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Abstract

Studies on the impulsive content of seismic acceleration have highlighted the close correlation
between damages caused by jerk and local failures with eventual trigger of chaotic collapses.
The impulsive hammering actions can in fact generate stress concentration and consequently
disaggregation. This study investigates the potential causes of structural node failures and
identifies the interventions able to counteract the effects of jerk, particularly in the case of rub-
ble stone masonry with low-quality mortar. Containment of masonry and placement of tensile-
resistant elements designed to absorb the impulsive stresses proved necessary. Placement of
additional transversal elements constitutes a natural extension of reinforced plaster interven-
tions, both with traditional and modern techniques such as FRCM. Through additional bent
elements, the continuity of the reinforced plaster at the structural connections can be ensured.
This aspect is often overlooked particularly in the connections between load-bearing walls and
internal floor slabs. The interruption of reinforced plaster at the extrados and intrados of floor
slabs constitutes, in fact, an important cause of local vulnerability.
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1 INTRODUCTION

Recent works [1, 2] highlighted the role of seismic jerk, defined as the variation of acceler-
ation and expression of its impulsive content. Seismic events even very distant in time and
space, confirm, in addition to the spatial nature of the seismic motion, the great relevance of the
impulsive actions.

Seismic records of 2023 Turkey-Syria mainshock (MW 7.8, 06.02.2023) show very high
peaks of accelerations and jerk. Station TK.3138, located near the seismic fault, recorded a
horizontal PGA of 0.907 g and a vertical PGA of 1.309 g (30% higher than gravity accelera-
tion)!, with peak ground jerk of 67.91 g/s (horizontal) and 88.42 g/s (vertical)’: these are ex-
ceptional values, in particular for the vertical component, which was far beyond the structural
damage threshold [3].

Sources: | ESM, Engineering Strong-Motion Database; > elaborations with Seismic3D sofi-
ware, developed by Francesco Pugi and tested with Massimo Mariani.

Starting from the scientific works produced on this subject, the study of jerk was deepened
by elaborating all the available records of the most important seismic events occurred in Italy
from 1976 to 2016, for a total of 447 seismic records. Then, through a statistic approach, the
main characteristic parameters of jerk were defined: amplitude, frequency and duration, for the
three spatial components.

Later, attention was paid to the effects of jerk on structures. The impulsive content of accel-
eration plays a fundamental role in the local damages, particularly in existing buildings where
quality of masonry, constraints and connections between structural elements may not guarantee
the strength required by stress concentrations generated by acceleration variations.

There is a close relationship between damages caused by jerk and local crises with potential
trigger of chaotic collapses, typical of structures with insufficient robustness. This phenome-
nology provides an effective path to interpret the damages caused by recent seismic events on
existing masonry buildings: collapses caused by disruptive processes where a fundamental role
was played by impulsive hammering actions.

Following these considerations, two fundamental aspects have been highlighted:

+ formulation of impulsive actions in terms of forces, which generate instantaneous increases
in stress with potential failure due to lack of resistance.

» evaluation of jerk frequencies in relation to fundamental periods of structures: resonance
amplifies the dynamic effects.

Based on the considered seismic events, a statistical analysis of jerk frequencies was con-
ducted, finding that in vertical direction the jerk mean period is very close to the fundamental
periods of structures [2].

In this work, the attention is focused on floor-to-wall connections. Experience indicates that
under dynamic seismic action floors hardly collapse due to insufficient strength or excessive
deformation: their collapse is more frequently due to failure in the supporting masonry walls.

The portion of masonry walls at the connection with floors is included in the so-called “rigid
zone” geometrically defined by the intersection between piers and spandrels, located at the bot-
tom and at the top of masonry piers. Normally, this part of masonry is not considered in the
safety verifications, nevertheless, it is site of local phenomena which can play a fundamental
role for equilibrium, particularly in relation to impulsive actions.

The mass associated to the floor-to-wall node is considered affected by an impulsive force
due to jerk, which acts in combination with the state of stress due to static and seismic inertial
actions. The impulsive action may be entrusted to dedicated resisting elements, in order to de-
fine integrative strengthening interventions.
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The impulsive effects are particularly important for rubble stone masonry with poor quality
mortar. In these cases disaggregation must be prevented and, although the additional strength-
ening measure are designed according to the expected seismic event, it is always advisable to
intervene with the improvement of constraints and masonry quality.

Masonry typologies with higher mechanical characteristics, such as solid bricks with good
quality mortars, may absorb the local impulsive effects without the need of additional strength-
ening elements on top of those eventually required according to common static and seismic
verifications. However, beyond the numerical evaluation, at each state of the project particular
attention must be paid to connections between structural elements and to discontinuities of var-
ious origins. In fact, in these areas of the construction, concentration of stress due to impulsive
effects could, in any case, weaken the structural capacity.

Ultimately, a strengthening intervention must ensure the proper connections between floors
and load-bearing walls, as well as guarantee the equilibrium of the constraints inserting where
necessary integrative tensile resistant elements, aimed at preventing local failures under impul-
sive effects.

2  OVERVIEW OF JERK FUNDAMENTAL ASPECTS

The chaotic nature of the seismic motion is highlighted by the three-dimensional represen-
tation of the accelerograms, that is, the 3D path outlined by the acceleration vector (applied in
the origin of the system) with its sharp variation in magnitude and direction.

Figure 1. 3D Accelerogram at Castelluccio di Norcia (CLO) during 30.10.2016 Norcia mainshock

The 3D accelerograms indicate a new perspective in the study of the shape of the curves
and their evolution throughout the duration of the seismic event. The continuous alterations of
the acceleration vector in terms of magnitude and direction suggest to further investigate on the
variation of acceleration [1].

The seismic ground acceleration determines structural accelerations which are strictly re-
lated to stress and deformation in the resistant elements. From the complexity of the seismic
motion the following consideration arises: the safety verification applied in terms of resistance
and deformation under inertial forces, may not be enough to fully describe the structural re-
sponse. The assessment of the structural capacity of the resistant element cannot ignore verifi-
cations in terms of impulsive effects, that are the forces appearing in short time intervals in
which the state of stress changes: increases, decreases or changes sign.
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Studying the variation of acceleration means studying the time derivative of acceleration
(TDoA), that is the velocity of acceleration or the third derivative of displacement, referred to
as jerk and associated to the symbol ;.

