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Abstract

Fragility assessment of unreinforced masonry (URM) infill walls under seismic loads is a
current research topic for large scale risk analysis of reinforced concrete frame structures. In
this paper, Out-of-Plane (OoP) fragility functions are developed by probabilistic approach
based on Monte Carlo simulations employing a numerical macro-element model for the eval-
uation of the OoP capacity of infills. Uncertainties in the capacity were considered depend-
ing on the level of In-Plane (IP) damage and the variability in the geometrical and
mechanical properties of the masonry infills. The fragility functions are therefore obtained
considering the variability in the capacity instead of the seismic input as for other studies,
considering also their sensitivity to the position in low rise buildings.
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1 INTRODUCTION

Seismic risk mitigation for reinforced concrete (RC) structures requires the use of reliable
strategies for the evaluation of the seismic capacity in view of performing large scale analysis
[1]. RC structures exhibit often significant structural and non-structural damage when sub-
jected to medium-to-strong ground shakings. Retrofitting strategies as well as energy dissipa-
tion and isolation can be considered effective strategies for the improvement of the seismic
behavior of load bearing frame elements such as beams or columns [2-12]. However, non-
structural damage related to elements such as infill walls is often neglected in the evaluation
of the overall structural behavior.

Damages in infills result in huge economic loss due to a significant downtime and repair
cost [13]. Particularly, out-of-plane (OoP) failure can be a big threat to human life. Such infill
walls resulted to be highly vulnerable to in-plane (IP) and out-of-plane (OoP) actions caused
by seismic loads in past and recent earthquakes [14, 15] and it has been confirmed by a num-
ber of experimental studies that OoP capacity of the infills reduce as the IP damage increases
[16-20].

Fragility functions are important tools to estimate the probability of OoP collapse of infill
walls. But very few works have been done in this direction, often limited because of the com-
putational effort in analyzing a huge number of cases due to variations in infills’ properties as
well as the IP-OoP interaction [21-23]. Some of the available fragility curves were developed
by using macro-element models considering the IP-OOP interaction in determining the OoP
strength of infill walls [24-31].

Another important aspect is that the most of the available fragility functions were derived
considering the variability in the ground motions (uncertainties in the demand) without taking
into account uncertainties in the capacity due to the variability of infill mechanical and geo-
metrical properties and, at the same time, the IP-OoP interaction: this is the main aim of this
study for the case of low-rise buildings.

The novel contribution of this work is therefore to consider the variability of the capacity
of infills by employing a probabilistic approach based on Monte Carlo simulations including
the uncertainties in the mechanical and geometrical properties instead of the variability in the
seismic input. The macro-element model proposed by Pradhan and Cavaleri [28] has been
used for numerical analysis. The probabilistic approach allowed to consider the uncertainty in
the infills’ strength and geometric features as well as the uncertainty in the IP drift (inter-
storey drift ratio) during an earthquake. Fragility curves have been derived for infill walls
built with two types of masonry units (hollow and solid) and interested by three different lev-
els of IP damage: low, medium and high corresponding to three ranges of IP-drift. The fragili-
ty curves proposed in this study refer to infills positioned at different floors of low-rise RC
frame buildings.

2  PROCEDURE PROPOSAL TO DERIVE FRAGILITY CURVES

2.1 Theoretical framework

For the derivation of OoP fragility curves of masonry infill walls, a probabilistic approach
employing a specific range of variability for the input parameter has been implemented by
using Monte Carlo simulation. The outputs are therefore affected by random assumption over
a range of representative input cases.

To reproduce the physical process using a probabilistic approach, first, a cycle of IP de-
mand randomly assigned is applied to an infilled frame with random geometrical and mechan-
ical characteristics, and then the infill is pushed in OoP direction to determine the capacity
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and consequently the Peak Ground acceleration (PGA). Monte Carlo methodology includes
the following steps:

1) Random generation of variables such as the thickness and strength of masonry, IP dis-

placement demand, etc.;

2) Calculation of OoP capacity by a macro-element model in OpenSees [32];

3) Determination of the equivalent OoP pseudo (spectral) acceleration;

4) Derivation of the PGA associated to the pseudo acceleration;

5) Determination of the probability of exceedance of OoP collapse and obtaining of the

fragility for a given case study.

