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Abstract

Structural safety assessment of masonry structures is a crucial topic for architectural her-
itage conservation. Performance indicators are commonly adopted for civil structures and
infrastructure made of reinforced /prestressed concrete or steel but are often overlooked
in the context of historic structures. Notions such as safety, reliability, robustness, and
resilience are accepted concepts in the world of historic buildings, but they rarely translate
into quantifiable indicators applicable to structural rehabilitation. The complex mechan-
ical behaviour of masonry, indeed, is affected by uncertainties in the characterization of
the material’s properties. Furthermore, when considering damaged masonry structures,
uncertainties also include the natural aging and degradation of the component materials.
In this context, the proposed research intends to perform a preliminary safety assessment
of a masonry building subjected to seismic loads considering a given damage level and
its evolution over time. Damage is described by means of a performance parameter that
is able to capture the decrease in the characteristic compressive strength related to the
presence of a crack pattern and changes in the live loads. The method allows one to address
in a probabilistic way the determination of a limit global safety factor, affected by this
parameter, and of the time required to attain the failure condition.

Keywords: masonry; seismic behaviour; damage; time of failure; global safety factor; static
safety factor; fragility curves; reliability; probabilistic approach

1. Introduction

As is well known, seismic events are extremely damaging to structures, with signif-
icant social and economic consequences. Large-scale seismic vulnerability assessment
is crucial for mitigating potential damage from future earthquakes. The interest on this
topic is testified by a number of research, starting with [1-3], who propose an operational
methodological protocol for the seismic classification of existing masonry buildings for
practitioners, along with the studies proposed by [4], where various seismic damage sce-
narios at a territorial scale were presented in order to examine distinct housing typologies
and an updated version of the vulnerability index method was used to create the seismic
vulnerability assessment. More recently, Reference [5] suggests an integrated strategy that
combines census data, GIS software, and satellite remote sensing; risk assessment was
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carried out using Multi-Criteria Decision-Making techniques. For an in-depth review of the
most important research on this topic—outside the scope of the present contribution—the
interested reader is directed to [6], where seismic risk assessment at a national scale is
traced back to the combination of three components: seismic hazard, structural vulner-
ability, and exposure data. A common denominator of these studies is the relationship
between the vulnerability class and the expected damage level and seismic intensity; see
also [7,8]. The interest in developing tools to support seismic retrofit strategies of existing
buildings is demonstrated by recent contributions; see for example [9], who are focused
on a resilience-based approach. Other important aspects related to the assessment of seis-
mic vulnerability in general are the construction of analytical fragility curves developed
based on the probability of exceeding the failure limits for each scenario [10-12], and the
consideration of epistemic uncertainties [13].

In this context, the current research introduces an innovative approach for the initial
safety assessment of a masonry building subjected to seismic forces. The aim is to contribute
to a rapid and non-invasive “survey” of the structural safety of masonry structures, which
is essential for developing strategies for the conservation of historic minor architectural
heritage. This method considers a specific degree of damage through a performance
parameter capable of characterizing both the decrease in the characteristic strength values
(related to the presence of a crack pattern caused by variable loads) and how it changes over
time. Finding an appropriate law for the performance parameter is essential to adequately
capture the cracking evolution. As will be described in this article, it is necessary to
define a damage onset time and a subsequent damage evolution law that is intrinsically
non-deterministic. The procedure aims to define a global safety factor influenced by the
damage parameter and, in a probabilistic framework, to estimate the time required to
reach the “limit” condition. This method allows for a reliable assessment of the overall
vulnerability of a city’s residential historical building stock, starting from the methodology
of data survey based on CARTIS form, observed building by building. As an example,
Figure 1a shows an extensive vulnerability assessment campaign for the ordinary residential
buildings in masonry that characterize a large part of the historic centres of Milan hinterland
(Figures 1b and 2). The results of this approach should form the basis for targeted and
in-depth investigation on this architectural heritage [14].

Masonry buildings

B Low vulnerability
Medium vulnerability

I 1iigh vulnerability

(@) )

Figure 1. Milan hinterland (Paullo, Italy): (a) fast and non-invasive investigation method for the
acquisition of a picture of the overall level of vulnerability of the residential built heritage of a city;
elaborated from [15]; (b) example of masonry buildings with the insertion of large openings on the
ground floor.
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Figure 2. Example of recurrent residential masonry houses in the historic centres of Milan hinterland
(in Paullo): (a) one with a brick masonry vault at ground floor; (b) simple buildings arranged around
an open courtyard and (c) in a row along the street.

The starting point for the development of the method is the contribution provided
in [16] where, using a model found in the literature [1-3] and devising a probabilistic
method to evaluate the global safety factor and the static safety factor when the seismic,
topographic, and subsoil conditions of the site vary, the authors underlined the importance
of some performance parameters found in the calculation process suggested in [1,3], whose
randomness can influence the estimation of these factors.

For a fast method of characterizing load-bearing masonry, it is considered appropri-
ate to refer to the values specified by the technical standards for constructions. For the
main types of masonry present in the Italian national territory, the CNR-DT 212/2013
regulation [17] suggests reference values to be used as stochastic characterization of their
mechanical properties. These values are derived from those suggested in Table C8A.2.1
of [18] and Table C8.5.1 in [19], which are sources of statistical information.

The data contained in the above-mentioned standards show that the characteristic
strength parameters present a certain degree of uncertainty for each type of masonry, due
to their non-standard constructive techniques. The impact of these parameters on the
evaluation of the global and static safety factors is examined in [15], where the analysis of
the shear and compressive strength characteristics was introduced with reference to the
indications reported in CNR-DT 212/2013 [17] and their impact on the variation in the
safety factors was investigated through the creation of a fragility curve.

A crucial factor in assessing the safety and reliability of a structure is the ability to
estimate its future lifespan based on the degree of damage already suffered. The definition
of an instant of damage triggering and a subsequent temporal evolution that is intrinsically
non-deterministic are necessary to describe the evolution of the crack pattern.

