Such results have been obtained
through a purposely written Fortran code that performs a dynamic
analysis of a SDOF system for each period, similar the one used in
[16,14] with other hysteresis laws.

With reference to Fig. 2, which schematically reports the main
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Fig. 5. Required ductility with k = 0.5 (a) and k = 0.25 (b) for the Christchurch sequence.
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Fig. 6. Inelastic spectra for Nocera Umbra sequence for p = 2 (a, b) and 4 (c, d) and with TOM EPP (a, ¢) and TOM 10% (b, d) behaviour.
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Fig. 9. Ductility request with k = 0.5 (a) and k = 0.25 (b) the Hokkaido sequence.

parameters for setting the cyclic behaviour, the unloading path is
composed by 2 sequential branches: the first one leads to unloading a
percentage of force equal to y with respect to the strength in the
backbone curve, while the second branch bring the path on the negative
part of the backbone.

This law implements also strength and stiffness degradations; for
further information on the advanced features refer to [1]. The para-
meters needed to fully define the cyclic behaviour are:

. K elastic stiffness;

. Kp1 plastic stiffness;

. B, force at cracking limit;

. v percentage of force for the first unloading branch;
. a stiffness degradation parameter;

. B strength degradation parameter;

. d, ultimate displacement.

NO U A~ WN =

The parameters defining stiffness and strength degradation and the
percentage of unloading have been taken from [17], since they were
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derived from an experimental campaign. Hence, the stiffness degrada-
tion parameter a has been set to 0.8 and the strength parameter {3 to
0.06, as already done in [7]. The percentage of unloading y was set to
0.6.

3.2. Processing of results

Using the previously described law, the ductility levels of 1 equal to
2, 3 and 4 have been investigated, obtaining for each event on every
sequence the inelastic spectra at constant ductility. Such ductility va-
lues are the most representative for unreinforced masonry structures,
and the upper limit of 4 has been considered since, in Italian building
code [18,19], the maximum behaviour factor for an existing URM
building is 3.6.

This first set of results allows to investigate the ratios between the
behaviour factor q on the base of the ductility level by means of Eq. (1).
Ry(T) = 1
@

env
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Fig. 10. Ductility ratios for all the analyses with k = 0.25 for the TOM EPP (a) and TOM 5% (b) behaviour.

in which g, is the behaviour factor of the structure, computed for each
period in [0.01s, 2s] and every 0.01s for the entire sequence, while g,
is computed on the envelope of the spectra of single events composing
the same sequence. To obtain g.,,, analyses have been performed for
each single event of a sequence, starting each time with an undamaged
model.

The behaviour factor is estimated as the ratio between the elastic
spectral acceleration S, (T) and the inelastic one Sg e (T).

In all the analyses made to obtain the inelastic spectra, the strength
capacity of the SDOF system has been varied accordingly and the
ductility has been kept constant. The failure of the non-linear spring has
been used as control parameter, as the resulting ultimate displacement
at a fixed ductility level cannot be overtaken.

With the same seismic input, an analysis with constant strength
level has been performed. The strength has been chosen by reducing the
strength required by the elastic spectrum of the sequence of a coeffi-
cient called k, as in Eq. (2).

F, = kE = k'Sa,eI(’E) @

in which F, is the force required by the elastic system and S, (T;) is the
acceleration of the elastic spectrum for the T; period.
The values of k that have been employed are:

— 0.25 for less resisting structures,
- 0.33 for medium resisting structures,
— 0.5 for high resisting structures.

Through this last kind of analysis, it is possible to evaluate the ratio
between the ductility requested by the sequence and the one request
made by the envelope of each single event, as in Eq. (3).

rur,seq

R,(T) =
. My env 3

where u, . is the ductility requested by the sequence and ., is the
ductility request from the envelope of the single events in the same
sequence, computed with the same reduction factor k.

Since the reduction factors k are the inverse of the ductility levels
investigated, as already shown in [14], it is important to observe that
the ratio between the behaviour factors will be close to the inverse of
the ratio between requested ductility levels:

1

R,(T) ~
o(1) R, (T) 4

In this second kind of analyses, once fixed the strength reduction
through the factor k, the ductility required by the system has been
evaluated. To allow such evaluation, no limit for the ultimate dis-
placement has been set. In the softening cases, the ultimate displace-
ment is automatically limited by the backbone curve, when the plastic
branch reaches zero-force. Since in this case the non-linear spring
reaches failure, this could lead to out-of-scale ductility requests, as will
be shown in Fig. 5.