The above procedure was implemented first in Matlab code for the generation of a random
input variables’ matrix characterized by a certain number of cases; then, the random matrix
was linked to OpenSees [32] to perform numerical analyses, getting the matrix of the results
corresponding to each case of analysis. The results obtained by OpenSees were the maximum
OoP forces and the corresponding displacements. Additionally, the value of forces, corre-
sponding to one-third of the maximum ones, and the associated OoP displacements, were ex-
tracted for each analysis to derive OoP stiffness of the infills.

2.2 Range of parameters and base assumptions

Two fragility groups have been defined for URM infill walls: a) infill with solid masonry
units (isotropic property), and b) infill with hollow masonry units (orthotropic property). Ad-
ditionally, the fragility has been sub-grouped according to the level of IP damage as: low, me-
dium and high (0-0.7%, 0.7-1.4% and 1.4-2% respectively) and the aspect ratios of infills (1.0,
1.25, 1.50 and 1.75). Only one damage state has been considered in the OoP direction i.e. the
damage state of collapse. The masonry infill collapse in OoP direction is immediately identi-
fied by the OoP pseudo acceleration equal to the ratio between the OoP strength and mass.
However, as before-mentioned, the Peak ground acceleration (PGA) has been taken as an En-
gineering Demand Parameter for the fragility assessment.

Infill walls are bounded by square columns of size 300 mmx*300 mm and 300 mmx400
mm beams at top and bottom. Columns are provided with 8 @18 mm longitudinal rebars
while the beams have 3 @16 mm rebars at top and bottom. The concrete in the frame mem-
bers is confined by rectangular stirrups (@ 8 mm) kept at a spacing of 75 mm. The effect of
confinement, - provided by the steel reinforcement, as suggested in [33, 34], has been taken in
to account according to Mander’s model [35]. The yield strength of reinforcement steel is tak-
en as 500 MPa.

For the solid masonry, minimum thickness of infill has been kept as 100 mm while the
maximum thickness is assumed to be 200 mm and for the hollow masonry, the thickness was
varied from 100 mm to 300 mm. For sake of simplicity, for infill walls built with solid ma-
sonry units, the mechanical properties of masonry are assumed as isotropic. In case of mason-
ry with hollow masonry units, orthotropic properties are considered. Elastic modulus of
masonry material is assumed as 1000 times the value of compressive strength in both iso-
tropic and orthotropic cases. The main characteristics of the random variables are shown in
Table 1. An example of distribution of the compressive strength of masonry for orthotropic
and isotropic masonry cases is shown in Fig. 1 a-b.

For each case of low, medium and high IP damage and for each different case of aspect ra-
tio of infill wall, 400 different random samples were generated. Inter-storey drift ratio (IDR)
imposed on the infill wall is taken as a measure of IP damage. In Fig. 2a, a sample distribu-
tion of IDR to consider three different levels of IP damage is shown while in Fig. 2b, the dis-
tribution of the masonry thickness for the case of solid and hollow unit masonry is shown.

937



Bharat Pradhan, Liborio Cavaleri, Vasilis Sarhosis, Marco F. Ferrotto

Variable Property Distribution features
Uniform distribution
Strength of concrete Min (MPa) 20
Max (MPa) 30
Uniform distribution
IP damage Low level (%) IDR 0 to 0.7
Medium level (%) IDR 0.7to 1.4
High Level (%) IDR1.4t02
Uniform distribution
Thickness of solid masonry Min (mm) 100
Max (mm) 200
Uniform distribution
Thickness of hollow masonry Min (mm) 100
Max (mm) 300
Gaussian distribution
Strength of solid masonry 13[/[;: ((1;\/[/{1;?) ?8
(Isotropic behavior) Mean (1) 5' 0
Standard deviation (o) 1.0
Gaussian distribution
Strength of hollow masonry 15[/[;2 ((1;\/[/[I;aa)) é
(Orthotropic behavior) Mean (1) 35
Standard deviation (o) 1.0

Table 1: Distribution of the input parameters.
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*fmh - ortho, fmv - ortho = Compressive strength of masonry in the horizontal and vertical direction for hollow units