The study here proposed, extending the contribution presented in [20], intends to
investigate these aspects. It is organized as follows. In Section 2.1, the concepts of global
safety factor and static safety factor are recalled, introducing the approach further devel-
oped by the current research. In Section 2.2, attention is paid to the performance parameter

“f” of the reduction in characteristic strength values as a function of the presence or ab-

sence of a crack pattern. Section 2.3 illustrates the novel probabilistic method aimed at
capturing the specific level of damage reached by the building by assuming “f” as a pa-
rameter varying over time according to an evolutionary law derived from the evidence of
experimental tests of long-term behaviour conducted in a laboratory on existing masonry
samples [21-23]. Sections 3-6 depict the results of such an approach by considering
a case study and proposing some further methodological developments. More specifically,
Section 3 presents the estimation of the global and static safety factors as a function of
parameter “f” and time. Furthermore, it examines the estimation of the probability of
failure and the resulting loss of reliability and safety. Section 4 focuses on estimating the
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waiting time for two different threshold transitions, considering how the triggering of
further damage compromises the safety factor and the resulting failure time. Section 5
studies the effects of a structural aggravation action on a building system subjected to
an existing crack pattern; this analysis is further developed in Section 6, where the safety
factor and failure time in the case of subsequent damage triggers are investigated. Near the
end, Section 7 provides a discussion on the uncertainties affecting the problem. Concluding
remarks and further development of the research are described in Section 8.

2. A Time-Varying Law Describing Loss of Performance

In Section 2.1, the methodology proposed by Borri et al. in [1-3] is briefly presented
in order to fully clarify the starting point of the new development proposed by the cur-
rent contribution and to adopt a univocal notation. Section 2.2 illustrates the role of the
performance parameter “f” in the structural response of damaged masonry structures. In
Section 2.3, a new probabilistic approach is illustrated with regard to the methodological
aspects and the definition of a law describing the performance loss of the system over time.

2.1. Global Safety Factor and Static Safety Factor: A Brief Review

The treatment devised by Borri et al. [1,3] is based on the concepts of global safety
factor, SFg, and static safety factor, SFs. The first one is the ratio between the ultimate accel-
eration related to each floor 7 of the building, as1; ;, and the maximum ground acceleration,
aq, referring to the seismic zone and the return period considered according to the equation

asru,i
Skgi = % )
! ag-S

where S is the spectral coefficient that characterizes the area from the subsoil and topo-
graphic point of view.

Compared to the formulation contained in [18,19,24,25] (more precise from a theoret-
ical point of view but more costly to apply, especially when there are many buildings to
examine), References [1,3] propose some simplifications in favour of safety.

It is recalled that ag; i ; depends on the shear strength at the base of each floor i, Fs1y; ;,
according to the following relation:

_ rqFspu,
asru,i = o MEy F

@

where

e ris a correction factor that accounts for the numerous simplifications adopted, in
favour of safety. It is equal to 1.0 for buildings with one story above ground and equal
to 2.0 for buildings with two or more stories above ground.

e gisthe behaviour factor; it takes into account the dissipative features of the building
(Appendix A.1).

e ¢*is the mass participation factor, which depends on the vibration modes and the
participating mass (Appendix A.2).

e  Mis the total seismic mass of the building.

e  Fjis the spectral amplification factor.

Fsyy i is calculated as the smallest of those evaluated in two perpendicular directions,
generally chosen on the basis of the main axes, indicated by x and y, of the load-bearing
walls. For each direction, the vertical load-bearing masonry panels are considered; collapse
is reached when the mean shear stress reaches an appropriate proportion of the shear
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strength of the masonry material. Therefore, the formal expression of the building shear
capacity can be written according to relations (3) and (4), depending on the axis considered:

0.8 Cx ATy

Fsruin = 7%253” &, 3)
0.8 &y ATy

Fspu,iy = 71y25yl -, 4)

where

e Ay (resp. Ay;) is the shear-resistant area of the walls of the i-th floor, arranged in the x
(resp. y) direction.

e  (x (resp. §y) is a coefficient linked to the type of failure expected in the masonry walls
of the i-th floor; it is equal to 1 in the case of shear collapse, while it can be assumed
to be equal to 0.8 in the case of collapse due to combined compressive and bending
action (buckling).

e Ty is the design value of the shear strength in the masonry walls of floor i. It de-
pends on the value of the masonry shear strength, 7y 4, and on the average vertical
compressive stress, 0y ;, recorded on the horizontal section of the walls at the i-th floor.

Note that in Equations (3) and (4), some coefficients related to the irregularity of the
plane and to the homogeneity of stiffness and resistance of the masonry walls are set to their
worst possible values, i.e., 1.25 and 0.8 respectively, in favour of safety. This simplification
is necessary to allow a rapid application of the method for seismic classification and when
direct data of the buildings are unknown.

To evaluate the mass M, both the weight of the masonry walls and the load related to
each floor must be considered. The latter includes the self-weight of the floor, the permanent
loads, and the live loads.

The global safety factor to be considered for the vulnerability assessment of the
building is the lowest value among the SF;; values determined for each floor i; see
Equation (1):

SPG = SFG,min = minSFG,i (5)

The static safety factor at each floor, SFs;, can be defined as a percentage of the
compressive stress limit, ogp, according to the relation:

ORD
SFg; = , (6)
5 00,i

where 0y ; is the average compressive stress recorded at each floor, as defined with reference
to Equations (3) and (4). The expression of ogp is given by:

ORD = — , )
M

where f, is the average compressive strength of the masonry, ) is the safety factor on the
material, and CF is the confidence factor dependent on the level of knowledge achieved.

The minimum value among the SFs ; values obtained for each floor i (see Equation (6))
must be taken into account for safety reasons:

SFS = SFS,min = minSFSIi. (8)

2.2. Undamaged Masonry Versus Damaged Masonry: The Role of the Parameter f

The method introduced so far can describe the safety level of an undamaged masonry
structure. When evaluating the SF; and SFg safety factors, it is also possible to consider the
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case of damaged masonry by introducing a damage parameter that quantifies the reduction
in the masonry’s structural capacity to both horizontal and vertical forces.

