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Abstract. The primary objective of this study is to summarize results from previous experimental tests on
laboratory specimens of RC/steel frames with masonry infills, in order to develop fragility functions that
permit the estimation of damage in typical non-structural components of RC frame buildings, as a function
of attained peak interstory drift. The secondary objective is to derive loss functions for such non-structural
components, which provide information on the probability of experiencing a certain level of monetary loss
when a given damage state is attained. Fragility curves and loss function developed in this study can be
directly used within the FEMA P-58 framework for the seismic performance assessment of RC frame
buildings with masonry infills.
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1. Introduction

Reinforced Concrete (RC) frame buildings with non-structural masonry infill walls are
common building systems worldwide. Past earthquakes have shown that economic losses in
typical RC frame buildings, after minor and moderate seismic events, are strongly influenced by
damage to masonry infills and partitions. Such non-structural components often experience
significant damage during earthquakes, due to their in-plane and out-of-plane fragile behavior,
which may also pose a huge threat to human lives.

One of the most promising approaches for estimating (hence reducing) losses resulting from an
earthquake is Performance-Based Earthquake Engineering (PBEE) (Bozorgnia and Bertero 2004).
Recently, the US Federal Emergency Management Agency (FEMA) contracted with the Applied
Technology Council (ATC) the development of a seismic performance assessment methodology.
The work was completed in 2012 with the publication of a series of volumes collectively referred
to as FEMA P-58 (ATC 2012a, b). For practical implementation of the methodology, work
included the development of an electronic tool, referred to as the Performance Assessment
Calculation Tool (PACT). The PBEE approach implemented in FEMA P-58 appears to be very
attractive and promising, because it utilizes performance measures that can be understood by
decision makers. In FEMA P-58, indeed, future seismic performance of buildings is expressed in
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terms of repair costs, fatalities, and repair time (dollars, deaths, and downtime).

In the probabilistic framework of FEMA P-58, estimation of economic losses is performed in
three steps. In the first step, a probabilistic description of the structural response at increasing
levels of seismic intensity is obtained through nonlinear response history analyses. In the second
step, damage to individual structural and non-structural components is estimated as a function of
structural response parameters (e.g., peak interstory drifts) computed in the first step. This requires
fragility functions for various damage states for each component type in the facility. In the third
step, economic losses to individual components are estimated as a function of the level of damage
sustained by the component. This requires loss functions for various damage states for each
component in the facility. At the moment, specific tools (i.e., fragility curves and loss functions) for
the PBEE analysis of non-structural masonry infill walls are missing. This study represents a first
step towards filling this gap, developing fragility curves and loss functions for masonry infill walls,
which can be implemented in PACT for PBEE analysis.

2. Fragility groups

Three different Fragility Groups (FGs) are identified for masonry infill walls, i.e., (i) Exterior
masonry Infill Walls without openings (EIW), (ii) Exterior masonry Infill Walls with Windows
(EIW_w) and (iii) Exterior masonry Infill Walls with French Windows (EIW_fw). In addition, two
FGs are defined for interior partitions, i.e., (iv) Interior partitions without openings (IP) and (v)
Interior partitions with Doors (IP_d), although no specific tests on masonry partitions have been
carried out so far.

The expected behavior under monotonic or cyclic loading of masonry infill walls is first
examined, to identify typical crack/damage patterns, to be considered for repair interventions in
the evaluation of the loss functions.

Due to the lack of results from laboratory tests on not-infilled masonry partitions, in the first
approximation, the experimental results relevant to masonry infills are assumed valid also for
masonry partitions, even when they are not inserted in a RC frame. It is worth noting that this
assumption is on the safe side, as the deformation limits for masonry non-infills are expected to be
a little greater than for infills (Sucuoglu 2013).

3. Definition of damage states

For each FG, a number of damage states (DSs) have been defined to characterize damage
development in masonry infill walls. Damage states are defined by observations on extent and
severity of cracking, failure of brick units, damage on frames (windows, French windows and
doors), etc., supported and/or complemented by other macroscopic damage indicators, such as the
attainment of the peak force or given strength reduction ratios. In particular, four discrete DSs are
defined for each FG, based on specific repair actions that would have to be taken as a result of the
observed damage. This approach facilitates the estimation of economic losses and other types of
consequences (e.g., repair time, etc.) resulting from the occurrence of damage. The selected
damage states can be generally described as follows:

» DS1 (Light Cracking). At DS1, damage results in detachment of the masonry panel from the
RC frame, at the intrados of the top beam and along the upper half-height of the columns. Light
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diagonal cracking of the infill (1-2 cracks with width <1 mm) in both directions may also occur.

» DS2 (Extensive cracking). At DS2, the cracks developed at DS1 widen (1 mm<width<2
mm). In addition, new diagonal cracks are expected to form in both directions (25-35% of the
panel area is assumed to be affected by cracks at DS2). Possible failure of some brick units,
located on the upper corners and top edge of the infill (corresponding to 10% of the panel area), is
expected.

» DS3 (Corner crushing). At DS3, detachment of large plaster area and significant sliding in
the mortar joints are expected to occur. In addition, crushing and spalling of brick units are more
widespread on the panel (30% of the panel area is assumed to be affected by crushing/spalling of
bricks). The wall is not repairable at reasonable costs (it is more convenient to demolish and
reconstruct the entire wall). Frames (if any) are not damaged and can be retrieved and re-installed.

» DS4 (Collapse). DS4 corresponds to the in-plane or out-of-plane (whichever occurs first)
global collapse of the wall. Frames (if any) are damaged and cannot be retrieved and used again.