In Seismic Engineering, displacement, velocity, and acceleration are the motion parameters
always used to characterize the seismic event and its effects on structures. The seismic jerk, that
only in recent years has been object of attention, had so far little or no application neither in the
design of new structures nor in the assessment of existing buildings and the design of strength-
ening interventions. Tong et al. (2005) [3] investigated on seismic jerk starting from the need
of obtaining quantitative understanding about its amplitude, duration, and frequency content.
The study is based on records from the 1999 Chi-Chi Earthquake in Taiwan (Mw 7.6, 17:47,
20.09.1999) and one of its aftershocks (Mw 6.2, 00:14, 22.09.1999). At that time, jerk sensors
were not widely available; therefore, jerk time series were obtained from ground acceleration
records via numerical methods. Accelerometers provide seismic acceleration as a discrete sig-
nal; therefore, seismic jerk can be calculated by the following mid-point differentiation formula:

j(t) = et (= 2, ., N = 1) (M

where: a(t;) is the acceleration at instant t;; N is the number of samples; At is the sampling
period. The formula is applied separately for each of the three components of the jerk vector
. da

—_— E.

The variation of jerk can be represented both as time series of its three components and as
3D path outlined by the jerk vector in space (like the ones shown for acceleration). In the 3D
path outlined by acceleration vector it is worth noticing that jerk vector is tangent to the path in
each point.

In order to understand the relationship between acceleration and jerk let us consider the
ground acceleration records at station CLO (Castelluccio di Norcia) during 30.10.2016 Norcia
earthquake in Central Italy (mainshock). In particular, let us consider the vertical acceleration
time series focusing on a small time interval between 19.3 s and 19.8 s (0.5 s) in which both
PGA and PGJ occur.

ITALIA CENTRALE 30-10-2016 - CLO (CASTELLUCCIO DI NORCIA) - 7.8 km

t(s)

19.3 194 195 196 19.7
| | | |

(2) PGJ = 40.70 g/s per t=19.540 s

[(s/6 1)BI - (B)6e] wap
[(s/6 1)BI - (B)6e] wap

19.3 19.4 195 196 19.7
t(s)

Figure 2. Comparison between acceleration and jerk time series. The detail on the right shows how the points
where jerk is zero correspond to local maximum or minimum of acceleration.
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Since jerk is the first derivative of acceleration it is equal to zero when acceleration shows a

local maximum or minimum.

The detail in Figure 2 highlights (a) the absolute maximum of jerk (PGJ); (b) the absolute
maximum of acceleration correspondent (like other local maximum) to zero in jerk; (c) the
sector between two consecutive zeros of jerk correspondent to local minimum and maximum

of acceleration.
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Figure 3. Acceleration and jerk time series for the three components (EW, NS, Vert)
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Figure 3 shows the time series of acceleration and jerk for the three components in the time
span between /8.0 s and 21.0 s. Jerk time series feature a higher number of fluctuations between
positive and negative values: this is even more evident from the detail in Figure 4. Throughout
the seismic event, the secondary fluctuation of acceleration corresponds to significant jerk
peaks of alternate sign. The operation of derivation generates a “jerky” function characterized
by denser peaks, that is, in strict terms, by higher frequencies.

- acceleration
e jTK

Figure 4. Secondary fluctuation of acceleration correspondent to jerk peaks

The 3D paths outlined by the jerk vector are similar to those already seen for acceleration.
Comparison between acceleration and jerk paths is given in Figure 5.
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Figure 5. Comparison between (a) acceleration and (b) jerk paths: 3D view

Figure 6 shows the comparison between acceleration and jerk 3D paths projected on a ver-
tical plane. The jerk tangle appears stretched in the vertical direction and this points out the
importance of the vertical seismic component [4, 5].

2782



Massimo Mariani and Francesco Pugi

N-S (g) N-S (10 gfs)
06 04 02 0 0.2 0.4 42 28 14 0 14 28
1 | |

v

90
90

¥

[
¥4
8z

{B) pap

z0

(6) wap
(s/6 0L) vap
(s/8 01) wap

o

L2

v
o

#e-
#

T T 1 T T T T T T
06 04 0.2 ] 02 04 42 28 14 1] 14 -28
N-5 (g) N-5 (10 gfs)

a) b)

Figure 6. Comparison between (a) acceleration and (b) jerk paths: projection on vertical plane NS-Vert

During a seismic event, ground acceleration varies quickly, and the correspondent inertial
forces also fluctuate in short time intervals of the order of few milliseconds. This sharp variation
causes “jolts”, that is, impulsive forces that act very briefly. Therefore, for jerk to become a
useful parameter in structural analysis, it should be considered along with the corresponding
impulsive forces. A new approach is introduced below.

Impulsive forces due to seismic jerk are distinct from inertial forces due to acceleration. The
former are generated by the variation of acceleration and may be much higher than the latter.
Their influence on a structure depends on the frequency content of the jerk and the dynamic
properties of the structure itself.

The integral of jerk is, by its own definition, an acceleration. Since acceleration, according
to Newton’s Second Law, is force per unit mass, the definite integral of jerk in the interval
between two consecutive zeros may be referred to as “impulsive force per unit mass” (Fip,;, /m).
Two consecutive zeros of jerk correspond to a maximum and a minimum of acceleration, or
vice-versa. The signed area bounded by the jerk function in that interval corresponds to the
impulse of acceleration or deceleration. Therefore, considering the interval between instants t;
and t,, the impulsive force per unit mass is given by:

F imp __ t .

This expression can be applied to any of the three jerk components, each one characterized
by its own sequence of zeros.

Figure 7 illustrates the definition of impulsive force per unit mass as the area bounded by
the jerk function j(t) between two consecutive zeros. Yellow color indicates the positive im-
pulsive force corresponding to an interval where acceleration increases: a(t) goes from a min-
imum to a maximum. Instead, green color indicates a negative impulsive force corresponding
to the interval where acceleration decreases going from a maximum to a minimum. Therefore,
the impulsive force in the interval (ty, t;) and the one in the interval (t;,t,) act in opposite
direction.
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Figure 7. Impulsive force per unit mass, defined as the integral of jerk between two consecutive zeros.

Figure 7 refers to the vertical component of the ground motion recorded at station CLO
(Castelluccio di Norcia) during 30.10.2016 Norcia mainshock in the time interval (19.000 —
20.000 s).

It is worth noticing the very short duration of the impulsive forces. The considered jerk zeros
correspond to the following instants in the record: t, = 19.200 s, t; = 19.245 s, t, = 19.320 s.
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The negative impulsive force corresponding to decreasing acceleration lasts 45 ms while the
following positive impulsive force lasts 75 ms.