Therefore, the method proposed by [1-3] can be further implemented by introducing
a strength reduction factor, f, in the case of damaged masonry. The factor will be introduced
in the expressions of both the design value of the shear strength,7;;, and of the compressive
stress limit, ogp.

To show how the f parameter can influence the evaluation of 7;; and ogp, reference
is made below to the formulations proposed by Borri et al. [3] and the Italian technical
standard [17] (see Appendix A.3). Note, however, that the procedure described is general
and can be applied considering standards other than the Italian one. Despite the multiple
interpretations that can be given to the concept of damage, for the purposes of this work, it
is emphasized that it can determine first of all a reduction in the strength of the material, as
described by [26], who investigate the influence of moisture content and salt concentration
on the strength of bricks, and by [27], who underline how geometric degradation (such as
the reduction in the filling of mortar joints) influences both the failure mechanism and the
stiffness and strength of the masonry material.

Introducing a damage parameter, f, the expressions of 74 and ogrp become

T0,d / 00,i
= 4 14+ —2A—, 9
Tdi CE f + 1-5TCO£' ( )

0,65 fi,
~ 1M CF

The strength reduction factor, f, can be defined as a performance parameter able to

f (10)

ORD

reflect the masonry integrity (f = 1) or damage (0 < f < 1), which affects the building
seismic behaviour. In the treatment proposed by Borri et al. [1,3], the performance pa-
rameter, f, is taken to be 0.8 for damaged masonry and 1 for undamaged masonry. The
assumption of two distinct values for the parameter f leads to a deterministic evaluation of
the building safety.

In the following section, a probabilistic approach is proposed that is capable of taking
into account the randomness of the quantities involved. This approach, although stream-
lined and not entirely exhaustive, can offer a tool for the rapid assessment of a building
vulnerability, through the construction of fragility curves.

2.3. A Novel Probabilistic Approach: The Performance Parameter f as a Time-Varying Parameter

Studying a building history from the time of its construction to the present, tracking
its changes over the ages, and particularly looking into the most recent interventions can
reveal periods when the stresses on the masonry walls may have changed significantly,
which over time, may cause weakening of the structure and the development of cracks.
There are many causes that can lead to the onset of an evolving crack pattern, for example,
replacing original wooden floors with modern ones with increased weight, changing the
intended use of the building, inserting large openings on the ground floor with fewer
masonry walls bearing capacity, etc.; see Figure 1b. Due to one or all of these causes, it can
be assumed that the performance parameter f varies over time, showing an evolving crack
pattern. It is not an easy matter to define an evolutionary law capable of describing the
evolution of the damage. Indeed, there are a lot of uncertainties:

e  The triggering time at which cracking begins (historical records can help identify
one or more moments of damage initiation, such as a seismic event or some renovation
work that weakens load-bearing structures).
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e Damage evolution law (even if accelerated, laboratory and on-site tests can offer
helpful indications on the evolution of a particular damage process).
o  Failure time.

When the crack pattern begins, the performance parameter, f, must be able to de-
tect the change in the performance of the system and decrease proportionally following
an appropriate damage evolution law.

A possible evolution of the performance parameter f over time can be described by
the following relationship:

f=ft) = foll=6(1)], 11)

where f is the value of the performance parameter at time f = 0 (e.g., initial state), and f(¢)
indicates the value of f as time and damage evolve. More precisely, the quantity 1 — 6(t)
measures how f decreases over time in accordance with a predetermined time variant
damage law, 6 = 4(t) € [0, 1]. It is important to define the latter in a way that is sufficiently
reliable, taking into account that it must be sufficiently flexible to adjust to the randomness
of the evolutionary behaviour.

Among other possibilities, the law put forth by [28-30] might address the fundamental
requirements described above:

wl =P 1P ,T < w
S()=31-1-w)P1-17f ,w<1<1 (12)
1 , T > 1

In Equation (12), p and w are damage parameters that define the damage evolution
law shape; they must be chosen according to the actual evolution of the damage process;
T = Tif is the normalized evolution time, where Tf is the failure time, i.e., the time instant
of reaching the failure threshold, 6 = 1.

Regarding the definition of the failure time, Ty, it is important to note that it varies
depending on the phenomenon under consideration. In the literature, it is occasionally
assumed that the failure time has a Weibull or Gamma probability distribution law [16].
The choice, however, is not simple; the distribution law of Ty, hereinafter referred to as Fr r
must be able to describe the physical behaviour of the phenomenon being studied, even
for rare, difficult-to-predict events that are normally found in the tails of the distributions
themselves. These events are captured by studying the immediate occurrence rate function,
Aj(t), of the distributions, a function that can predict the probability that the studied event
will occur in the interval (f + dt) immediately following the current time, ¢, if it has never
occurred at times prior to .

Aj(t)dt = Pr{t < 7 < t+dt|ty > t}, (13)

where 7; is the time at which the transition of the j-th data level could occur.

Reaching and exceeding a certain level of damage, in the absence of catastrophic
situations, is a progressive physical phenomenon, and the probability that a certain dam-
age threshold will be exceeded immediately increases with the waiting time. Probabil-
ity distributions that exhibit an immediate occurrence rate that increases over time in-
clude the Weibull and Gamma distributions, so researchers have been focusing on these
two distributions for some time [31,32].

Moreover, to define a reliable damage law, the parameters must be determined on the
basis of plausible evolutionary behaviour.

In this research, reference is made to the experimental analyses proposed by [21,22],
where the values of the strain rate variation caused by the permanence of long-term
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static loads on samples of historical masonry are reported (Figure 3). From these tests,
stress—strain and strain—time diagrams are derived for both the vertical and horizontal
directions. For the purpose of the present study, a significant result of the experimental
investigation described by [21,22] is to demonstrate a link between the evolution of the
strain rate and that of the crack pattern. This finding is further supported by some recent
studies [33,34], where the relationship between the global stiffness of the structure and
the evolution of cracking is examined. Figure 3a shows both vertical and horizontal
strain over time under different steps of vertical loads: changes in the strain rate indicate
a worsening of the crack pattern until collapse (Figure 3b). Figure 4, obtained by reworking
the results reported in [21,22], shows the variation in the vertical strain with time for long-
term constant static load (the results related to different historic masonry specimens are
plotted in different colours).