**fm - ortho = Equivalent compressive strength of masonry for hollow units (orthotropic behavior)

***fm - iso = Equivalent compressive strength of masonry for solid units (isotropic behavior)

Figure 1: Distribution of the compressive strength of the masonry: a) orthotropic case (hollow units), b) isotropic
case (solid units)
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Figure 2: IP damage (a), OOP collapse (b)
2.3  Macro-element modeling of the URM infill walls

The capacity of the panels has been calculated by using macro-element model by Pradhan
and Cavaleri [28]. The model consists of four struts (two diagonals, one horizontal and one
vertical). The model was validated with results of different experiments [16-18, 29, 36] cover-
ing the range of infills’ geometrical and mechanical characteristics. Each strut in the model is
represented by two fiber-section beam-column elements connected by a node at the mid-span
(Fig. 3).

Stress-sirain law

for all the stuts @

M
- . .
/i o
-I Horizontal strut :
2 H
Py : :
/‘T Emu :
f ‘i i

- : Diagonal strut Biin
P\N‘ i f.l f LurE.i'
- fﬂ.f r
e 4 Verlical strul

Figure 3: Macro-element model (Pradhan and Cavaleri 2020)

In the model, the width of the diagonal struts wa is defined as one-third of the diagonal
length d while the widths of the horizontal strut wx and vertical struts wy are calculated as a
function of wy in the following ways:

w,=d/3 (1)
d =" +h" 2)
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w,=h—w,/cos0 (3)
w =[—-w, /sin@ 4)

where / and / are the length and height of the infill wall respectively, while /" indicates centre
to centre distance between the columns and h’ indicates the height of infill plus half the height
of top beam and @ 1is the angle defining the slope of the diagonal struts. In the model, to repre-
sent both IP and OoP resistances of the infill wall more accurately, the width and thickness of
the diagonal, vertical and horizontal struts were replaced by the surrogated values. For any of
the struts with width w and thickness ¢, surrogated width w and surrogate thickness 7 are
derived in the following ways:

f;'no

W= xw (%)

m

S

mo

t=-Txt (6)
The mechanical properties of the strut fibres in compression are defined by using four
stress strain parameters, namely, £, , f,.. &, and &, as shown in Fig. 3. These numerical

mo mu

parameters can be calculated based on two different mechanical properties of masonry i.e. the
equivalent compressive strength f, and equivalent elastic modulus E,, , according to the

equations provided in Pradhan and Cavaleri [28].

The equivalent properties of masonry, namely f, and E, , are derived by taking into ac-

m

count the directional properties following the Egs. 7-8.
f;n = fmv X -f;nh (7)
Em = Emv X Emh (8)

where f, and f,  represent the masonry’s compressive strength in vertical and horizontal
directions and £, and E,, indicate the masonry’s elastic modulus respectively in two di-

rections respectively. This provision facilitates the model to consider the orthotropic nature of
masonry. The definition of f,, and E, is purely conventional and this technique relates well

with the equivalent strut stress-strain parameters to be used in the model.
For the current study, in case of solid masonry units, the equivalent properties of masonry
are derived considering itself as isotropic ( f,,, = f,, and E, =FE ) and for the case of hol-

low units as orthotropic. The numerical modelling was performed in OpenSees platform. The
concrete and infill materials were modelled by using Concrete02 material, while the steel re-
inforcement was simulated by using Steel02 material available in OpenSees. The numerical
model of any infilled frame was prepared by interfacing Matlab to OpenSees, the former al-
lowed the generation of each set of random parameters. To consider the effect of IP damage in
the OoP capacity, IP load was applied to achieve randomly generated IDR demands before the
application of OoP load. IP displacement demand was imposed at the top of the infilled frame
while OoP load was applied to the centre of the equivalent struts. The OoP capacity of infill
walls considering the effect of IP-OoP interaction was thus estimated for all cases investigated.
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2.4 Evaluation of PGA from the response spectrum

For a given case, in evaluating the approximate capacity in terms of pseudo (spectral) ac-
celeration, the OoP strength is divided by the mass of the infill wall. In calculating the mass
of the infill, density of solid masonry is assumed to be 1900 kg/m?® in average while for hol-
low masonry it is assumed as 900 kg/m>. Each pseudo (spectral) acceleration can be associat-
ed to a PGA by the demand spectra.