It is worth noting that, in the first approximation, the same damage states have been assumed
for interior partitions, with the only exception of DS4 that has been assumed coincident with DS3,
due to the inherent higher fragile behavior of partitions at collapse. Damage states for exterior
infills and interior partitions are summarized in Table 1.
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Table 1 Description of damage states for masonry walls considered in this study

Fragility group Damage states

DS1: Separation of the infill from the frame (top beam and mid-height columns), light

diagonal cracking (width<1 mm)

DS2: Extensive diagonal cracking (1 mm<width<2 mm), possible failure of brick
Masonry walls w/o nits

Openings DS3: Corner crushing, brick spalling, detachment of large plaster area, sliding in the

mortar joints. Collapse of interior partitions.
DS4: In-plane or out-of-plane collapse of exterior infills.

DS1: Separation of the infill from the frame (top beam and columns), light diagonal
cracking (width<1 mm)
_ DS2: Extensive diagonal cracking (1 mm<width<2 mm), possible failure of brick
Masonry walls with nits

Openings DS3: Corner crushing, brick spalling, detachment of large plaster area, sliding in the

mortar joints. Collapse of interior partitions.
DS4: In-plane or out-of-plane global collapse of exterior infills (frame included).

4. Experimental results used in this study

Interstory drift ratio (IDR) has been chosen as engineering demand parameter to describe the
evolution of in-plane damage due to earthquake loading in masonry infill walls (and partitions).
Peak floor accelerations (PFA) have been chosen as engineering demand parameters to identify the
out-of-plane collapse of masonry infill walls (and partitions).

Generally speaking, in many cases, there was not enough information to establish the interstory
drifts at which each damage state takes place. This occurs either because the damage state did not
occur or because the research report does not document in detail information to properly establish
the level of interstory drift at which the damage state was observed. As a matter of fact, only a
number of investigations have reported detailed information about cracking patterns and crack
widths at various levels of lateral deformation. Therefore, in order to gather more data points
associated with the first and second damage state, when no specific information on crack patterns
and crack widths were available, it was assumed that DS2 occurs at interstory drifts at which the
peak strength in the hysteresis loop was attained. In these circumstances, DS1 was deemed to
occur at interstory drifts equal to 2/3 those associated with DS2. This approach was followed only
when detailed hysteresis loops were recorded. Similar problems were faced when trying to
determine the interstory drifts associated with the third and fourth damage state. As a consequence,
in order to expand the number of data points associated with these DSs, when no specific
information from the investigators were available, reference to the interstory drifts at which a
strength loss in the skeleton curve of the order of 20% and 50%, respectively, was observed, has
been made.

Information about material properties and characteristics of all the masonry infill specimens
considered in this study is summarized in Table 2, which includes results from 19 different
experimental investigations on 55 laboratory specimens. Basically, two types of specimens have to
be distinguished (see column labeled with “Opening” in Table 2), i.e., specimens without openings
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and specimens with door or window opening. Tests include in-plane monotonic, cyclic, pseudo-
dynamic and shaking table tests, as well as a number of out-of-plane monotonic and shaking table
tests. In Table 2, information on masonry unit and mortar type utilized for each specimen is
summarized, together with an estimate of the average compressive strength of masonry (fum). In
addition, the slenderness ratio (H/s), aspect ratio (H/L) and opening ratio (4 /A) of each specimen
are reported, where H, L and s indicate the height, width and thickness of the masonry panel,
respectively, A is the area of the masonry panel and A4’ is the area of the door/window. The
reference paper/report for each experimental investigation is indicated in the second column of
Table 2.

Table 3 presents the interstory drift ratios associated with the four in-plane damage states
considered in this study. Interstory drifts associated with the attainment of DS1 exhibit a large
dispersion, being reported to occur for interstory drifts as small as 0.06% or as large as 0.46%.
Based on the available experimental data, DS2 and DS3 occur at interstory drifts ranging from
0.21% to 1.38% and from 0.5% to 1.98%, respectively. Finally, DS4 is reported to occur from
interstory drift as low as 1.06% to as high as 3.26%. Quite surprisingly, negligible differences, in
terms of damage evolution and interstory drifts associated to specific damage states, are observed
for masonry infills with and without openings. For that reason, in the first instance, all the
available data are put together and used to develop first-attempt in-plane fragility curves for
masonry infills without opening, that represent the majority of the specimens tested (see Table 2).
Another approximation comes from using directly the interstory drift recorded experimentally,
neglecting the differences between the test specimens in terms of aspect ratio. A more rational
approach could be that of defining an equivalent diagonal strain for each specimen, thus taking
into account the differences in terms of aspect ratio between one specimen and another, and then
developing fragility curves in terms of equivalent strain rather than interstory drift. Always in the
first approximation, the fragility curves for masonry infills with openings are tentatively derived
from those relevant to masonry infills without opening, based on the considerations discussed in
the next section. In the last column of Table 3, the peak floor accelerations corresponding to out-
of-plane collapse of masonry infills, previously damaged in their plane (basically according to
DS2), are reported. Based on the available experimental data, the out-of-plane collapse of masonry
infills is expected to occur for peak floor accelerations ranging from 0.2 g to 0.8 g.

Table 2 Properties of masonry infill specimens considered in this study

Masonry Mortar fum . , Loading
N. Reference Label it @ type H/s HIL (MPa) Opening  A4’/A type
1 2a ClL.Br TypeN 34 0.6 10.85
2 3a Cl_Br Lime 34 0.6 10.13
Angel et al. (1994) . IN (C)
3 6a Co_BI Lime 17 0.6 4.58 none OUT (M)
4 7a  Co_ Bl TypeN 17 0.6 11.0
5 8a Co_ Bl Lime 9 06 3.50
Paulo Pereira et al. IN (C)
6 (2011) WR H_CIL.Br M5 113 048 105 none " ouT (M)
IN (C)

7 Calvi et al. (2004) NR2 HCI.Br M5 204 065 11 none OUT (M)
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N. Reference Label “ﬁ?ﬁ?%y l\/tl%t:r H/s H/L (hzwga) Opening A4’/A ;?;gi([l
8 NR6 204 065 1.1