€ 10

-10

-20
gvemc()d 03)

-30 é Shoriz(x‘I 03)

-40

0 200,000 400,000 600,000 800,000
Time (sec)

(a) (b)

Figure 3. Pseudo-creep tests on samples of historical masonry: (a) pseudo-creep curves (the results
related to different specimens are plotted in different colours) and (b) example of crack pattern at the
end of tests. Elaborated by the authors from [21].

0.016

0.014 f
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0.01

0.008

0.006 f
0.004

L
0.002 / ///
0 P—_'F—"é/\
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Vertical strain

Figure 4. Long-term constant static load: variation in the vertical strain with time. The results
related to different historic masonry specimens are plotted in different colours (data elaborated by
the authors from laboratory tests in [21,22]).

Given the above, the damage law J(7) can be hypothesized by considering the lab-
oratory results. Figure 5a plots a theoretical damage curve 6(7) (see the black solid line)
that satisfies a similar trend to that of Figure 4, as shown by a comparison with the normal-
ized laboratory values (see the coloured dots). As regards the mathematical definition of
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4(7), it is assumed that the damage parameters of the damage evolution law shape (see
Equation (12)), p and w, have a normal probability distribution law, F, and F,,, respectively.
The values of p and w, assumed to be the mean of the normal distribution, p = 5.5 and
w = 0.93, were obtained from experimental data through least squares optimization; the
estimation error was used as a parameter measuring the standard deviation. Their quan-
tification can be refined if homogeneous and reliable databases are available. The use of
Bayesian approaches to improve knowledge can also certainly make the degradation law
more robust.

1 ~
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(b)

Figure 5. Proposal of a damage law (4) following the trend of laboratory results (Figure 4):
(a) normalized laboratory values and theoretical law; (b) the same damage law considering the mean
w and p values (solid line) and the limits of the range (dashed lines), dmin (T) < 6(7) < dmax (7).

The black solid curve in Figure 5b is obtained by taking into account the mean values
of the shape parameters (p = 5.5 and w = 0.93), while the limit curves—defined by the
mean values of the shape parameters plus and minus their standard deviations—are shown
by the dashed curves. Note that the uncertainty that characterizes the estimate of the
parameters p and w corresponds to the range dpmin(7) < 9(T) < dmax (T) within which the
complete set of damage laws used to explain the phenomenon is included.

Figure 6 shows the flowchart of the procedure described above for determining the
static safety factor, SFg, and the global safety factor, SF, considering a given damage law
as the one proposed in Equation (12), which influences the evolution of the performance
parameter f; see Equation (11). Figure 7 depicts a flowchart of the inputs necessary to
define the damage law 4(7), i.e., the probability distributions F, and F,,, for the damage
parameters p and w (normal probability distribution law) and Fry for the failure time Ty
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(Weibull or Gamma distributions). For any j-th damage law belonging to the set described
above, in the interval pin (T) < 6(T) < dmax (T), the corresponding performance parameter,
f = fI, is obtained from Equation (11). It is therefore possible to calculate the static and
global safety factors for any f/.

Loads Geometry of the Masonry characteristics || Confidence
dead loads bui[ding (values from regulations) factor, CF
live loads n. of floors density of material
height of floors compression strength fm
surface area of floors shear strength 7,4

shear walls dimensions
(length and thickness)

A 4

al .
Damage Compressive strength assessment, g, }4- -d---------
no cracks: f=1 v
cracks:0 </ <1 N Shear strengths assessment, 1;
—> damage law on the resistant walls at each floor i - mm - -
! Type of
Compressive stress Ultimate shear strength failure
> © ment, o, assessment, Fg, : .
on the resistant walls tor each floor i shear £=1
at each floor i buckling £=0.8
Seismic A
characteristics Ultimate acceleration
of the site —> assessment,ag;
earthquake design for each floor

spectrum parameters

Static Safety Factor Global Safety Facto
SFg SFg

Figure 6. Flowchart of the procedure for determining the static safety factor, SFgs, and of the global
safety factor, SF, considering a damage law.

Damage law: inputs
Probability distributions F,(7), F,,(7), Fr(7)
respectively for p, wand T;

‘ »
Drawing of N damage laws
starting from F (), F,(7), Fr(7)
using a random procedure

Compressive strength
assessment, ogp

Shear strengths assessment, t;;
on the resistant walls at each floor /

Time dependent __@ 3-th solution ¥ j-th solution
> f damage law 1 Static Safety Global Safety
Factor Factor

Time dependent SFs SFg
i @i T.i i
damage law j-th —

Time dependent N
damage law N-th

Figure 7. Flowchart of the inputs needed to define the damage law 6(7): Fy, Fw, and Fry. For each j-th
damage law, the corresponding performance parameter, f/, and the static and global safety factors
are retrieved.
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3. Variation in the Global Safety Factor and the Static Safety Factor over
Time and Assessment of the Reliability of the Building System

As previously stated, variations in the static configuration are the primary cause of
the uncertainties in the estimation of the parameter f and, consequently, of the global and
static safety factors, SF; and SFg. These uncertainties are primarily associated with the
instant of damage triggering. In this section, an initial evaluation of the trend of the safety
factors SF; and SFg, with random variations in the parameter f after the damage onset
time, is examined with reference to a case study, i.e., typical historical masonry buildings in
the Lombardy lowland area (Figure 2). For the purposes of this investigation, it is assumed
that the buildings are located in the Lombardy region, in the eastern area, where there
is the seismic zone 2 according to Italy’s anti-seismic regulations [18,19,24,25,35], with
peak ground acceleration in the range 0.15 ¢ <4, < 0.25 ¢, where a; corresponds to the
acceleration with a 10% probability of being exceeded in 50 years. As regards the seismic
characteristics, reference is made to those of the municipality of Salo (BS), Lombardy’s most
seismically active area; see Table 1 [20] and Appendix A 4. It is interesting to recall that for
this specific building typology, the analyses had highlighted a certain fragility even when
adopting the parameter f = 1 (undamaged masonry) [16].