Thus, impulsive force may be calculated throughout the record for each time interval be-
tween two consecutive jerk zeros. The result is a step function that represents the time series of
impulsive force per unit mass.

t(s)

Ll I
= T B g
5 5 o 2
a - ! e £
g 5 5 5
= S s =3
2 L - =
& a o o
" " L=]
5 a g ks
3 5 ] A
2 2 = I
€ & 3 El
s 5 £ E
=2 g 3 3
5 5
P Y
m T T T T T T @
18 19 20 21 22 23
t(s)
A CENTIALE 35-10- 87 A CENTRALE 39-10-207. CL0 (CASTELL
tis) t(s)
19 19.2 194 196 198 20 19 19.2 194 19.6 198 20
a | | | - F 1 | -
(0| N I (S| ke
‘\ |
I
Led ‘ N
5 5 FE s
5 5 = 2
= A 8 ]
g g 5 | &
=] 2 5 a oo
) L = =
z a o o
2 7 & | &
g 'é_{ m o A/’-’"\,;];\ - ‘jj 1 b T T
< £ 5 V | 3
2
E .?1 13 t E‘
=) = 3 | . 2
g . | . &
= ;—| " =
[
|
|
v \
| Y [
L T T T = w T T ®
19 192 19.4 19.6 198 20 19 19.2 19.4 19.6 198 20
1(s) L(s)

Figure 8. Jerk and impulsive forces per unit mass for the vertical seismic component.
CLO - 30.10.2016 Norcia mainshock

Figure 8 shows the jerk time series (solid line) and the step function of impulsive forces per
unit mass (dashed line) for the vertical component of the reference seismic motion. The graphs
on the right (b, d) also display the correspondent acceleration time series. The graphs at the top
(a, b) refer to the time span between first and last acceleration peak exceeding 0.250 g, while
the graphs at the bottom (c, d) refer to a shorter time interval (19.000 — 20.000 s).
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Figure 9. Peaks of jerk and correspondent impulsive forces

The detail shown in Figure 9 highlights an important aspect: the peak of jerk does not always
correspond to the peak of impulsive force. This is because the impulsive force does not depend
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This behavior has general validity, it applies to all the components of seismic motion and
different seismic events: the maximum values of jerk and impulsive force do not occur at the
same time. The same happens between peaks of acceleration and peaks of jerk. Therefore, we

Therefore, lower jerk peaks with longer duration may yield higher impulsive forces than higher
get to the following property: PGA, PGJ and Fjpn;, max are not simultaneous and there is not a

jerk peaks with shorter duration (cf. Impulsive forces A and B in Figure 9).
direct relationship between them. However, a correlation may be pursuit from a statistical per-

only on the jerk value but also on the length of the time interval between two consecutive zeros.
spective.
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Figure 10. Time series of impulsive force per unit mass. Three components overlaid.
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Figure 10 shows the time series of the three components of impulsive forces overlaid in the

same graph.
Thus, considering jerk, the dynamic nature of the seismic action is expressed by a series of

consecutive impulses which determine vibrations.
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Figure 11. Acceleration and Jerk Fourier amplitude spectra (Chi-Chi 20.9.1999, TCU068, EW component):
(a) Tong et al. [3]; (b) Mariani and Pugi [1]

Tong et al. (2005) [3], in their study on the 1999 Chi-Chi earthquake in Taiwan, provided
Fourier amplitude spectra both for acceleration and jerk (Figure 11). The dominant frequency
contents of acceleration and jerk time series are between 1 and 10 Hz; however, jerk distributes
in a much wider frequency band and its higher frequency contents are prominent: the region of
significant frequencies for jerk extends at least up to 30 Hz.

This characteristic, observed for the first time in this seismic event in Taiwan, is confirmed
for all seismic events in the Italian territory [1]: the jerk Fourier spectrum features a window
of dominant frequency wider than the acceleration one. The jerk higher frequency content ap-
pears more important.

The identification of the dominant frequency of the seismic motion is crucial for the com-
parison with the natural frequencies of structures. According to Rathje et al. [14] the parameter
that better characterize the frequency content is the mean period T,,,, defined as the average of
periods in the Fourier spectrum, each weighted by the square of its Fourier amplitude.

i+
T = —;C(izf )

A first example of Fourier analysis with determination of the mean period has been per-
formed on the seismic records from station CLO (Castelluccio di Norcia) during 30.10.2016
Norcia earthquake. Table 1 gives the mean period of acceleration and jerk for the three compo-
nents of the seismic motion (EW, NS, Vert), while Figure 12 shows the Fourier amplitude spec-
tra of acceleration and jerk for the vertical component.

with 0.25 Hz < f; < 20 Hz 3)
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Figure 12. CLO, 2016 Norcia earthquake:
acceleration and jerk Fourier amplitude spectra for vertical component

T, (s) EW NS Vert.
Acceleration 0.657 0.540 0.319
Jerk 0.107 0.137 0.073

Table 1. Mean period of acceleration and jerk. CLO, 2016 Norcia earthquake

Table 1 highlights an important aspect: the impulsive nature of the vertical component. The
main frequencies of the vertical component are significantly higher than the horizontal ones. It
is also evident that jerk mean periods are very close to common fundamental periods of rigid
structures like masonry buildings. This points out the potential issues caused by impulsive ac-
tion on structural elements.

Given the chaotic nature of the seismic phenomena, to find a correlation between PGA, PGJ
and the maximum Impulsive force a statistical elaboration of the seismic records was carried
out.

Eight of the most recent seismic events in the Italian territory were considered: 30.10.2016
Norcia; 24.08.2016 Accumuli; 29.05.2012 Emilia; 06.04.2009 L’Aquila; 26.09.1997 Umbria-
Marche; 23.11.1980 Irpinia; 19.09.1979 Valnerina; 06.05.1976 Friuli. For each of these events
numerous seismic records provided by ITACA (ITalian ACcelerometric Archive) were ana-
lyzed, for a total of 447 station records.

3 CORRELATION BETWEEN JERK CHARACTERISTICS AND STRUCTURAL
DESIGN PARAMETERS

For each analyzed record the following parameters have been calculated:
1. peak ground acceleration (PGA)
2. peak ground jerk (PGJ)
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3. maximum value of impulsive force per unit mass (Finp)
4. mean period (7) of acceleration and jerk, calculated through Fourier spectra
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Figure 13. Correlation PGA-Fiy, for horizontal components
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Figure 14. Correlation PGA-F, for vertical component

Figures 13-14 show the correlation between PGA and maximum impulsive force for unit of
mass Finp for horizontal and vertical components.
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The correlation between PGA and impulsive forces, obtained through elaboration of the main
seismic events in Italy, is an intrinsic property of the events themselves. The fact that the cor-
relation has a coefficient of determination very close to 1 represents an excellent support for
estimating the impulsive actions based on ground acceleration data.