Carydis et al. (1992) HClLBr - 312 083 182 none - OUT(S)

312 0.83 182

11 c1 108 076 4.22
12 c2 108 0.76 4.57
3 Colangelo (2003) - H_cl_pr Cement- 108056 40l e - IN (P)
14 L2 Lime 108 056 4.37
15 N1 16.2 056 3.46
16 N2 16.2 056 3.71
17 P"esa('l‘;g;rva'ho M6 HCILBr M5 106 07 22 none - IN(C)
18 3 S CILBr 142 067 151 IN (M)
19 4 H_ClLBr 142 067 106 IN (C)
20 5 S CIBr 142 067 138 IN (C)
21 6 H_CIBr 142 067 101 IN (C)
22 _ 7 SCILBr 15 142 067 136 IN (C)

Meherabi et al. (1996) none -
23 8 H_ClLBr 142 067 95 IN (M)
24 9 S CILBr 142 067 142 IN (M)
25 10 H_CI Br 142 048 106 IN (C)
26 11 S _CLBr 142 048 114 IN (C)
27 12 S _ClBr 142 0.48 136 IN (C)
28  Manos et al. (1995) - - - - - - none - IN
29 Zarnic (1995) - - - - - - none - IN
30 1 15 0.5 15 none -

Kappos et al. (1998) Cl_Br - IN (C)
31 15 05 3.0 none -
32 Pujol et al. (2008) - S CILBr TypeN 304 05 19 none - IN (C)
33 Zarnicéla;;nGostic i i i i i i none i IN
34 Negro ""&%%‘;m”em 2 HCILBr M5 18 0%5785 73 none - IN()
35 Zamica(”l%;%mase"ic M2 S CLBr M0 125 075 152 none - IN(C)
36\ 1osalam et al. (1997) S2-N Co.Bl M10 165 052 165  none - IN(C)
37 S2-A M10 165 052 165  door 0.107
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Table 2 Continued

N. Reference Label “ﬁ?[‘*ﬁy I\Q%tear H/s HI/L ('\;Wga) Opening 4’/A ;?;ed'([l

38 S2-S M15 165 052 22.8 window 0.053

39 40W2 8 1 69 window 035

40 . 60W1 8 1 7.3  window 0.175
Schneider et al. (1998) S CI. Br TypeN . IN (C)

41 60W2 8 1 71 window 0.175

42 80wW1 8 1 6.5 none -

43 SW 164 079 7.4 none -

44 N PW1 164 079 7.4  window 0.061

45 MOE:EEAQ;}?%M) pw2 B Mi10 164 079 70  window 0.137 IN(C)

46 PW3 164 079 7.0 window 0.177

47 PW4 164 079 85  door 0.249

48 1l 15 1 27  door 0.097

49 21 15 1 2.7 window 0.092

50 S'gm””(gg;‘g)'ae”a"a 3l HCILBr M5 15 1 27  door 0.097 IN(C)

51 4] 15 1 2.7 window 0.092

52 2111 15 1 27 none -

53 _ S 133 067 263 none -  IN(C)

54 K;:';Z:]erfiss's(gggs) WO2 H.CILBr M1 133 067 263 window 0.093

55 DO2 133 067 263 door 0.20

®)CI_Br: Clay Brick ;Co_BI: Concrete Blok; H_CI_Br: Hollow Clay Brick S_CI_Br: Solid Clay Brick
“IN: In plane; OUT: out of plane; (C) Cyclic; (M) Monotonic; (P) Pseudodynamic; (S) Shaking table

5. Evaluation of fragility functions

As shown in Table 3, the interstory drift ratio at which each damage state is reported to occur
shows important variations from one specimen to another. In order to estimate how likely it is that
a given damage state will occur in a RC frame undergoing a specific level of drift, it is necessary
to take into account this specimen-to-specimen variability. This uncertainty can be explicitly taken
into account by developing drift-based fragility functions.

Drift-based fragility functions provide information about the probability of experiencing (or
exceeding) a particular damage state as a function of the peak interstory drift ratio experienced by
the masonry infill wall. In other words, they provide the probability of experiencing or exceeding a
particular damage state conditioned on the peak interstory drift.

Usually, fragility functions take the form of lognormal cumulative distribution functions,
having a median value, 6, and logarithmic standard deviation, or dispersion, . The mathematical
form for such a fragility function is

F.(DS > ds;|d = IDR) = @[%] (1)
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Table 3 Interstory drift ratios (IDR) and Peak floor accelerations (PFA) used to develop fragility functions
for masonry infill walls

IDRps1  IDRps;  IDRps;  IDRpss PFApss |\ IDRpsi IDRps;  IDRpsz  IDRpss PFAps,

N.

(%) (%) (%) (%) )] (%) (%) (*0) (*0) )]

1 0195 039 - - 052 29 0.1 0.3 - - -
2 0125 025 - - 078 30 008 036 - - -
3 0109 0.218 - - 08 31 006 027 - -
4 0172 0344 - - 068 32 015 - - 1.75 -
5 0125 025 - - 06 33 02 - - - -
6 01 0355 06 - 07 34 - - 11 - -
702 0.4 12 - 02 35 02 - - 2 -
8 0185 0415 - - 06 36 - 0.69 - 1.86 -
9 - - - - 045 37 - 0.8 - 2.54 -
10 - - - - 08 38 - 0.58 - 3.26 -
1 - 0.43 - 1.42 -39 - - 138 225 -
12 - 1.06 - 1.06 - 40 - - 1.07 15 -
13 - 1.38 - 1.63 -4 - - 12 1.75 -
14 - 11 - 2.28 - 42 - - 0.93 15 -
15 - 0.8 - 2.03 - 43 - - 11 2.7 -
16 - 0.84 - 2.16 - 44 - - 0.8 24 -
17 01 - - - - 45 - - 0.8 1.9 -
18 021 021 116 - 46 - - 0.8 2.6 -
19 017 063 124 - 41 - - 0.79 25 -
20 033 079 14 - 48 019 035 0.5 - -
21 036 061 091 - 49 018 049 129 - -
22 046 071 082 - 50 018 057 093 - -
23 02 091 159 - 51 022 058 13 - -
24 033 048 198 - - 52 016 042  1.09 - -
25 0.7 0.4 0.91 - - 53 028 092 - - -
26 036 074 091 - - 54 038 111 - - -
27 017 055  0.66 - - 55 027 1.2 - - -
28 0.15 0.3 - 2 -