Table 1. Seismic characteristics of the Salo town (BS), eastern Lombardy (Italy).

Seismic Characteristic Symbol
Peak acceleration (maximum expected horizontal acceleration at the site) ag =0.158 g
Spectral value (characteristic of the constant velocity section) TE=0271s

Seismic return period

Tr = 475 years

Maximum value of the spectrum amplification factor in horizontal acceleration Fo =2.483

Assuming the damage initiation at an instant T; of the structure lifetime, from
a plausible Gamma distribution curve of the structure lifetime, eleven instants, ¢, after the
instant T1 have been extracted and subsequently normalized (T = Ti) ; see Figure 8 (the
normalized form of T; is assumed to coincide with T = 0.4; see Figure 8b).

For each normalized instant 7, the value of the decrease for the performance factor,
f (1), due to the crack initiation, is obtained from Equation (11).

The proposal to associate the time of onset of the first damage, T;, with the value
T = 0.4 stems from experimental data derived from the laboratory tests that served as the
foundation for the construction of the damage curve. It should be noted that the damage
triggering time could also be related to the value T = 0 or to other values of 7, if more
precise information were available on the history of the building under examination.

The probabilistic approach developed within this research is capable of capturing
the randomness of the value of 4(7) at any instant 7 (Figure 8). A random extraction of
100 values of § between dpmin(T) and dmax(T) is made for each of the eleven normalized
instants 7. The value of f(7) for each extracted T and each value of ¢ is then retrieved from
Equations (11) and (12).

The safety factors SFg and SFs associated with T and f(7) are then determined using
the methodology suggested by [1,3], as described in Section 2 (see Equations (5) and (8),
taking into account Equations (9) and (10)). Such safety factors are implemented with
a progressive calculation macro used by Borri et al. [1,3] for the assessment of the seismic
vulnerability of historical centres.

The trend of both safety factors, SF; and SFg, reported in Figure 8, corresponds to
a progressive loss of performance over time. In Figure 8a, related to SFg, the solid black
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line represents the mean value; the dashed lines delimit the range identified by the mean
+ and — the standard deviation. The solid black horizontal lines in both plots indicate
the limit thresholds of possible failures, SFg faijure and SFs fai1ure respectively. Both safety
factors are expressed as a percentage. As regards the global safety factor, SF;, the limit that
identifies failure is set at 20%; see also [3,16]; for the static safety factor, SFs, it is 200%. It
is worth noting that the static safety factor values exceed 100% in almost all cases under
examination (see Figure 8b), and this represents a large “static” safety margin related to the
compressive strength of masonry. When calculating SFs, values significantly higher than
100% (the minimum expected safety level for static behaviour) are often reached because
masonry structures were traditionally oversized for safety reasons. Note that in Figure 8a,b,
the stochastic values of the safety factors are provided for each of the eleven normalized
instants T, as described at the beginning of this section.
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Figure 8. Trends of the safety factors SF; (a) and SFs (b) considering the reduction in the performance
parameter f(7) over time. The limit thresholds related to possible failures, SFg taiiure and SFs faitures
are indicated by the solid black horizontal lines.

For the purpose of this research, the method is illustrated below considering the trend
of the SF; factor as a performance indicator of a possible failure, as it seems reasonable for
the typology under consideration; see also [16]. The procedure can be easily applied with
reference to SFs.
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The next stage of the proposed methodology consists of estimating the probability of
failure and the consequent decrease in safety and reliability.

Before proceeding further, it is necessary to clearly define the concept of reliability of
a system. Following the definition given in [36], reliability can be explained as the probabil-
ity that the system will not collapse at time ¢.

This definition is adapted to the context under consideration, denoting by R(7) the
reliability of the building, i.e., the probability that the SF; value is higher than a pre-set
“failure” limit considering a selected threshold of significant damage occurring at the
normalized instant 7. Let T be chosen as the random variable. The reliability is expressed
by the following relation:

R(7) = PV{SFG(T) > SFG,failure} =1— Fe, (7), (14)

where Fsr . (T) is the cumulative distribution of SF¢. To perform the reliability assessment
of the system, the values of the global safety factor SF; recorded at each normalized instant
T are modelled according to a probabilistic approach. In the present study, a Lognormal
distribution is assumed. With reference to Figure 9, the probability density functions that
model SF; for each T and the horizontal line corresponding to the pre-set failure threshold,
SF* = SFg, failure, are shown. The areas enclosed by such densities and above the horizontal
line (see Figure 9a) represent the experimental probabilities that are part of the construction
of Equation (14); see Figure %b.

Figure 9b shows the experimental reliability function, obtained by means of
Equation (14), for each value of the extracted normalized instants 7. Each point quan-
tifies the value of the areas defined above for each extracted T (Figure 9a). The experimental
reliability function thus obtained is then modelled by considering a theoretical probability
Gamma distribution (solid line in Figure 9b).

Choosing distributions to model specific physical phenomena is always a delicate and
complex process. The distributions we propose in this paper are the result of previous
studies in the literature [37—-41], which have convinced us of their suitability, but they are
not intended to be definitive. Future research and experimental tests may guide us toward
other solutions.

The results here obtained show that the initiation of damage can lead to a long-term
loss of performance even without further increases in loads, as observed in laboratory tests
in [21]. In this instance, assuming that the damage was caused at the instant 7* = 0.4 (i.e.,
40% of the structure’s lifetime), such that t* = 0.4 Ty, itis reasonable to assume that the
chance of achieving a global safety factor near the threshold SF* = 20% (see Equation (1))
can happen in an interval of time that is nearly equal to the trigger time T = 0.865. Indeed,
as can be seen from Figure 9a, near the normalized instant T = T,;, = 0.865, the risk of
reaching a global safety factor close to the threshold of 20% of the overall performance of the
structure occurs, and as a consequence, the 20% threshold could be reached in the interval
0.82 < tyo9, < 0.90 Ty (approximately the upper and lower limits of the range defined
by the dashed curves in Figure 9a). However, the building will undoubtedly experience
additional changes during its remaining life, and both the reliability function performance
and the failure prediction may change.