3.3. Damage estimation

To estimate the structural damage cumulated during the analysis,
and in general, after a single event in a seismic sequence, the Park &
Ang index [9,10] has been used. This methodology was previously
adopted in [3]. The damage index is computed as per Eq. (5):

dnax—der | 15 B
du_dcr Fcrdu (5)

DI =

where djq is the maximum displacement reached, d. is the
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Fig. 11. Ductility ratios for all the analyses with k = 0.33 for the TOM EPP (a), TOM 5% (b) and TOM 10% (c) behaviour.

displacement at the elastic limit, d, is the ultimate displacement, Ej is
the energy amount dissipated by hysteresis and F,, is the force at the
cracking limit (see Fig. 2).

The presented index identifies the following damage levels on the
base of its value:

— if DI > 0.77, the structure is near to collapse;

- if 0.4 = DI < 0.4, the structure has undergone severe and non-re-
versible damages;

— if DI < 0.4, the building has limited damages.

The relationship in Eq. (5) has a first term depending on ductility
and a second one that is a function of the dissipated energy. In such a
way, both the main phenomena regulating the seismic behaviour of a
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masonry structure can be taken into account. With the adopted model,
the Fig. 3 presents, for example, the evolution of the cyclic behaviour of
a SDOF structure subjected to the Mendocino Cape sequence.

4. Analysis results
All the results collected from the analyses conducted with interna-
tional seismic sequences are presented in the subsequent chapters.

Firstly, the inelastic spectra are presented and discussed, and then
ductility request is reported.

4.1. Inelastic spectra

In the following, results in terms of inelastic spectra are presented
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Fig. 12. Ductility ratios for all the analyses with k = 0.5 for the TOM EPP (a), TOM 5% (b) and TOM 10% (c) behaviour.

Table 3

Values of ductility ratios — 95th percentile.

Table 4
Increase in ductility request for all the sequences.

Hysteresis model 95th percentile

Hysteresis model Increase in ductility request

k=0.25 k =0.33 k = 0.50 k=0.25 k=0.33 k = 0.50
TOM EPP 1.184 1.062 1.031 TOM EPP 18% 6% 3%
TOM 5% 1.242 1.143 1.046 TOM 5% 24% 14% 5%
TOM 10% / 1.153 1.110 TOM 10% / 15% 11%
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Fig. 13. Ratios between behaviour factors for all the analyses with p = 2 with TOM EPP (a) and TOM 5% (b) hysteretic behaviour.

for the sequences of Christchurch (2011), Nocera Umbra (1997) and
Hokkaido (2004). Such sequences are representative of the different
behaviour obtained through all the analyses. In the subsequent figures,
the elastic perfectly-plastic system (K,;=0) has been denoted as TOM
EPP, while for softening cases the writing TOM (standing for
Tomazevic) is followed by the percentage of softening adopted (5% or
10%).

Observing the Fig. 4, the strength request for the Christchurch se-
quence is almost coincident with the request made by the strongest
event inside the sequence. This behaviour can be observed even by
varying the characteristics of the hysteretic law by changing the soft-
ening. In particular, it can be noticed how, for a low ductility level, the
strength request is almost completely coincident with the request of the
strongest event. For higher ductility values, starting from a period of
T = 0.6 s, the requests obtained for the sequence and for the strongest
event are slightly different.

For this sequence, the required ductility changing the strength
parameter k are reported in Fig. 5.

It is possible to observe that as the strength decreases (Fig. 5b), the
required ductility increases until values that cannot be reached by the
structure, in particular for shortest periods.

The sequence of Nocera Umbra shows, for a limited range of per-
iods, a required ductility different from the one of each single event.
Fig. 6 presents the inelastic spectra for EPP and 10% softening cases for
ductility levels 2 and 4, while in Fig. 7 the ductility requests of the
sequence and each single event are reported for the medium-resisting
buildings. As can be seen form the plot, the sequence spectrum is not
always overlapped to the envelope the single events requests, for in-
stance in the neighbourhood of T = 0.5s.

The sequence of Hokkaido (2004), formed by 2 events of compar-
able intensity, presents a ductility request which is different from the
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response of each single event for wide period ranges. Such effect is
more evident with high ductility levels, as shown by the inelastic
spectra in Fig. 8. Such behaviour is confirmed by ductility requests
reported in Fig. 9.

4.2. Requested ductility and behaviour factor ratios

The ductility ratios, calculated as in Eq. (3), are reported in the
following for all the processed sequences and for the 3 strength levels
assumed. For the factor k = 0.25, the 10% softening has not been taken
into account, since it has been considered a not realistic case due to the
excessive weakness of such a system.

All the results presented in the following are reported for the typical
period range of URM buildings, i.e. the periods considered are between
0.15 and 1.0s.

A ductility ratio lesser than unity means that the ductility request
made by the sequence is lesser than the one given by the envelope of
each single event. For each analysed case, the 95th percentile calcu-
lated on all sequences is also reported. This has been done with the aim
to represent the characteristic value which is supposed to have a limit of
exceedance of 5%.