where Fi(DS>ds;|d=IDR) is the conditional probability that the component will experience or
exceed the i-th damage state as a function of the attained interstory drift, d; @ denotes the standard
normal (Gaussian) cumulative distribution function; 6; is the median value of the probability
distribution of drift ratios (i.e., the value of demand at which there is a 50% probability that a
component will reach or exceed that damage state) and p; is the logarithmic standard deviation,
which accounts for uncertainty in the value of demand at which a component reaches a given
damage state. To establish 6; and g; for each component type and damage state, the procedure
described below has been followed.
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In the first step, cumulative frequency distributions of interstory drift ratios corresponding to
the each damage state have been obtained by plotting ascending-ordered drift ratios at which each
damage state was experimentally observed to occur against (i-0.5)/n, where “i”” is the position of
the drift ratio in the ordered list of drift ratios and “n” is the number of specimens in which the
drift associated with that damage state was identified. These cumulative frequency distribution
functions provide information about the portion of the data set corresponding to each damage state
that does not exceed a particular value of drift and represent empirically derived cumulative
distribution functions.

In the second step, the ordered data have been revised to eliminate possible outliers from the
bulk of data (i.e., values of drift that result significantly above or below 8;). Indeed, it is possible
that one or more tests have reported spurious values of demand that reflect experimental errors or
misinterpretation of experimental results rather than true values of drift at which the specimen
attained a given DS. According to the Annex H of FEMA P-58 (2012a), the Peirce’s criterion
(Ross 2003) has been applied to test and eliminate doubtful observations of interstory drift ratio.
As a matter of fact, only one point (at DS4) has been eliminated.

In the next step, the Method of Maximum Likelihood has been used to fit cumulative
probability functions to the final data sets, assuming that the data were lognormally distributed.
According to this method, the median value of the demand at which a given damage state is likely
to initiate, 6;, can be computed with the following equation

0, exp[%ilm(d, )j @

where N is the total number of data, d; is the drift ratio in the j-th test at which the damage state
under consideration occurs.

For experimental tests in which specimens were subjected to slowly increasing displacement
demand and where the interstory drift ratio corresponding to the onset of a given damage state was
actually recorded or properly documented by the investigators, d; is the observed data.

For experimental tests where specimens were subjected to increments of displacement demand,
and the damage state was observed in the first cycle of the next demand increment, d; is the
interstory drift ratio at the midpoint of the demand increment that caused the attainment of that
damage state.

The value of the random dispersion, g, ; for the i-th DS, is given by

& (4
ooy X

where N, d;, and 6; are as defined above. It is worth noting that the computed values & and g are
approximately, but not exactly, equal to the median and c.o.v. for each data set.

In the next step, Lilliefors goodness-of-fit testing (Lilliefors 1967) was carried out to verify the
assumption of the lognormal distribution and evaluate the accuracy of the fragility parameters
derived in the previous step. In accordance with Annex H of FEMA P-58 (2012a), the fragility
parameters have been deemed acceptable if the Lilliefors test passes, considering a 5%
significance level.

In the last step, the computed distribution parameters have been adjusted to facilitate
application in practice and account for uncertainty associated with the size of the data sets and
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Fig. 2 Fragility functions fitted to interstory drift ratios associated with in-plane DSs of masonry infills
without openings

differences between tests and actual building behavior, as discussed in detail in the following.

Fig. 2 shows the empirical cumulative distribution functions for the four in-plane DSs of
masonry infills without openings. Also plotted in the graphs of Fig. 2 are the fitted lognormal
cumulative distribution functions of the interstory drifts. As can be seen, the lognormal
distributions fit the data relatively well. Also shown in Fig. 2 are graphical representations of
Lilliefors goodness-of-fit tests for 5% significance levels. The hypothesis that the assumed
cumulative probability distributions adequately fit the empirical data is accepted since all data
points lie between the two thin lines representing the 5% significance interval.

The fragility function parameters for exterior masonry infills w/o openings are given in Table
4. The median values (&) of interstory drift ratio have been rounded to the nearest 0.05% to
facilitate use. Generally speaking, Fig. 2 points out that DS1 (light cracking) is not likely to be
observed if the interstory drift is smaller than about 0.05% while it would be almost certain to
occur if the peak interstory drift ratio is larger than 0.5%. Similarly, DS2 (extensive cracking)
would not be likely to be observed if the peak interstory drift is smaller than 0.15%, but it is
almost certain to occur if the peak interstory drift ratio exceeds 1%. DS3 (corner crushing) would
be not expected to occur for interstory drifts less than 0.5%, while it is almost certain to occur for
interstory drifts greater than 2%. Finally, DS4 (global collapse) is not likely to be observed if the
interstory drift is smaller than about 1.25% while it would be almost certain to occur if the peak
interstory drift ratio is larger than 3.5%.

As far as global collapse is concerned, the out-of-plane behavior must be checked, in order to
determine the actual mode of collapse of masonry infills. Out-of-plane collapse fragility curve has
been derived based on limited number of data, as shown in Table 3. The selected engineering
demand parameter is the peak acceleration registered in the middle of the panel. In first
approximation, however, it can be assumed equal to the peak floor acceleration recorded at the i-th
storey of a building (where the considered masonry infill is built) during an earthquake.