The reliability coefficient § can be calculated as proposed by [40]:

\OR(E) + 0B (t)

where the numerator is the average of the system response to the imposed stresses, ug(t),
minus the average of the performance demand required from the system, yp(t), while the
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denominator shows the square root of the sum of the squares of the respective standard
deviations, 03 (t) + 0 (t), all calculated at each instant ¢ of the structure lifetime, Ty.
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Figure 9. (a) Probabilistic modelling of the SF value distributions at each instant T and as a result of
the performance parameter f’s random variation. (b) The experimental reliability function (dotted) is
modelled with a theoretical probability distribution of the Gamma type (solid line). SF* = 20% is the
fixed threshold for the global safety factor. The points of the experimental curve in (b) correspond to
the areas enclosed by the PDF and above the horizontal line in (a) (for example, the areas coloured
in orange).

In the case studied, assuming a fixed threshold as performance demand, given by
SFg = SF* = SFg, faiture = 20% (see Figure 9a), (15) is modified into:

B(r) = Hsre (T) — SPG,failure(T)' (16)

[‘TSFG (T)]Z

Note that in (16), reference is made to the normalized time, T = Ti

Figure 10 shows the experimental trend of the values of B(7) evaluated at the eleven
extracted values of T, already considered in the probability density plots of Figure 9a. The
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experimental results were fitted with a polynomial function that optimizes the parameters
using the least squares method:

B(t) = —at®> + bt +c (17)

witha =43.74; b = 9.77;, and ¢ = 17.55.
21
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Figure 10. Experimental values of the reliability coefficient, f(7) (blue dots); a polynomial function
(blue curve) was used to fit the results. The horizontal line, corresponding to B = 3, is assumed as the
limit of possible failure.

Let us assume the value B = 3 as the threshold of possible failure. Figure 10 shows that,
for this value of 8, the probability of attaining a failure condition occurs at a (normalized)
time very close to T = Tif = 0.7, which would correspond to a survival probability of 0.9997

(see Figure 9b), i.e., to a failure probability of the order of 10~%. This prediction is more
restrictive than the one shown in Figure 9a, where—by observing the abscissas T of the
points of intersection between the dashed blue curves and the horizontal line identified by
the threshold SF* = SFg, failure—the failure corresponds to a time between 0.82 < 7 < 0.90.

4. Waiting Time Estimation for Two Different Threshold Transitions

Assuming that no further maintenance actions are undertaken with increased load
that could worsen the crack pattern, it is also possible to conduct a study of the evolution
of the SF¢ factor over time to verify whether subsequent danger thresholds have been
exceeded. This is done in order to assess the waiting time for a further worsening of the
situation and to provide targeted maintenance to raise the safety level by bringing the SFs
factor back to values close to the initial ones.

For this purpose, the previously presented analysis (Figure 9) was also carried out for
the threshold SFG first fait = 30% (Figure 11).

In Figure 11a, the evolution of the global safety factor, SFg, over time is plotted as
the performance parameter f varies. Figure 11a shows the mean value (black solid curve)
and the range described by the mean + and — the standard deviation (dashed lines);
the horizontal solid orange and purple lines are plotted at two different risk thresholds,
SEG, faiture = 20% and SFg first fait = 30%. In Figure 11b, the theoretical modelling (solid
line) of the experimental reliability function (dots) is shown for the two risk thresholds
analyzed. The distribution chosen for modelling it is a Gamma distribution.
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Figure 11. Evolution of the SF safety factors over time: (a) mean value (black solid curve); range
described by the mean + and — the standard deviation (dashed lines); two different risk thresholds
(horizontal lines); (b) reliability function: theoretical modelling for the two risk thresholds. SF* = 20%
(orange) and SF* = 30% (purple) are the fixed thresholds for the global safety factor.

Based on Figure 11a, the occurrence of the SFg first fqir threshold is anticipated with
respect to reaching the SFg fsi1ur threshold. Note that the time interval is wider, ap-
proximately 0.65 < 7 < 0.78, while that related to the SFg fyijure threshold is around
0.82 < 1 < 0.90; see also Figure 9a. In this case too, there is uncertainty in the estimation of
the transition times.

Figure 11b shows the reliability curves studied for both thresholds; the early occur-
rence of the loss of reliability is evident when the SF fist fqi threshold is reached. The
uncertainty in defining these intervals requires a probabilistic evaluation of the transition
times of two different thresholds i and j, and the evaluation of any overlapping of the tails
of the two distributions defining the risk area (Figure 12).

To calculate the waiting time between two threshold transitions, the following relation
could be assumed:

AT,] = |TZ — T]

, (18)

with T; = 7;-Tf and T; = 7;-Tf.
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Figure 12. Qualitative uncertainty in defining the transition times of two thresholds i and .

Given the random nature of the transition times, the values of AT;; will have a proba-
bilistic distribution that needs to be investigated.

The study of the reliability coefficient B once again shows a more severe alert situa-
tion (Figure 13). This situation is always close to a collapse probability of 10~* for both
thresholds examined (Figure 11b).
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Figure 13. Time trend of the reliability coefficient, 8.

5. Structural Aggravation Action on an Existing Crack Pattern

Over the course of a structure lifespan, structurally incompatible maintenance and
refurbishment interventions that can worsen its structural behaviour are of multiple types
and can be introduced at different times.

Therefore, a structural modification that could exacerbate the crack pattern might
occur even when the performance parameter, f, related to the ongoing damage, is assumed
to be less than 1. Even in this case, there are many uncertainties: What value has f reached
at the time ¢ of the damage triggered by the new action? Will the damage law change
or remain the same? How much are the safety factors SF; and SFs and the reliability
function affected?

Considering these uncertainties and variables still requires further investigation, but
by assuming some simplifications—without claiming to be complete—the approach pro-
posed here is capable of capturing the potential impact of a maintenance intervention on
an existing building by assuming that it is already affected by a certain level of damage.