The correlation obtained through statistical analysis between PGA and maximum impulsive
force per unit mass Fimp,max, (both expressed in g) are summed up in the following expressions
(where: H stand for horizontal component, V stands for vertical component):

Fimpmax,y = 1.616 PGAy 4)
Fimp‘max‘v = 1.545 PGAV (5)

Regarding the frequency analysis, the mean period T,,, calculated from Fourier spectra has
no relations with peak ground acceleration, peak ground jerk or maximum impulsive forces. In
fact, in the single harmonic waves that constitute the signal, amplitude and frequency are mu-
tually independent.

Investigating on the mean periods by direct comparison of the T, obtained from the 447
station records, a representative value was found in the median value, which compared to the
mean value is not skewed by a small proportion of extremely large or small values, and there-
fore provides a better representation of the center.

Figure 15 shows for the vertical component of jerk the following information:

e a graph showing the mean period T}, for each station considered. The graphs also include
the mean value (black line) and the median value (red line) which in all the cases is lower
than the mean.

¢ the frequency distribution with discretization of the periods in intervals of 0.025 s

Tm per jerk Vert. Mediana: 0.078 s

Classe Frequenza
0.025  0.00% 0 Frequenze periodiJerk Vert
0.05 21.48% 96 0% - 28%
0.075  27.52% 123
25%
0.1 19.69% 88
0125  8.50% 38 g 20% 1
[}
0.15  6.71% 30 2 15%
0.175  4.25% 19 £ 10% -
a%; B Frequenza
0.2  3.58% 16 o | % 2o
1% 1%
0.225 1.?9: 8 0%
0.25  0.89
I R 9 a0 B 0
AR~ L) Kol s A L A
0275  179% g ST @Y ST A Y T TV QY b o
0.3  112% 5 Classe
Altro 2.68% 12

Figure 15. Statistical elaboration on the mean period T,,, of vertical jerk
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Table 2 sums up the representative values of the mean periods and the main contribution to
the distribution, both for acceleration and jerk, for each of the three components:

T,n(s) and main contribution to the distribution
Component Acceleration Jerk
EW 0.508 (19% for 0.500) 0.102 (23% for 0.100)
NS 0.509 (19% for 0.500) 0.101 (22% for 0.100)
Vert. 0.506 (15% for 0.300) 0.078 (28% for 0.075)

Table 2. Representative T,,, for acceleration and jerk

The frequency content of vertical jerk is characterized by very high frequencies. The repre-
sentative value of the mean period Ty, is about 0.075 s, which is very close to the vertical fun-
damental period of many structures characterized by high vertical stiffness. Among them,
existing masonry buildings shall be given special attention as they often feature weak connec-
tions which may be extremely vulnerable under the effects of impulsive forces.

1t is important to notice that other structural typologies may also show local vulnerabilities
under impulsive actions. International studies (see references in [1]) take into consideration
micro-scale damage of structures where discontinuities are represented by the connections be-
tween different structural elements, as in reinforced concrete or steel joints, and not by the
constitutive heterogeneity of the material (like in masonry).

To be more specific about the amplification of the structural response in terms of displace-
ments and internal actions, considering that seismic input is a combination of many harmonic
excitations, we can refer to the theory of driven harmonic oscillators with viscous damping.

Study of the simple oscillator leads to an amplification factor Cypmp; given by the following
expression:

1

Campl = >
T3 2 T1
1—T—2 +4 feqT_Z

where: T; is the fundamental period of the structure; T is the period of the applied force (in
this case coincident with the mean period of vertical jerk component); &, is the equivalent
viscous damping coefficient.

The frequency distribution given in Figure 15, obtained from the statistical elaboration of
the 447 examined seismic records, clearly shows a log-normal trend.

The jerk mean period of the seismic event that is expected to strike the building is not known
and does not depend on the values of PGA and PGJ. Table 3 shows an extract from the list of
the 447 examined records with the correspondent value of PG4 (g) and jerk T, (s) with respect
to the vertical component, ordered by the value of T;,. For instance, a value of T,,, equal to 0.034
s was correspond to many different values of PG4, ranging from 0.071 g to 0.645 g: there is no
correlation between T,,, and PGA and there are no known studies which identify a possible
design value of jerk mean period in a determined site.

Therefore, in the context of design, while PGA assumes precise values given the site of the
structure, the same cannot be said for the jerk period. However, it is possible to correlate the
jerk mean period to the fundamental periods of the structure using the frequency distribution
from a probabilistic perspective.

(6
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Evento-Stazione

EMILIA SECOND SHOCK 29-05-2012 - IV_T0805 - 22.0 km - Lat. 44.9187° - Long. 11.3226" - Elev. 5 m

ITALIA CENTRALE 30-10-2016 - 3A_MZ63 - 28.4 km - Lat. 42.62981° - Long. 13.32345° - Elev. 1071 m

ITALIA CENTRALE 30-10-2016 - IT_CIT - 26.8 km - Lat. 42.5942° - Long. 13.1632° - Elev. 873 m

EMILIA SECOND SHOCK 29-05-2012 - TV_MIRO5 - 15.8 km - Lat. 44.9808" - Long. 11.10719° - Elev. 0 m

EMILIA SECOND SHOCK 29-05-2012 - TV_MIROS - 8.6 km - Lat. 44.9169" - Long. 11.0895" - Elev. 0 m

UMBRIA/MARCHE 26-09-1997 - IT_NCR - 10.9 km - Lat. 43.11158" - Long. 12.78467° - Elev. 492 m

ITALIA CENTRALE 30-10-2016 - IV_T1214 - 11.4 km - Lat. 42.75954° - Long. 13.2087° - Elev. 1490 m

Given the fundamental period of the structure, expression (6) provides the range of jerk mean