Fig. 3 shows the empirical cumulative distribution function for the out-of-plane collapse of
masonry infills without openings. Also plotted in the graphs of Fig. 3 is the fitted lognormal
cumulative distribution function of the peak floor acceleration. As can be seen, the lognormal
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distribution fit the data relatively well. In order to fully verify if the cumulative distribution
function could be assumed as lognormally distributed, a Lilliefors goodness-of-fit test has been
conducted. As can be seen in Fig. 3, the lognormal distribution adequately fit the empirical data
since all data points lie between the two 5% significance lines.

The fragility function parameters associated to out-of-plane collapse of exterior masonry infills
w/0 openings are given in Table 4. The median value () of peak floor acceleration results equal to
0.65 g and dispersion g, is around 0.2. In the first approximation, the same fragility function
parameters have been assumed for interior partitions w/o openings. Fig. 3 shows that out-of-plane
collapse is not likely to be observed if the peak floor acceleration is smaller than about 0.35 g
while it would be almost certain to occur if the peak floor acceleration is greater than 1 g.

The dispersion parameter f,, which account for uncertainty associated with actual building
conditions and lack of data, has been set equal to 0.25 according to the recommendations provided
in Appendix H of FEMA P-58 (2012a). As a result, a total dispersion gequal to 0.35 has been
obtained (see Table 4).

It is worth noting that the fragility curves shown in Figs. 2-3 have been derived processing all
together the available experimental data (see Tab. 3), although they refer to different masonry
types realized using different types of bricks and mortar (see Tab. 2). In this study, indeed, it has
been chosen to keep all the data together, because an apparent separation between data relevant to
different masonry types has not been observed. In the future, however, it would be desirable to
particularize fragility curves for each masonry type. This may lead to some differences in the
median values associated to each DS but probably also to lower dispersions.

Rough estimates of the fragility function parameters for masonry infills and partitions with
openings have been obtained following the recommendations of Fajfar and Dolsek (2008),
supported by the experimental results of pseudo-dynamic tests of partially infilled frames
(Carvalho and Coelho 2001), which suggest, for masonry infills with openings, a reduction of the
interstory drift corresponding to the attainment of the maximum strength (DS2 in this study) of the
order of 25% in presence of windows and of the order of 50% in presence of doors. By analogy,
the same reduction factor has been applied to the interstory drifts corresponding to first cracking
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Fig. 3 Fragility function fitted to peak floor accelerations associated with out-of-plane collapse of
masonry infills without openings
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Table 4 Proposed fragility function parameters for performance-based seismic evaluation of masonry infills
and partitions

Fragility function parameters

Fragility group ~ Components Damage States Median Dispersion

IDR(%),
PFA@ S P B

Detachment of infill, Light

. . 0.15% 045 025 05
diagonal cracking

Masonry infills

Exterior and with French Extensive diagonal cracking 0.40% 041 025 05

Interior” walls ~ windowand  Corner crushing and sliding of

w/o openings Partitions with  mortar joints 1.0% 026 025 04
door 1.75% @  0,18@

Global collapse 0.25 0.35

0.65g®  0.21®

Detachment of infill, Light
diagonal cracking

Extensive diagonal cracking 0.30% 041 025 05

Corner crushing and sliding of
mortar joints

0.10% 045 025 05

Masonry infills

with window 0.75% 026 025 04

1.75% @  0.18®
Exterior and Global collapse 0.65 O(b) 0.21® 0.25 0.35
Interior™ walls 090 '

with openings Detachment of infill, Light

Masonry infills diagonal cracking
with french Extensive diagonal cracking 0.20% 041 025 05

windowand  Corner crushing and sliding of
Partitions with  mortar joints

doors Global collapse L75% 9 0187
P 0.65® 0.21®

0.075% 045 025 05

0.50% 026 025 04

025 0.35

®For interior partitions, DS3=DS4
®@In-plane collapse, ® Out-of-plane collapse

(DS1 in this study) and corner crushing (DS3 in this study), while the interstory drifts (and peak
floor accelerations) associated to global collapse of masonry infills and partitions with openings
have been assumed equal to those derived for masonry walls w/o openings, based on other
experimental evidence (Tasnimi et al. 2011, Schneider et al. 1998). The medians of the interstory
drift corresponding to the attainment of the four DSs in masonry infills (and partitions) with
openings, obtained following the approach described before, are tentatively reported in Table 4.
For simplicity, the same dispersion values have been assumed for masonry walls with and w/o
openings. Fig. 4 compares the fragility curves relevant to masonry infills with and without
openings. Obviously, further studies are needed to derive more accurate estimates of the fragility
function parameters for masonry infills (and partitions) with openings.

The fragility functions developed before can be used to estimate the probability that a given
masonry infill wall is at a specific in-plane damage state when it is subjected to a certain level of
peak interstory drift. This probability can be estimated as the arithmetic difference between
fragility functions corresponding to two consecutive damage states as follows
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P(DS=ds,,IDR, )=

P(DS > ds,[IDR = IDR, )~ P(DS$ > ds,|IDR = IDR, )
P(DS > ds,|IDR = IDR, )~ P(DS > ds,|IDR = IDR, )
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1-P(DS > ds,[IDR = IDR, )

(4)

P(DS > ds,|IDR = IDR, )

Fig. 5 shows the probability functions of being in each damage state for masonry infill panels
without openings. For instance, for masonry infill walls experiencing 1% peak interstory drift, the
probability of being in DS1 is 3.2%, 46.1% in DS2 and 45.0% in DS3 and 5.7% in DS4. At 3%
drift, instead, the masonry panel for sure has experienced significant damage and there is a 7.9%
probability that it is in DS2, 41.9% in DS3 and 50.0% in DS4. There is also a 0.2% probability
that the panel has experienced light damage (DS1).