To this end, we study the temporal evolution of the safety factor SF¢ as the perfor-
mance parameter f varies, when a second intervention, with further damage initiation, is
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applied to an already damaged structure, with a possible increase in the existing damage.
Let us now assume that the second intervention occurs at T = 0.6 and that the value of
fo < f1, with fi = 1, is a random value within the range of possible values at T = 0.6.
At the instant T = 0.6, Equation (12) was used to construct a set of 100 samples of the
value (7 = 0.6); by applying Equation (11), we arrived at the set of values of f, relating
to T = 0.6. Among the values obtained, the lowest value, f, = 0.72, will be used in the
following, indicating greater damage and therefore a safety advantage.

The trend of the temporal evolution of the safety factor SF; undergoes a sudden
change at the moment of the triggering of the second maintenance/restoration intervention
(Figure 14a), which is apparent if we compare the evolution of damage in the case with
only the first intervention (see the curve ABC in Figure 14b) with the change in behaviour
upon activation of the second intervention (see the curve BDE in Figure 14b). For both
curves, the mean value is represented by the solid black/blue line and the range described
by the mean + and — standard deviation by the dashed black/blue lines. Note that the blue
curve trend in Figure 14b between points B and D is only indicative of the rapid decrease in
the safety factor SF in the period immediately after the intervention; see the light yellow
areas in Figure 14a,b. A greater accuracy in its representation would require increasing
the number of instants between point B and point D. Such a decrease in this case is due
to the value f, = 0.72, which is a rather severe value compared to fm,emge(r =0.6) = 0.83
calculated as the average of the 100 values randomly extracted at T = 0.6.
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Figure 14. (a) Time evolution of the safety factor SF; when two successive interventions are applied;
(b) SF : mean values (solid lines) and range described by the mean + and — standard deviation
(dashed lines): only one intervention (black curves); first and second intervention (blue curves).
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From Figure 14b, however, it is clear that the failure limit will certainly be reached in
a shorter time. Referring to the mean values of SF¢ (black and blue solid lines), for f; =1,
we obtained 7¢; = 0.865 and consequently £ = 0.865 Ty (see also T in Figure 9a), while
the second damage trigger would identify 77, = 0.811 corresponding to ¢, = 0.811 T
(see Figure 15a), where the probability density trend of SFs values at each instant T > 0.6
is shown. Note how the probability density curves are significantly shifted toward the
failure line.
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Figure 15. (a) Probability density of SF; values for T > 0.6; (b) comparison of reliability curves for
f1 =1 (dashed, black) and f, = 0.72 (solid, blue). SF* = 20% is the fixed threshold for the global
safety factor. The points of the experimental curve in (b) correspond to the areas enclosed by the PDF
and above the horizontal line in (a).

Comparing the reliability curves shown in Figure 15b, for the initiation of the second
damage event, the reliability curve describes a probability of performance reduction in the
order of 10~* already for values of T close to 0.6, while for the initiation of the first damage
event, these values are recorded for T approximately equal to 0.7.

For clarity, it should be noted that the results presented here for illustrative purposes
refer to a true change in intended use, from residential to commercial, often implemented
in the historic centres of Lombardy cities. The opening of windows in the ground floor
perimeter walls resulted in a reduction in the area of their horizontal cross-sections, without
restoring the shear capacity provided by the original masonry.
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6. Safety Factor and Failure Time in Case of Subsequent Damage Triggers

As can be seen from the previous section, each further damage triggering compromises
the safety factor and the resulting failure time (Figure 14b).

By generalizing the problem (Figure 16), it can be stated that the critical time for
exceeding the threshold SF* = SFg ¢4i1ur, can be given by the minimum of the times related
to the triggering of a subsequent damage event.

Tcritical = min{t‘SFG,k(t) < SFG,fuilure}r (19)

with t = 7-Ty, while the waiting time between two possible failures is given by
Equation (18). This value provides information on the time available to operators to
intervene with structural improvement actions before the system reaches the failure limit.
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Figure 16. Evolution history of the safety factor SF; after two successive interventions (black and
blue curves) with relative damage triggering (blue curve: SF; reduction).

In the presented case, considering the results of the accelerated experimental analyses

()
a real failure time T of about 400 years [31,32,41-44]; the waiting interval between the first

mentioned in Section 2.2 [21,22], the failure time T, = 890 days could be assimilated to

damage trigger and the second damage trigger is then
ATqp = 0.865-400 — 0.811-400 = 21.6 years (20)

From Equation (18), the failure condition due to the first and second maintenance
interventions with damage triggering could be attained at T,y = 324.4 years. If we
assume a nominal lifetime of 100 years, as imposed by the Italian Standard, NTC2018 [25],
we obtain: AT, = 5.4 years and T,;i; = 81.1 years. It is also true that interventions that
are structurally incompatible and can cause damage are usually modern, dating back only
to the last 100 years (i.e., the 20th century).

7. Discussion: The Problem of Uncertainties

The case study described above provides an example in which only some uncertainties
have already been taken into account. It should be observed that:

(1) The evolution of the safety factor SFs is uncertain from the start of construction
of the building. The uncertainties are mainly due to the mechanical characteristics
of the materials, which, according to regulations [17], can follow a probabilistic
distribution [15,20].
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(2) The triggering of the first (potentially damaging) refurbishment intervention can
occur at a time when the safety factor SF; is no longer at its maximum level
while maintaining the performance factor f = 1, i.e., excluding any ongoing
cracking pattern.

(38) The triggering of the second (potentially damaging) intervention can occur for f <1
with uncertain values (Equation (11)); uncertainty affects also the global safety factor,
SF¢, whose value will follow a probability distribution (Figure 9a).

(4) The evolution of the safety factor after the triggering of the second damaging inter-
vention is uncertain (Figure 15a).

(5)  Asa consequence of the uncertainties mentioned above, the transition times, 7¢; and
T¢j, of the SF * = SFg, failure threshold for two successive damaging situations will
have a probabilistic distribution (Figure 17).
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Figure 17. Evolution history of the safety factor SF; after two successive interventions (black and
blue curves). Qualitative modelling of the possible uncertainties in the definition of the normalized
times, T7; and 7y}, corresponding to the achievement of the SF¢ threshold (SFg = SF* = SFG faiture)-

(6) Therefore, the waiting time between two possible failures due to two subsequent
damage triggers will also be a probability distribution (Figure 18).