PGA VERT |Tm jerk Vert

06042009 _IT_AQA 0.444 0.026
29052012_TV_MIRO4| 0.263 0.028
29052012_TV_MIRO2| 0.461 0.028
29052012_IV_T0813 0.175 0.029
30102016_IT_ACT 0.254 0.029
29052012_IT_SMSO 0.104 0.03
29052012_IV_T0818 0.209 0.03
29052012_|V_TO800 0.320 0.031
30102016 _IT_CNE 0.547 0.031
30102016_IT_NCR 0.057 0.032
29052012_IT_MRN 0.857 0.032
29052012_TV_MIRO1| 0.369 0.033
06042009_IT_AQV 0.496 0.033
29052012_IV_T0805 0.071 0.034
30102016_3A_MZ63 0.112 0.034
30102016_IT_CIT 0.138 0.034
29052012 _TV_MIROS| 0.152 0.034
29052012_TV_MIROS| 0.313 0.034
26091997 _IT_NCR 0.406 0.034
30102016_IV_T1214 0.645 0.034

Table

3. Lack of correlation between PGA and Ty,

periods corresponding to a significant amplification factor (e.g. Cqmp; = 2). Then, the fre-

quency distribution allows to calculate the correspondent probability of occurrence. This quan-
titative information constitutes an index of vulnerability of the structure with respect to
impulsive actions. In this respect, strengthening interventions determining a reduction of this
probability will increase robustness of the structure, that is, its capacity to avoid local damages

caused by stress concentration due to jerk.

16

10

®LN(-2.501,0.589)

$LN (cumulative) [valori *10]

Frequency (%)

| o | -
T T, . W O\
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jerk mean period (s)

Figure 16. Frequency distribution of vertical jerk mean period
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In the graph shown in Figure 16 the X-axis represents the vertical jerk mean period. The
histogram represents the frequency distribution calculated for the 447 examined seismic records.
The red line is the correspondent log-normal probability distribution of vertical jerk mean pe-
riod (@LN). For a structure with given vertical natural period T;, through expression (6) we can
identify the interval of jerk mean periods (Tjerk,mins Tjerk,max) for which Cgpp,; > 1. These are
the jerk frequencies that produce resonance, thus significant amplification of the structural im-
pulsive forces. The green line in the graph is the cumulative probability distribution (@LN).
The probability that a structure with natural period T; enters in resonance with jerk is given by:

(DLN(Tjerk,max) - (DLN(Tjerk,min)

For example, let us consider a building characterized by T; = 0.058 s and ¢, = 5%.
Through expression (6) we find that the jerk mean periods corresponding to Cypp; = 2 are
those in the interval (0.048 s, 0.082 s). Using the cumulative probability distribution, we find
that the probability of significant amplification of the impulsive actions is:

®LN(0.082) — ®LN(0.048) = 0.319 = 32%

If the seismic jerk striking this building had mean period equal to the building natural period
(0.058 s), the amplification factor would be Cgpyy; = 10. Assuming instead ¢ = 10% the
amplification factor would be Cgypy; = 5: the higher the viscous damping the lower the ampli-
fication effect, although it is still quite significant. These considerations will be resumed in the
example given in the next section.

Another application of expression (6) is the following. Given a seismic event with known
jerk mean period, we can find the interval of building natural periods corresponding to signifi-
cant amplification of the impulsive actions.

For example, let us consider the aforementioned seismic event 30.10.2016 Norcia, CLO. The
calculated jerk mean period is T = 0.073 s. Considering ., = 5%, from expression (6) we
find that the natural periods corresponding to Cgpp; = 2 are those in the interval (0.053 s,
0.113 s). Since the natural period of buildings often falls in this interval, it is reasonable to
assume that a substantial number of buildings was affected by amplified impulsive actions.

4 IMPULSIVE ACTIONS IN STRUCTURAL JOINTS: DESIGN OF LOCAL
STRENGTHENING MEASURES

The previous section described the characteristics of jerk with particular attention to corre-
sponding impulsive forces and frequency (mean period).

International studies conducted on jerk [2, 3, 7, 8] show that vibrational wave propagation
is directly related to stress concentrations and local damages. In this work, particular attention
is given to existing masonry buildings where internal connections are often not totally effective:
it is, therefore, necessary to investigate on the relation between impulsive actions and local
damages, such as masonry disaggregation and connections failure.

Strengthening interventions that confine masonry and absorb local stress concentration im-
prove the structural response to jerk. Considering the very brief duration of impulsive action
and the rigid-brittle behavior of masonry, such interventions may be designed in terms of
strength.

Let us consider a floor undergoing a conservative intervention as one of the strengthening
measures designed for the building. The strengthening is achieved through a lightweight con-
crete slab built on top of the floor, collaborating with it through a system of connectors. At the
constraints, steel bars properly anchored through masonry ensure the connection between floor
and perimetral walls (see Figure 17). The usual safety verifications carried out for the floor in
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terms of strength and deformability under vertical design actions (permanent, variable, and seis-
mic loading) provide quantification of the improvement achieved.

Figure 17. Floor-to-external-wall connection [1] in presence of reinforced mortar either traditional or innovative
(e.g. CRM)

The masonry wall is supposed to be consolidated through traditional or innovative (e.g. CRM)
reinforced plaster. The result is an increment of mechanical properties in terms of compressive
and shear strength. This aspect is captured through flexure and diagonal cracking shear verifi-
cations of masonry panels under static and seismic actions. For example, in seismic analysis
carried out with the pushover method, these safety verifications take into account strength and
deformation capacity of masonry considering its elastic-plastic behavior.

In this kind of modelling, however, the structural joints, that is, the wall portions at the in-
tersection between piers and spandrels or between piers and floors, are qualified as rigid zones
and affect the structural response only because they reduce the effective length of masonry piers
and spandrel.

In reality, as highlighted by recent studies [9], structural joints are affected by local phenom-
ena which may play a crucial role for the equilibrium of the wall in terms of resistance and
deformation, both in-plane and out-of-plane.

The study of jerk effects and impulsive nature of seismic action, suggests to pay particular
attention towards floor-to-wall connections. As noted above, under impulsive actions, the areas
characterized by structural discontinuity or by heterogeneity of materials (as in ruble stone ma-
sonry with poor quality mortar) are affected by stress concentration, thus it is necessary to as-
sess the dynamic behavior of the involved local masses in order to counteract potential
disaggregation. These effects are not addressed in the safety verifications normally applied in
the context of seismic analysis.
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Under inertial forces, safety verifications carried out according to current technical Stand-
ards, prove that traditional or innovative reinforced plaster, with transversal connections and
eventual grout injections (considered in the analysis through increment of masonry mechanical
properties) is effective. Under impulsive forces, however, additional reinforcement may be re-
quired in order to counteract their effect.

4.1 JERK-RESISTANT TRANSVERSAL TENSILE ELEMENTS

A first design hypothesis consists in the insertion of additional transversal tensile elements
able to confine the structural joint during impulsive action. This intervention constitutes a local
enhancement of the reinforced plaster intervention which already by regulation is comple-
mented by transversal connections in order to ensure solidarity with the wall core.