Demand spectra for non-structural elements like infills depend upon their position along
the height of a building, the fundamental period of the infill and the fundamental period of the
building [37, 38]. According to the Italian Building Code 2018 [37], the expression of the

demand spectrum S, (Ta,Tl,Z /H ) is given as:

a
PGA(1+£J L > |2 PGA for T,<al
" 1) 1 L
I+la, - -
i ( p ) GTI |
zZ
S, =4PGA 1+E a, for  al, <T, <bT 9)
Z a,
PGA| 1+— > |2 PGA for T,2bT]
" 1) 1 I
I+(a, - -
@)%

In the above expression, 7u is the fundamental vibration period of the infill wall, 77 is the
fundamental vibration period of the building, H is the height of the building, and Z is the level
at which the infill is located. In Eq. 9, PGA is expressed in g (gravity acceleration). In the
present work, the fundamental period of the building is evaluated by means of a simplified
equation as follows:

T=cH" (10)

¢ being a coefficient depending on the type on the material (0.075 for RC structures). In Eq. 9,
the parameters a, b and a, define the interaction between the infill and the structure depending
on the fundamental period 77 according to Table 2 [39].

a b ap
T:<0.5s 0.8 1.4 5.0
0.5s<T7T:1<1.0s 0.3 1.2 4.0
7>0.5s 0.3 1.0 2.5

Table 2: Parameters for the response spectrum interaction.

Once the period of the panel 7, and the fundamental period of the structure 7| are obtained,

by imposing the equivalence between the spectral acceleration S, (7,,7,,Z/ H) and the pseu-
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do-acceleration obtained numerically (that is the infill OoP capacity), it is possible to use Eq.
(9) to derive the PGA associated to the infill OoP capacity.

2.5 Evaluation of the fundamental period of the panel

Two different approaches were made in view of calculating the fundamental period of the
panel in the OOP direction:

1. By analytical approach proposed by the Italian Building Code 2018 suggestions [37]

2. From the numerical model based on the results of the analyses in terms of stiffness.

Regarding the analytical approach, the fundamental period Ta of the masonry infill in the
out-of-plane direction is calculated by the expression given in Eq. (11), where my is the mass
of the infill per unit height 4, Ew is the vertical modulus of elasticity of masonry and /7w is the
moment of inertia of the infill horizontal cross section with respect the line obtained as inter-
section of the middle plane of the infill and the horizontal cross section. Eq. (11) is:

2
T - 2h m, 11
T \K.,E,- 1,

It is to be noted that, in evaluating the period of the panel, the reduction in the flexural
stiffness due to the IP damage has been considered to obtain a more realistic prediction. To do
so, the coefficient Kyes for the OOP stiffness reduction proposed by Cavaleri et al. [40] was
used, that is:

K, =[min(1;0.17IDR )] (12)

being /DR the inter-storey drift in percentage experienced/assigned by/to the panel in IP direc-
tion. The above equation was validated by the authors against a range of experimental and
numerical cases.

The second approach is based on the results provided by the numerical analysis depending
on the effective stiffness evaluated at one-third of the OoP maximum force and the corre-
sponding displacement. In detail, the numerical period is calculated by using the well-known
formula for one degree of freedom system (the equivalent one dof system is that described by
the OoP displacement in the center of an infill and the corresponding restoring force) as fol-
lows:

T: — 27'5 M * , Kmlm — Fmax,OOP/B
K 8(F'rnax,OOPB)

num

(13)

In calculating the vibration period, the participating mass M * corresponding to the first
OoP mode of vibration of the infill has been taken as 50% of the total mass of the infill wall.
As regard to this choice, different values have been adopted in the literature [21, 22, 23, 29,
31]. The affinity of currently used model with the study of Di Trapani et al [23] oriented such
choice of assuming 50% first mode mass in this study.

2.6 Determination of the probability of exceedance of OOP collapse, and obtaining of
the fragility for a given case study

Fragility curves are cumulative distribution functions that represent the probability of ex-
ceedance of a certain damage state (DS) for a given type of building/structural element over a
range of an intensity measure IM (in the context of the present work, the Peak Ground Accel-
eration “PGA”). A log-normal distribution function can be and is here assumed for the fragili-
ty associated to the collapse state according to the following expression:
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14
7 (14)

where ¢ is the standard normal cumulative distribution function, /M refers to a median value
and f is the log-standard deviation that accounts for the uncertainties in the capacity of the
building/structural element fragilities for the collapse damage state.