A A

A 4
A 4

Failure time T Elapsed time AT
(a) (b)
Figure 18. (a) Qualitative distribution of failure times due to two successive damage triggers;

(b) qualitative distribution of waiting times between two possible failures due to two successive
damage triggers.

8. Conclusions

This work tackles the issue of the variation in the static safety factor and the global
safety factor when damage is caused by extraordinary maintenance and refurbishment
interventions on existing masonry structures that are structurally incompatible and likely
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to cause greater stress to the original structures. The research aims to also consider the
aspect of long-term consequences on the damage progression in the masonry.

It can be noted how both the static and the global safety factors decrease while all
other parameters (geometric and seismic) remain unchanged, even examining the situation
created by only the first intervention (from the start of construction), considering the
uncertainties that could arise from the damage evolution (probabilistic approach).

This investigation helps assess the reliability of the building system over time. Further-
more, it can provide information on the waiting time required to overcome two different
failure thresholds.

Another aspect of the uncertainty examined was the assessment of the change in
system reliability if further modifications were made to the building in the presence of
an already active crack pattern, without removing the damaging cause, i.e., assuming f < 1,
at the time of the new intervention. There are multiple uncertainties that emerge from this
analysis: (a) the value to be associated with the performance parameter f; (b) the value of
the global safety factor SF achieved in the system after the second intervention; and (c) its
trend over time.

The results obtained for a case study, represented by ordinary residential masonry
buildings presented in nearly all historic centres of Milan hinterland, showed how impor-
tant it is to take such uncertainties into account and how it is inevitable to approach the
study of such problems from a probabilistic point of view.

To address these uncertainties, this research proposed the study of a degradation
law for the performance parameter f, based on long-term laboratory analyses suitable
for simulating cracking behaviour due only to the increase in permanent and long-term
loads, a Monte Carlo simulation approach for the creation of a sample of possible values
of the SF safety factor over time as the f parameter varies, and subsequent probabilistic
modelling both for the SF; values at each analyzed instant and for the construction of the
theoretical reliability curve.

The results showed how a careless maintenance intervention, on a system already
affected by an ongoing cracking pattern, anticipates the reaching of a risk threshold. The
waiting interval AT;; between two failures is also uncertain and should be verified with
appropriate probabilistic analyses.

A further development of the current study will be to investigate the temporal varia-
tion in the global safety factor SF as local seismicity varies. The global safety factor could
also help determine whether a structure with good characteristics for a given seismic zone,
characterized by a certain spectrum, could also be suitable for more “severe” seismic zones
or different types of topography/subsoil.

Further application aspects related to the procedure proposed here concern the con-
servation of the architectural heritage. Indeed, it is worth noting that, in the context of
the preservation of masonry structures, design criteria and construction techniques must
be chosen in such a way as to avoid reducing both local and global safety factors. The
greatest risk in restoration interventions or in the maintenance of masonry buildings is
underestimating the consequences of careless demolition, which can compromise the sta-
bility of the building, or the traumatic insertion of new structural elements into the existing
masonry (e.g., replacing floors). For this reason, the procedure proposed here can represent
a significant tool to capture the effects of incorrect maintenance strategies, since it takes
into account both the load variation and the damage due to such interventions, associated
with the decrease in masonry strength, through the performance parameter f. As already
mentioned, the results relating to the case study in question correspond to an actual change
in intended use: from residential to commercial. The next phases of the research will focus
on demonstrating the method’s reliability even in the presence of further modifications,
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such as additions to stories and other types of changes in use, which subject the structure
to greater loads.

In this regard, it is worth emphasizing that the proposed method requires knowledge
of only a few parameters, namely the building geometry and the mechanical characteristics
of the masonry, making it potentially applicable to buildings and masonry types other than
the case study considered here for illustrative purposes. Its main limitation is undoubtedly
that, being a rapid method, it is unable to capture the local stresses and critical issues that
more sophisticated approaches can highlight. However, rapid analysis can be extended
to all historic buildings in a city with reduced execution times and costs, providing man-
agers with a hierarchy of problems and relative urgency for further investigation and
possible interventions.
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Appendix A
Appendix A.1

The behaviour factor, g (see relation (2)), can be assumed to be 3 for buildings with
regular elevation, and 2.25 in other cases.

Appendix A.2

Since masonry buildings primarily behave like boxes, the vibration modes are similar
to those of a cantilever with all the mass participating in the motion. When the participation
factor ¢* is set to 1 (for safety reasons), it indicates that the mass participates 100%.

Appendix A.3

According to [3,17], the formal expression of the design value of the shear strength
in the masonry walls of floor i, Ty;, is Tg; = 79 4,/1 + %, where 19 4 is the value of the
masonry shear strength; in the case of different types of walls on the same floor, the average
value of 1y 4 should be used.

Appendix A.4

According to the Italian standard, S = SsSt (see Equation (1)), where Sg is the
stratigraphic amplification coefficient (see [25], Table 3.2.V) and St is the topographic
amplification coefficient (see [25], Table 3.2.VI). In the current application, St = 1, S = 1.39
(topography T1, subsoil type C = medium-densified coarse-grained and very consistent
fine-grained).

Fo, the spectral amplification factor at the Stato Limite di salvaguardia della Vita (SLV)
(Life-saving Limit State for the site) (see Equation (2)), depends on the seismic zone where
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the building is located. For Italy, its value can be found on the Istituto Nazionale di Geofisica e
Vulcanologia (INGV) website or in the Excel spreadsheets of the Department of Civil Protection
for calculating seismic response spectra. It corresponds to the maximum value of the
normalized spectrum C(T)—obtained as the ratio between the elastic response spectrum
(see [25], point 3.2.3.2.1) and the spectral acceleration that takes into account the site
characteristics (a¢S)—i.e., to the plateau of the constant acceleration portion of the spectrum.
As observed by [3], this simplification can have a significant impact on low-rise (single-
story) masonry buildings on type C or D soils, for which the oscillation period is shorter
than that corresponding to the initial portion of the spectrum plateau. To account for these
simplifying assumptions, the coefficient r was introduced by [1-3]; see Equation (2).
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