The local mass involved in the impulsive action is subjected to a vertical force, that is, a
uniaxial stress which, for the sake of simplicity, we consider concentrated on the central axis
of the wall (Figure 18).

Physically, when vertical jerk compresses the local mass, masonry expands transversally,
and the transversal reinforcement undergo tension generating a horizontal compressive stress
on the wall in order to contain the deformation. Therefore, the stress state becomes biaxial and
this involves an increase in strength if compared to the uniaxial stress state; the main effect is
to prevent the joint from breaking up.

_ Characterization of structural
" joint affected by local impulsive
actions
M,

hl

Additional longitudinal
tensile elements

- -

"

Additional transversal tensile elements
at intrados and extrados of slab

a) b)

Figure 18. Impulsive actions on floor-to-wall joint: (a) sketch of the collapse mechanism;
(b) reinforcement through additional tensile elements

In an elastic solid, vertical compression generates vertical contraction and transversal ex-
pansion. Under the instantaneous action of jerk, masonry tends to have a rigid behavior, corre-
sponding to a high but unknown modulus of elasticity: on the other hand, we are not interested
in quantifying the deformation (which by the way would be conventional due to the heteroge-
neity of masonry material), instead, we need to evaluate the transversal tension generated by
the compressive stress and counteracted by the transversal tensile elements.

2796



Massimo Mariani and Francesco Pugi

To this end, Poisson's ratio v is used to determine the transversal (horizontal) stress.

Figure 18 shows the local mass M involved by jerk impulsive action, consisting in the ma-
sonry mass M, and the slab mass M;. The longitudinal dimension b, along Y direction, can be
determined considering both the spacing between load-bearing elements and the dimensions of
the intersection between piers and spandrels. The thickness of the wall s and the height 44 (with
h equal to the thickness s) provide the dimensions of the mass in transversal X and vertical Z
direction respectively. As a working hypothesis, the slab portion corresponding to mass M is
assigned the length 24.

The choice of these dimensions, in particular the height 4h of masonry mass and the width
2h of slab mass, come from the experience gained by the authors in the observation of crack
patterns after significant seismic events. From a design point of view, the dimension h is linked
both to the thickness of masonry and to the space required to place the transversal tensile ele-
ments.

Forces Fx and Fz forces are the horizontal and vertical impulsive actions produced by jerk.
The choice of direction is conventional; in this example Fy is oriented outwards and Fz down-
wards.

The jerk actions relevant to the local mass M are defined by the relations linking impulsive
force per unit mass to PGA, expressed, as already illustrated in the previous sections, by:

Fimpmaxy = 1.616 PGAy (7)
Fimpmaxy = 1.545 PGAy (8)

Based on typical dynamic characteristics of masonry buildings, the horizontal mean period
of jerk is not very close to the horizontal natural periods of the building, while this is not the
case for the vertical direction. This suggests that resonance phenomena may occur in the vertical
direction.

Since the jerk mean frequency of the seismic event expected to strike the building is un-
known, resonance condition is assumed for safety. Based on currently available data, in the
definition of the impulsive forces we assume that jerk propagates through the building without
modifications with respect to the ground.

This is reasonable for the vertical direction. For the horizontal direction, instead, Tong et
al. [3] indicate that jerk undergoes at floor level an amplification similarly to what occur for
acceleration,; however, these indications still need to be verified in relation to various structural
typologies. On these aspects, Research shall provide further results, identifying more precisely
the propagation of jerk through buildings. As a matter of fact, studies on jerk response spectra
are currently in progress [10].

According to the hypothesis, the impulsive forces in vertical direction are amplified by a
factor Cgpmp; = 5. This amplification corresponds to resonance condition between structure and
jerk assuming the equivalent viscous damping coefficient §,, = 10%, higher than what is nor-
mally considered (5%). In fact, we consider that masonry may already be cracked at the begin-
ning of the seismic excitation, for example due to its non-cohesive nature or due to previous
damages. During the expected seismic event, the development of progressive cracking would
increase damping and reduce the amplifications due to resonance. However, the damages
caused by impulsive actions are typically brittle and caused by instantaneous overcoming of
resistance, and this can happen even at the beginning of the phenomenon. Moreover, it should

2797



Massimo Mariani and Francesco Pugi

be considered that the highest vertical impulses frequently occur in the first phase of the event.
For all these reasons, we assume that the equivalent viscous damping coefficient should not be
higher than 10%.

Ultimately, the impulsive forces corresponding to mass M are calculated as follows:

Fy = 1.616 PGA, - M (9)
Fy = 1.545 PGAy " Comp1 M (10)

Regarding the spatial simultaneity of jerk peaks, the available data (obtained processing rec-
ords of the main seismic events in the Italian territory [1]) show that the phenomenon is con-
tinuously spatial and the jerk peaks in the three directions occur randomly. Precisely because
of this randomness, it is not possible to exclude that significant peaks may occur simultaneously;
therefore, in the safety verifications it is advisable to consider all three components of the im-
pulsive actions. In this way under no circumstances the designed resistant elements would be
insufficient.

With reference to Figure 18, the effects of Fy, force, orthogonal to the section plane, are dis-
tributed within the joint and absorbed by 4 longitudinal tensile elements placed in correspond-
ence of the transversal reinforcements. These elements are necessary to achieve longitudinal
continuity of the reinforcement also considering the shear effects generated by lateral expansion
of masonry. In the section plane, forces Fy and F, both contribute to the impulsive stresses.

Force F, generates the following vertical tension:

oz = Fz/bs (1)

Being E the modulus of elasticity of masonry, vertical contraction &, transversal expansion
€y and transversal tension gy are given by:

g, =0,/E, ex=—ve; = —v a,/E, oxy=-voy (12)

The transversal tensile elements must counteract the transversal tension gy acting on the lat-
eral faces of the node, plus the transversal impulsive force Fx. Therefore, the tensile force that
the elements must resist is given by:

T=vo, - 4h- b+ Fy (13)

Regarding masonry Poisson's ratio, current Italian technical Standards consider v = 0.5
(calculated from E and G values given in NTC18, Tab. C8.5.1), thus this is the value used in the
proposed formulation. A greater value would increase the transversal tension produced by the
vertical force, but as far as observed it correspond to more cracked masonry which in turn is
characterized by greater ¢,, damping coefficient with consequent decrease of the resonance
amplification factor; therefore, the two aspects compensate each other.