In the present study, the uncertainties were assigned for 1) the strength of concrete of the
reinforced concrete frame surrounding an infill, i1) level of I[P damage, iii1) thickness of infill,
and 1v) compressive strength of masonry, employing different distributions of variables. It
allowed the evaluation of the median and the log-standard deviation in the results.

P[DS /] 4]{ In(IM) — hl(IM)]

3 RESULTS

The fragility curves were obtained in this work assuming low-rise reinforced concrete
buildings i.e. 3-storey moment resisting RC frame structure with an inter-storey height of 3 m
(total height of the building is 9 m) for which the fundamental period resulted 0.39 sec (Eq.
10). In this context, the fragility was evaluated considering also the influence of the position
of the panel with respect to the floors of the structure, evaluating the PGA at collapse state for
infill walls placed at the ground storey (first floor) and at the top storey (third floor) of the
reference structure.

In the following description of the results, the analyses were labelled depending on the
type of masonry (i.e. iso and ortho for solid and hollow masonry respectively), the level of IP
damage (i.e. 1d, md, hd for low, medium, and high IP damage respectively), the aspect ratio in
terms of length-to-height (1.0, 1.25, 1.5, 1.75) and the positioning of the panel with respect to
the structure (I and III for the first and the third floor respectively). As an example, the fragili-
ty curve iso_1d 1.0 I indicates the fragility for an infilled wall made with solid masonry units,
with low IP damage for a panel with aspect ratio 1.0, placed at the first floor, while, the fragil-
ity curve ortho hd 1.5 III indicates the fragility for an infilled wall made with hollow mason-
ry units, with high IP damage for a panel with aspect ratio 1.5, placed at the third floor.. In
addition, I or I* and III or III* it is used respectively to give distinction between results calcu-
lated by using the period calculated by Eq. (11) (analytical evaluation) or Eq. (13) (by numer-
ical results).

3.1 Influence of the fundamental period in the evaluation of the PGA

The PGAs obtained by using the two different approaches before mentioned for the evalua-
tion of the vibration period of infills in the OoP direction were compared highlighting the sen-
sitivity to the interaction with the response spectrum. In this comparison, the infills placed at
the third floor of the low rise reference structure were considered.

First, it has to be noticed that, as expected, the OoP pseudo acceleration as well as the PGA
decrease with the increasing level of IP damage and the increasing of the aspect ratio. For a
given level of IP damage, infill panels with aspect ratio 1.0 provided higher OoP capacity than
panels with aspect ratio 1.25, 1.5 or 1.75. At the same time, for a given value of aspect ratio,
infill panels experiencing low levels of IP damage (0.0-0.7%) showed higher capacity com-
pared to that obtained by increasing the level of IP damage (medium and high — drift in the
ranges 0.7-1.4% and 1.4-2.0% respectively).

Another consideration has to be done regarding the different responses obtained depending
on the type of masonry walls. Overall, it was noticed that hollow masonry showed PGA val-
ues higher than solid masonry. This is due to the higher thickness coupled with a low mass of
the panels that provided higher pseudo-accelerations and lower vibration periods. Table 3
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shows the results for each case of analysis in terms of median values of the PGA and mean
values for the vibration period for the two approaches. It is reminded that 7 and 7 refer to

vibration period calculated by Eq. (11) and Eq. (13) respectively.

At the same time, the vibration period of the panels is affected by the IP damage and aspect
ratio. The increasing of the vibration period leads to a different positioning in the response
spectrum. It was noticed that with the increasing of the level of IP damage and the increasing
of the aspect ratio, the vibration period of the panel increases too and in some cases, it chang-
es from the first branch of the response spectrum (7<aT7) to the second (a7:/<T<bT}). This
requires to use a different equation in evaluating the PGA as shown in Eq. (9). This was ob-
served in most of the analysis cases. Having said this, by using Eq. (11), the period of vibra-
tion is not much affected by the aspect ratio but only by the level of IP damage. Conversely,
by using Eq. (13), the vibration period is significantly influenced both by aspect ratio and IP
damage level because the numerical model takes into account the change in stiffness directly.
This causes high scatter between 7. and 7, that can make the former up to two times the lat-

ter. These variations are clearly highlighted in Fig. 4 and Fig. 5 for hollow and solid masonry
units respectively. For the above-described reasons, in the subsequent results regarding the
evaluation of the fragility curves, it was assumed to evaluate the PGA by using the vibration
period calculated from the numerical data to obtain more reliable results.