1 11~ 19 ~
09 {3 0918 09 {83
0.8 1 08 & 081 &
a) a a
0.7 1% 07 1 & 0741 ¥
0.6 - 0.6 - 0.6 -
— W
0.5 1 —EIW 0.5 0.5 1 —EIW
0.4 - —EWw 0.4 —EW.w 041 —EWw
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0.2 - - 0.2 BIW w145 —EW_fw
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0 r r r : ) 0 r r r : ) 0 T r r )
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Interstorey drift ratio (%0) Interstorey drift ratio (%0) Interstorey drift ratio (%0)
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Fig. 4 Comparison between fragility curves of Exterior masonry Infill Walls without openings (EIW),
with window (EIW_w) and with French window (EIW_fw) at (a) DS1, (b) DS2 and (c) DS3
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Fig. 5 Probability of being at each damage state for: (a) EIW, (b) EIW_w, (c) EIW_fw
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6. Repair costs and loss functions

Economic losses associated with repair costs for damaged masonry infills can be expressed in
terms of loss functions. Loss functions are defined as probabilistic estimates of the costs associated
with the repair or replacement actions required in individual components when a specific damage
state is reached. Loss function, therefore, provides information on the probability of experiencing a
certain level of monetary loss when a given damage state is attained. In other words, they provide
the probability of occurrence of a level of economic loss conditioned on the attainment of a given
damage state in a component. Loss functions can be expressed, in a normalized form, as follows

RC |DS;
/,|DS, =———

(®)

LZ‘/

where [;|DS; is the economic loss in the j-th component conditioned on the occurrence of the i-th
damage state, RC;|DS; is the repair cost for the j-th component when the i-th damage state has
occurred; a; is the replacement cost of the j-th component, i.e., the construction cost required to re-
build the same component.

Economic losses are random variables. Based on the recommendations of FEMA P-58 (2012a, b),
it can be assumed that economic losses follow a cumulative lognormal distribution. Unfortunately,
poor information are available on the statistics of specific repair actions at the component level, as
well as on the correlation coefficients between different repair actions corresponding to different

Table 5 Repair methods and repair activities for masonry infills and partitions

Damage States Method of repair  Repair actions and associated preliminary and supplementary activities

Install scaffolding and shoring systems. Remove plaster along the
upper (lateral) edge of the infill and across main diagonal cracks (a
strip of 0.2 m width across each crack). Repair damaged area by
patching new plaster using fiber-glass reinforcing mesh embedded in
the base coat. Paint each side.

Install scaffolding and shoring systems. Remove furnishings, electrical
and plumbing systems, as necessary. Demolish loosen panel area (e.g.
5-20 % panel area for EIW). Restore masonry wall using new bricks.
DS2 Patch some cracks Remove plaster along main cracks (a strip of 0.4 m width across each
crack). Repair damaged area by patching new plaster using fiber-glass
reinforcing mesh embedded in the base coat. Restore furnishings,
electrical and plumping systems as necessary. Paint each side.

Install scaffolding and shoring systems. Remove furnishings, electrical

and plumbing systems, as necessary. Remove existing window/French

window (if any). Demolish existing wall. Build new infill/partition.

Re-install existing window/French window (if any) or new door (if

any) any). Restor_e furnishings, electrical and plumping systems as
necessary. Paint each side.

. ... Install scaffolding and shoring systems. Remove furnishings, electrical
Demolish existing . . L ;
and plumbing systems, as necessary. Demolish existing wall. Build
wall and construct L o : - .
Ds4 new infill/partition. Install new window/French window or door (if
new wall. Install new . . .
. any). Restore furnishings, electrical and plumping systems as
frame (if any) - .
necessary. Paint each side.

Cosmetic repair and

DS1 patch some cracks

Demolish existing

wall and construct
DS3 new wall. Re-install

existing frame (if
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damage states in individual components. As a consequence, in this study the simplified approach
described below has been followed to derive loss functions for masonry infills.

First of all, each damage state has been univocally associated with a set of specific repair
activities that would be required to restore the masonry infill to its pre-earthquake (essentially
undamaged) state. Generally speaking, the repair method depends on the attained DS (see second
column of Table 5). At DS1, for instance, plaster cracks are repaired by patching new plaster,
using fiberglass reinforcing mesh embedded in the base coat, on both sides of the wall. At DS2, in
addition to repairing cracks, damaged bricks are removed and replaced by new bricks connected to
the undamaged bricks. At DS3 and DS4 the wall is demolished and then re-built. Most of the repair
activities are common for all the FGs while differing passing from one DS to another, due to the
extent and/or severity of damage (see third column of Table 5). It is worth noting that repair
activities imply a number of preliminary and supplementary activities that are needed to
implement the actual repair actions. They include:

« Safety operations, which involve a number of preliminary operations carried out for safety
reasons, such as: access protection, application of curtains against dust, installation of scaffoldings
and/or work platforms, etc.

» Demolition, which includes removal of plaster across main cracks (a strip of 0.2 m width for
DS1 and 0.4 m for DS2 should be suitable), demolition of damaged bricks (e.g., 10% of panel area
for EIW at DS2) and isolation of mechanical, electrical and plumbing systems, as necessary.

» Cleaning, which consists in cleaning the area adjacent to the main cracks to be repaired,
removing of debris, etc.

* Restoring, which consists in restoring infill/partition finishing (including ceramic tiles and
skirting), electrical and plumbing distribution systems, and frames (windows, French windows and
doors).

» Technical Costs, which includes fees for structural engineer, project engineer, construction
manager, etc.. In this study, they are assumed of the order of 8% the total cost of the intervention.

Methods of repair considered in the study, for each DS, are summarized in Table 5, together
with a description of the related repair activities (including the necessary preliminary and
supplementary activities). The unit costs (cy) of the main repair actions required for each DS are
listed in Table 6. They have been estimated considering the Price List for Public Works in
Basilicata Region, Italy (2013). Reference to the same document has been also made to estimate
the additional costs related to all the necessary preliminary and supplementary activities. Within
this context, further improvements and refinements could be achieved, for instance, by surveying
different building contractors to get more practical estimates of repair costs.