The results reported in Fig. 10 are relative to the less resisting
structures and show how the shape of the hysteresis cycle is not re-
levant in terms of ductility request, as already outlined in Amadio et al.
[16]. Fig. 11 shows instead the ductility request for medium-resisting
structures, Fig. 12 for the high resisting ones.

All the values of 95th percentile are listed in Table 3. From such
collected values, the increase in ductility request can be extracted, as
listed in Table 4.

The collected inelastic spectra allowed to calculate also the ratios
between behaviour factors as in Eq. (1). The 5th percentile has been
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Fig. 14. Ratios between behaviour factors for all the analyses with p = 4 with TOM EPP (a), TOM 5% (b) and TOM 10% (c) hysteretic behaviour.

Table 5
Behaviour factors ratios — 5th percentile.

Hysteresis model 5th percentile

p=2 p=3 u=4
TOM EPP 0.880 0.881 0.911
TOM 5% 0.879 0.882 0.889
TOM 10% 0.876 0.897 0.927

used for such cases, consistently to what has been done for ductility
ratios. Fig. 13 shows the behaviour factor ratios for all the sequences at
a constant ductility of 2, while Fig. 14 reports the ratios for ductility
equal to 4.

Table 5 reports the collected ratios on behaviour factors. It can be
seen how the resulting reduction for behaviour factor is similar to the
inverse of the increase in ductility demand in Table 3. In this way, the
same values proposed in Table 4 can be used to reduce the behaviour
factor.

5. Damage index evolution

The Park and Ang [9,10] damage index reported in Eq. (5) has been
used to estimate the cumulative damage occurred during the seismic
sequence of Central Italy 2016 (see for example Fig. 1). Such sequence
is not part of the previous set, and has been purposely chosen to in-
vestigate the structural behaviour of unreinforced masonry buildings
damaged or collapsed during a generic sequence [2]. The Central Italy
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Fig. 15. Values of Damage Index (DI) for Central Italy sequence with p = 2 and TOM 5% for T = 0.3s (a) and T = 0.5s (b).
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Fig. 16. Values of Damage Index (DI) for Central Italy sequence with p = 3 and TOM 5% for T = 0.3s (a) and T = 0.5s (b).

sequence is composed by hundreds of events; only the 27 events with
M,, = 4.0 have been considered. To better represent such URM struc-
tures, mainly built with stone blocks, ductility levels 2 and 3 have been
chosen, and the TOM 5% hysteresis model was adopted. The same
SDOF model has been employed, and, with the aim to investigate the
effects of strength variations, more values of k parameter have been
used (from 0.25 to 0.75).

The collected results are shown in terms of time evolution (event-
by-event) of the Damage Index (DI). Fig. 15 shows the results for
structures having a fundamental period T of 0.3 and 0.5 s and ductility
equal to 2, while Fig. 16 reports the results of the same analyses for a
ductility equal to 3. Observing results plotted in these figures, it is
evident as only the masonry structures having from moderately to high
strength do not have damages with the mainshock of August 24th and
survived the entire sequence, avoiding the collapse.

The less resisting structures underwent a considerable damage with
the mainshock, and reached the collapse (DI = 1) with the October
30th event, or even earlier in some cases (i.e. k = 0.25).

It can be observed how structures having a ductility p = 2 and
k = 0.6, which is equivalent to a behaviour factor ¢ = 1/k = 1.67, can
survive the sequence, while the ones with k = 0.5 cannot. For a duc-
tility 4 = 3, the same behaviour is observed for k = 0.4, which is
equivalent to a behaviour factor ¢ = 2.5. Such values are very close the
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ones suggested in the previous section of this work.

6. Conclusions

In this work, the cyclic behaviour of unreinforced masonry struc-
tures subjected to a seismic sequence is investigated. Ten international
sequences have been used as input for a non-linear SDOF model, having
a properly defined hysteretic behaviour. Inelastic spectra and the re-
quired ductility have been collected through non-linear dynamic ana-
lyses.

Such data were processed to obtain a correction of the behaviour
factors commonly used in elastic force-based design. In fact, the current
design codes do not take into account the reduction of behaviour factor
due to repeated seismic events that could follow up the mainshock.
From a resilience-based standpoint in practical design [3], it is then
important to consider reduced behaviour factors in order to allow the
structure to survive the entire earthquake swarm.

The presented results show a significant behaviour factor reduction
due to a sequence for URM structures (up to 24% for the less resisting
structures). Since the structural behaviour is mainly governed by duc-
tility, in this way, the behaviour factor reduction can be seen as the
inverse of the required ductility increment. The proposed corrections on
behaviour factors and the conclusions drawn are referred in particular
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to the evaluation of the seismic vulnerability of existing masonry
building, with the final aim to allow professional designers to increase
the structural strength or the overall ductility.

The analysis carried-out with the Central Italy sequence occurred on

2016 evidenced how the Park & Ang index can highlight significantly
the damage evolution in a URM structures subjected to repeated seismic
events.
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