4.2 JERK-RESISTANT TRANSVERSAL AND BENT ELEMENTS

A second hypothesis of integrative elements aimed to counteract jerk effects consists in the
use of bent tensile elements in addition to the transversal ones. In this case, the design can be
carried out without considering the transversal behavior of masonry, thus disregarding the re-
lation between vertical compressive and transversal tensile stress. This is achieved by consid-
ering that jerk impulsive forces are resisted by a truss-type structure where some elements resist
tension and some other compression. Tensile stresses are used to design the additional trans-
versal and bent elements, while the compressive stress acting on the struts must be compared
with the compressive strength of masonry.
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Figure 19. Additional truss-type elements to counteract impulsive actions.

I Horizontal impulsive action Vertical impulsive action

Figure 20. Internal actions in truss elements and joint reactions
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Static scheme with horizontal impulsive action:
- axial forces:

NA:Zcosa' NB:NCz7:4-COSCZ (14)
- joint reactions:
— Fx — _Fx
Hp = 4’ Vs T 4tga (15)
Static scheme with horizontal impulsive action:
- axial forces:
_ _Fz
N o sen a (16)
- joint reactions:
— fz —
Hp = e’ Vg =F, (17)
Ultimately, bent element verification is applied considering the following tensile force:
_ _Fx Fz
Nbent - 4cosa sena (18)
While for the tensile verification of the transversal elements:
F F
Nirans ZTX+?ZQ (19)

Proper anchorage of the bent elements is ensured selecting an adequate length of the vertical
segments.

The additional compressive stress due to jerk is considered applied in the compressed strut
having section A,,. Assuming oy, as the vertical compressive stress in the wall due to the acting
loads (static and seismic), and f,; as the design compressive strength of masonry, the maximum
bearable compressive stress due to jerk impulsive action is given by:

Oj,max = fa — oy (20)

This must be compared with the actual stress caused by jerk, which considering the inclina-
tion of the strut is expressed by:
Fx tga

o = (Na/4y) - sona = 2%

21

4.3 APPLICATION EXAMPLE

The following example refers to a masonry building located near Perugia (Italy). The design
seismic action at the Ultimate Limit State of Significant Damage is characterized by: (i) in
horizontal direction a; = 0.186g and S = 1.2, thus PGAy = 0.223g; (ii) in vertical direction
agy = 0.186g and S = 1.0, thus PGAy, = 0.186g.

The building consists of two stories (ground floor and first floor) and its load bearing walls
are made of ruble stone masonry with specific weight w = 19 kN /m3. The fundamental period
of vibration in horizontal direction is equal to 0.378 sec, while in vertical direction it is equal
to 0.058 sec.

Considering the representative mean periods of acceleration and jerk given in Table 2, it can
be observed that the jerk mean period in horizontal direction (about 0.100 sec) is far from the
fundamental period of the building (0.378 sec); while in the vertical direction the two periods

2800



Massimo Mariani and Francesco Pugi

are very close (0.078 sec for jerk, 0.058 sec for the building). Therefore, as noted above, reso-
nance phenomena may occur in vertical direction.

Let us consider a floor-to-wall connection with the following dimensions (see Figure 18): s
=400 mm, h =s =400 m, b = 1000 mm. The masonry mass involved in the local impulsive
phenomena corresponds to the following weight:

P, = wsb* 4h = 19.00- 0.40- 1.00- 4- 0.40 = 12.16 kN (22)

The floor is characterized by 2.50 kN/m? permanent load and 2.00 kN/m? vertical load with
seismic combination coefficient y2 = 0.3; therefore, the slab mass Ms corresponds to distributed
load of 3.1 kN/m? and its total weight is given by:

P, = (g +W¥,q): 2h- b = 3.10- 0.8 1.00 = 2.48 kN (23)
The total node weight and the corresponding impulsive forces are the following:
P =12.16 4+ 2.48 = 14.64 kN (24)
Fy =1.616° 0.223- 14.64 = 5.28 kN (25)
F; = 1.545- 0.186* 5- 14.64 = 21.03 kN (26)

STRENGTHENING THROUGH TRANSVERSAL ELEMENTS
The transversal tensile force resisted by the additional transversal elements (cf. section 3.1)
is given by the following expressions:

o, = 21030 / (1000- 400) = 0.053 N/mm? 27)
T =0.5- 0.053- 1600 - 1000 + 5280 = 47680 N (28)

Considering the insertion of 2 steel bars type B450C @12 (section 113 mm?) at the intrados
and extrados of the floor with longitudinal spacing of 1.00 m, the total resistant cross section is
226 mm?.

Considering a partial safety factor ys = 1.15, the design yield strength is given by 450/1.15
= 391 N/mm?. Moreover, considering a confidence factor CF = 1.20 corresponding to
knowledge level KL2, the safety verification is given by:

g5 = o2 = 211 < 2 = 325 —
226 1.20

(29)

mm?

Expression (29) yields a safety factor equal to 1.54. This value can be considered satisfactory
considering the actual ground acceleration registered in previous seismic events. Therefore,
robustness is ensured even with respect of peak ground acceleration and jerk higher that those
considered as design values.

For the longitudinal Y direction, we consider the insertion of 4 longitudinal bars ¢10 (total
cross section 314 mm?) in correspondence of the ends of the transversal elements. Therefore:

5280 _ N

Fy =Fy =528kN = g5 =22 = 17— (30)
21680 N

F=\FZ+F =V21.032 + 5282 kN = 21.68 kN = 15 =""~=69 —— (31)

02 + 312 =172 + 3- 69% = 14572 < 3252 = 105625 (32)

Although the proposed elements turn out to be oversized, their contribution, as already noted,
is necessary to achieve longitudinal continuity of the reinforcement also considering the shear
effects generated by lateral expansion of masonry.
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The influence of masonry typology on the impulsive action effects can be evaluated by con-
sidering the behavior of the structural node without consolidation. In this example, the addi-
tional transversal elements have been entrusted with a total tensile force T = 47680 N. In the
absence of reinforcements, masonry would increase the possibility to develop cracks perpen-
dicular to the tensile stress, that is, in the hypothesis of centered axial force, vertical cracks. The
tensile strength can be assumed, as a first approximation, equal to the shear strength (fi = T04);
therefore, the acting stress is given by:

T=T/(b-4h) = 47680/(1000 - 1600) = 0.030 N/mm? (33)

According to strength values suggested by Italian technical standard with respect to
knowledge level KL2 (CF = 1.2), ruble stone masonry is characterized by toq = 0.025/ 1.2 =
0.021 N/mm?. Therefore, under the hypothesis of this example, masonry alone without rein-
forcement would not satisfy the safety verification.