Considering the total costs associated with repairing of masonry infill walls, loss functions can
be expressed, again in a normalized form, as follows

TC |Ds,
b, - A

J

L |DS, = (6)

where L;|DS; is the total economic loss for the j-th component conditioned on the occurrence of the
i-th damage state; TC;|DS; is the total repair cost for the j-th component when the i-th damage state
has occurred; b; is the nominal cost per square meter for a new masonry infill (or partition) with
the same characteristics (including the cost of the frame (if any), plaster, ceramic tiles (if any),
skirting, incidence of electrical and plumping distribution systems) and A is the gross area of the
masonry wall.
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Table 6 Unit costs of repair actions required for each damage state of masonry infills

Damage . . .. Cost/Unit
state Repair Action Unit (€/)

Remove plaster along the upper (lateral) edge of the infill and across main

. m 7.00
diagonal cracks
D_Sl Prepare masonry surface (brushing, low-pressure water cleaning, etc.) m? 1.29
cr(alzzlkgirr]wtg) Apply fiber glass plaster reinforcing mesh on each side of the wall m? 4.38
Patch new plaster m? 25.51
Paint m? 20.73
Remove broken and chipped bricks (if any) m® 49.92
Restore infill/partition using new bricks m?  61.86/25.98
DSZ- Sizrg]]gr\]/; rélrzitli; along the upper and lateral edge of the infill and across main 2 700
((I::_r);;::elgilve Prepare masonry surface (brushing, low-pressure water cleaning, etc.) m? 1.29
9 Apply fiber glass plaster reinforcing mesh on each side of the wall m? 4.38
Patch new plaster m? 25.51
Paint m? 20.73
Remove window or french window (if any) m? 17.41
Remove door (if any) m? 6.85
Demolish damaged infill/partition m? 49.92
Ds3  Build new infill/partition m®  61.86/25.98
(Corner Re-install existing window or french window (if any) m? 22.96
Crushing) |nstall new door (if any) m? 202.98
Apply fiber glass plaster reinforcing mesh on each side of the wall m? 4.38
Patch new plaster m? 25.51
Paint m? 20.73
Remove window or french window (if any) m? 17.41
Demolish damaged Infill m? 49.92
Rebuild Infill m’ 61.86
(Collapse) Install new windows or french windows (if any) m? 318.84
Apply fiber glass plaster reinforcing mesh on each side of the wall m? 4.38
Patch new plaster m? 25.51
Paint m? 20.73

Standard (basically average) cost ratios have been derived in an attempt to extend the
applicability of the results found in this study to as many situations as possible. Standard cost
ratios have been developed based on quantity surveying of a number of pre-70 RC buildings,
featuring (i) exterior masonry infills realized using hollow clay bricks arranged in two single walls
of 100mm thickness each, separated by a cavity of 100mm, with plan dimensions ranging from 4
mx2.75 mto 5 mx2.75 m, (ii) interior masonry partitions, realized using 100mm thickness hollow
clay bricks, with plan dimensions ranging from 1.5 mx3 m to 5.5 mx3 m and (iii) pine-wood
frames with plan dimensions of 1.2 mx2.2 m (French windows), 0.9 mx1.5 m (windows) and 0.9
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mx2.2 m (doors), respectively.

From a statistical point of view, the standard repair cost ratios derived from the aforesaid
guantity surveying can be deemed a fair estimate of the expected values of economic losses (i.e.,
the 50th percentile level of total repair costs), which are appropriate for estimating economic
losses for typical pre-70 RC buildings. The standard repair cost ratios (LFG,-,DSi(SOt“)) reported in
Table 7 are then defined as the average of the total repair costs (including all the preliminary and
supplementary activities necessary to realize the intervention) for the j-th fragility group (EIW, IP,
EIW_w, etc.), due to the attainment of the i-th damage state, normalized by the cost for a new
masonry infill or partition with same characteristics

a-Y e,
Lye (50" )= AVERAGH —EF— (7)
: b, A

where ¢y is the unit cost for the k-th repair action (see Table 6), uy is the associated quantity or
extension of damage for the j-th fragility group, k is the total number of repair actions necessary
for that damage state; a is a cost factor which accounts for preliminary and supplementary
activities not considered in Table 6 (e.g., technical costs, scaffolding, waste disposal, etc.); b is the
nominal cost per square meter for a new masonry infill (or partition) with the same characteristics
and A is the gross area of masonry walls. Based on the results of this study, the cost factor «
ranges from about 1.6 to 2 for masonry infills and from about 2 to 2.5 for masonry partitions.

The breakdown of the standard repair cost ratios in different cost items (i.e., repairing, safety,
demolition, etc.) is shown in Fig. 6, to point out the contribution of each activity to the total repair
cost of masonry infills and partitions. As expected, total repair costs tend to increase while increasing
the severity and extension of damage, passing from approximately 20% (for masonry infills at DS1)
to approximately 150-180% (for masonry infills at DS4) of the construction cost for a new infill with
the same characteristics. It is worth noting that preliminary and supplementary activities still
represent the most important cost items at DS1 while they tend to become less important at DS4.

While Legjpsi(50™) provides information on the expected values of economic losses (i.e.,
essentially average losses) that can occur in masonry infills and partitions due to earthquake
damage, they do not provide information on how large these losses can become in a given
scenario. In other words, they do not provide information on the dispersion around those average
losses. In order to improve the evaluation of expected losses, the 10" and 90" percentile levels of
the total repair costs have been estimated, based on engineering judgment. In particular, they have
been obtained multiplying the 50" percentile estimate by a factor 0.5 and 2, respectively, in
accordance with FEMA P-58 recommendations.