Considering nodes with the same geometry as the one in the example, it is interesting to
determine for various masonry typologies the limit value of PGA beyond which the jerk effects,
in the case of maximum amplification, would generate local damages.

Table 4 reports those limit values for various masonry typologies. The results were obtained,

based on what illustrated above, by applying expression (13) and considering knowledge level
KL2:

(1.545PGAy+5P)
bs

P=wsb-4h+(g+WY,q) 2h- b
The limit value of ground acceleration a, was obtained considering:

PGAy = agy = a4, PGAy=12-ay5, T=Db"4h- 14q

T=v’;—§ - 4h-b+ Fy = 05 4h- b+ 1.616 PGAy- P (34)

Masonry typology Toq (N/mm?) w (KN/m?) a, (2)
Rubble stone 0.021 19 0.132
Roughly hewn stone 0.036 20 0.217
Split stone 0.054 21 0.312
Irregular soft stone (tuff, calcarenite, etc.) 0.029 16 0.209
Regular soft stone (tuff, calcarenite, etc.) 0.050 16 0.362
Ashlar stone 0.0875 22 0.486
Solid bricks and lime mortar 0.075 18 0.493
Semi solid bricks and cement mortar 0.104 15 0.792

Table 4. Limit ground acceleration with respect to various masonry typologies

As shown in Table 4, masonry typologies of better quality can withstand impulsive actions
corresponding to higher ground accelerations. In case of rubble stone masonry local damage in
the structural node can occur for ground acceleration higher than 0.132 g. Instead, in case of
ashlar masonry o brick masonry this type of failure is unlikely to occur since very high ground
accelerations would be required (around 0.490 g).

Rubble, roughly hewn or split stone are the masonry typologies that require particular atten-
tion as far as regard the strengthening of structural nodes. After all, these are also the masonry
typologies that most frequently need interventions, such as grout injections and/or reinforced
plaster. Therefore, the additional strengthening elements proposed in the present work would
be mainly applied to these types of masonry.
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STRENGTHENING THROUGH TRANSVERSAL AND BENT ELEMENTS

For the intervention with bent elements along with transversal elements we refer to the for-
mulation given in section 3.2. On top of the data already given for the example, let us consider:
a=63.43° sen o = 0.894, cos a = 0.447, tg o = 2 (Figure 19).

The tensile force verification in the bent bar is expressed by:

X 4 72 5280 421930 1953423523 26476
T T +
_ 4cosa_sena __ 4-0.447  0.894 __ — — 2
Amin = = = = = 68 mm (35)
fya 391 391 391

Let us consider the placement of ¢p14 bent rebars (section 154 mm?) with spacing between
elements with same bending direction equal to /400 mm. The effective section must be cor-
rected by the factor /000/1400=0.7. Ultimately the tensile stress due to impulsive actions is
given by:

26476
15407

= 246 N/mm? (36)

Thus, the safety verification is satisfied with a safety factor equal to 391/246 = 1.59.
Consider insertion of @14 transversal rebars placed according to a quincunx layout with
spacing equal to 1000 mm. The tensile stress they should resist is given by:

Fx , Fz _ 5280 , 21030

N = =11835N (37)
4 tga 4 2
_ 11835 _ 2
0= (1000°1600)/(1000-1000)-154 48 N/mm (38)

Therefore, the transversal tensile elements are subjected to a significant lower stress com-
pared to the case without bent elements (211 N/mm?).

A remark about the different structural behavior achieved through the two proposed inter-
ventions is required. The transversal elements by themselves can counteract the jerk impulsive
actions. However, the bent elements may ensure structural continuity of reinforced plaster in
correspondence of the floor-to-wall connection, an aspect which is generally neglected, partic-
ularly in the connection between floors and load-bearing internal walls. The discontinuity of
the reinforced plaster at the intrados and extrados of floors may in fact be the cause of local
vulnerability.

Ultimately, as far as regards the compression verification of masonry strengthened through
reinforced plaster, the compressive strength is evaluated according to technical Standards
(NTC2018) applying an amplification factor equal to 2.5: fm = 2.5-1.5 = 3.75 N/mm?, then,
considering a confidence factor CF = 1.2, fg=3.75/1.2 = 3.125 N/mm>.

In the case under examination, the local mass affected by local impulsive actions is assumed
to have a depth of 1000 mm. However, conservatively we consider that the strut will form in
correspondence of the truss. Its cross section is assumed to be equal to b - ps, with coefficient
of thickness reduction p that can be assumed equal to 0.2. Therefore, the strut cross section is
equal to Ap, = 1000 - 0.2 - 400 = 80000 mm?. Thus, the compressive stress in the strut is given
by:

FX 5280
O_j — 2cosa _ 2-0447 _ 0.07 N/mmz (39)
Ap 80000

It corresponds to a small fraction of masonry compressive strength (0.07 / 3.125 = 2%);
therefore, it is reasonable to assume that masonry can act as strut in the truss-type behavior.
This proves that, under the effects of impulsive forces, masonry itself, strengthened with
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reinforced plaster, can resist the additional compressive stress. Instead, the proposed strength-
ening elements counteract the jerk effects by providing additional tensile strength.

5 CONCLUSIONS

In existing masonry buildings, the design of strengthening interventions, both in case of re-
pair or prevention, must ensure the proper connection of the floors to the load-bearing walls.
However, this may not be sufficient to avoid local damages under jerk impulsive effects, with
potential loss of robustness and trigger of progressive chaotic collapses, particularly fearsome
in case of ruble stone masonry with poor quality mortar.

Therefore, the equilibrium and the resistance of floor-to-wall connections must also be as-
sessed in relation to the continuous acceleration variation, which can generate local impulsive
actions significantly higher than static and seismic inertial actions, with consequent stress con-
centrations and potential masonry disaggregation.

Confinement of masonry and insertion of tensile resistant elements aimed to absorb the im-
pulsive stresses are necessary. Additional transversal tensile elements represent a natural ex-
tension of the reinforced plaster intervention, both in case of traditional and innovative
techniques.

With the addition of bent tensile elements the continuity of the reinforced plaster in corre-
spondence of structural nodes can be ensured, an aspect which is generally neglected, particu-
larly in the connection between floor and load-bearing internal walls. The discontinuity of the
reinforced plaster at the intrados and extrados of floors may in fact be the cause of local vul-
nerability.
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