Cumulative normal distributions of the total repair cost ratios (Lrg;|DS;) have been then derived,
by fitting the 10", 50", and 90" percentile estimates (see Fig. 7). The resultant median Aeg;ps and
dispersion fegjpsi are reported in Table 7, for each component type and associated DS. As can be
seen in Table 7, the total cost for repairing damaged masonry walls remains below 1/2 the
construction cost at DS1 and DS2 while it results larger than the construction cost of a new panel
with same characteristics at DS3 and DS4, mainly due to the extra costs related to demolition and
disposal.

The median Aggjpsi and dispersion Begjpsi can be effortlessly implemented in PACT for PBEE
analysis of RC frame buildings. To this end, a proper unit of measurement (e.g., square meter,
linear meter or number of equivalent panels) must be first selected. Then, in line with
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Fig. 6 Disaggregation of total repair cost ratios for infill masonry walls with and without openings
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Fig. 7 Cumulative normal distributions derived by fitting 10th, 50th, and 90th percentile estimates
of the total repair cost ratios for masonry infill walls (without opening), at different DSs

Table 7 Loss function parameters for performance-based seismic assessment of masonry infills and partitions

COTﬁsenent Deslgilé] ¢ Lrcj psi(50™) AeGjpsi Breijpsi Amax Amin Omax Qmin
DS1 0.19 0.19 0.22 0.24 0.15 20 5

EIW DS2 0.38 0.40 0.44 0.48 0.34 20 5
DS3 1.81 1.90 0.44 2.28 1.61 20 5

DS4 1.83 1.92 0.52 2.30 1.64 20 5

DS1 0.19 0.19 0.22 0.24 0.15 20 5

DS2 0.38 0.40 0.44 0.41 0.29 20 5

EIW w

- DS3 1.81 1.90 0.44 1.56 1.10 20 5
DS4 1.83 1.92 0.52 1.73 1.22 20 5

DS1 0.17 0.17 0.28 0.22 0.13 20 5

DS2 0.31 0.32 0.46 0.39 0.27 20 5

EIW fw

- DS3 1.25 1.32 0.46 1.58 1.12 20 5
DS4 1.47 1.55 0.52 1.86 1.31 20 5

DS1 0.22 0.22 0.19 0.28 0.17 20 5

IP DS2 0.41 0.43 0.45 0.52 0.37 20 5
DS3 1.87 1.96 0.45 2.35 1.66 20 5

DS1 0.18 0.18 0.25 0.24 0.15 20 5

IP_d DS2 0.33 0.34 0.46 0.41 0.29 20 5
DS3 1.34 1.40 0.46 1.68 1.19 20 5

the recommendation of FEMA P-58 (ATC, 2012a, b), a lower/upper quantity (qmin/Umax)
below/above which there is no discount reflecting economies of scale or efficiencies in operation
and the associated maximum/minimum normalized repair cost ratios (Amax/Amin) Shall be defined.
Values of gmin/Qmax (EXpressed in terms of number of equivalent panels) and Apax/Amin are reported
in Table 7. The corresponding normalized loss functions are shown in Fig. 8. Loss functions to be
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Fig. 9 Variations of the expected loss for (a) EIW, (b) EIW_w, (¢c) EIW_fw, as a function of IDR

implemented in PACT are obtained multiplying the total repair cost ratios Amax/Amin Dy the nominal
construction cost for a new infill expressed in the selected unit of measurement.

The normalized expected loss for the j-th fragility group (E(Lc;,IDRy)) can be computed as the
product of the median values of the distribution of the total repair cost ratios associated with each
DS (see Table 7) by the probability of being in each DS (see Fig. 2)

E(L o IDR, )= A, s - P(DS = ds,, IDR,) ®)

i=1
where m=4 is the number of damage states and P(DS=ds;, IDR\) is the probability of the
component being in the i-th damage state when it is subjected to a peak interstory drift ratio IDRy.

Fig. 9 shows the normalized expected loss for masonry infills, as a function of the peak interstory
drift ratio attained during an earthquake.

7. Conclusions

In this study, fragility functions for exterior masonry infills and interior partitions have been
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tentatively derived, based on results of previous experimental studies. The attention has been
focused on masonry infills realized with hollow clay bricks and pine-wood frames with ordinary
plan dimensions. Repair costs for damaged masonry walls have been estimated based on accurate
guantity surveying of a number of pre-70 RC buildings, using official costing manuals for Italy.
Finally, loss functions, that provide expected economic losses for individual exterior masonry
infills and interior partitions, as a function of the experienced peak interstory drift ratios, have
been developed. The fragility and loss functions derived in this study can be directly implemented
in the Performance Assessment Calculation Tool (PACT) of FEMA P-58 for PBEE analysis of RC
frame buildings.

Further improvements and refinements in the estimation of fragility curves and loss functions for
exterior masonry infills and interior masonry partitions may be achieved by addressing the following
ISSuUes:

*» Derive more accurate estimates of fragility parameters for masonry infills and partitions with
openings, based on the experimental results of further laboratory tests and field survey of post-
earthquake damage;

* Derive different fragility parameters for exterior interior (not-infilled) partitions, based on the
results of further experimental studies and expert opinion;

* Infill typology can affect the fragility parameters of masonry infills (and partitions). As a
consequence, whenever possible and practical, efforts shall be made to consider the masonry infill
typology, distinguishing at least two types of masonry infills, i.e., solid clay brick infills and clay
brick infills with vertical holes;

* Define fragility parameters for masonry infills as a function of the apparent axial strain of an
equivalent single-diagonal strut model (in lieu of the interstory drift ratio). This is because the
equivalent single-diagonal strut model is commonly used for the analytical representation of
masonry infills and recent studies by Hak ef al. (2012) has indicated that the drift capacity can be
directly related to the aspect ratio of the infill and apparent strain capacity of the equivalent
diagonal strut model. Using the concept of apparent strain capacity, diagonal strain-based fragility
functions could be defined;

* The accuracy of the loss functions developed in this study may be further improved by
surveying different building contractors to get more practical estimates of repair costs.
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