Solid masonry — iso (isotropic)
low IP damage medium [P damage high IP damage
Analytical Numerical Analytical  Numerical = Analytical Numerical
Solid masonry — iso (isotropic)
Aspect PGA Ta PGA Ta* PGA Ta PGA Ta* PGA Ta PGA Ta*

ratio  (g)  (sec) (g) (sec) (g) (sec) (g)  (sec) (g)  (sec) (g)  (sec)
1 232 0.1 270 0.06 1.11 0.16 1.68 0.09 0.67 0.19 0.92 0.12

1.25 178 0.11 229 0.08 096 0.15 125 0.11 048 0.19 0.59 0.13
1.5 1.59 0.10 1.57 0.09 0.69 0.16 0.67 0.13 043 0.19 045 0.15
.75 1.25 0.10 1.11 0.10 0.51 0.16 046 0.15 0.32 0.19 032 0.19
Hollow masonry - ortho (orthotropic)

1 396 0.08 478 0.04 196 0.11 249 0.07 1.22 0.13 1.56 0.09
1.25 359 0.07 398 0.05 1.50 0.11 1.79 0.08 1.03 0.12 1.14 0.10
1.5 2.64 0.07 279 006 122 0.11 129 0.10 0.80 0.13 0.81 0.13
1.75 237 0.07 230 0.08 1.00 0.11 1.03 0.12 063 0.13 0.55 0.15

Table 3: Results of the Monte Carlo simulations for infill walls placed at the third floor of the reference structure.
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Figure 4: Results of the Monte Carlo simulations: pseudo-acceleration and PGA depending on the vibration peri-
od of the infilled walls for the case of orthotropic masonry
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Figure 5: Results of the Monte Carlo simulations: pseudo-acceleration and PGA depending on the vibration peri-
od of the infilled walls for the case of isotropic masonry

3.2 OoP fragility curves

The OoP fragility curves obtained by means of the proposed procedure are shown focusing
on the influence of the different assumptions during the investigation, which are:

- aspect ratio;

- level of IP damage;

- positioning of the infill panel with respect to the structure;

- type of masonry (solid and hollow units).

The results in terms of fragility curves obtained for solid and hollow units are shown for
panels placed at both the first floor and the third floor, considering all the three levels of IP
damage (low, medium, high), depending on the aspect ratio of the infill walls. In detail, Figs.
6-7 show the comparisons for given aspect ratio, while Figs. 8-9 show the comparisons for
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given range of I[P damage. The median and standard deviation values obtained for each case
of analysis are shown in Table 4.

The fragility for the panels placed at the top of the reference structure (third floor) resulted
to be higher compared to that at the base (first floor) for the same level of IP damage. At the
same time, the fragility appeared higher when the level of IP damage and the aspect ratio in-
creased. Overall, what above described was observed for both types of infills made with hol-
low and solid masonry units. In detail, for aspect ratio 1.0, the PGA (median) values at the
first and the third floor resulted of 4.24 g and 2.70 g for the infills with solid units, while for
the case of hollow masonry units, the PGA resulted in 7.52 g and 4.78 g respectively. By in-
creasing the aspect ratio from 1.0 to 1.75 and by increasing the level of IP damage from low
to high, it was observed that the PGA values dropped to 0.40 g and 0.32 g for the solid ma-
sonry units and 0.86 g and 0.55 g for the hollow units. This resulted to be very important in
view of showing the high variability in the results depending upon different assumptions.

Based on the results, it can be stated that, in the absence of previous IP damage, the infilled
frames provide a high strength and high PGA in the out-of-plane direction. Consequently,
lower vulnerability is obtained. On the other hand, in the presence of previous IP damage, re-
gardless of whether it is medium or high, the strength in the OoP direction drops to critical
values, providing to the infilled frames very high vulnerability for low values of PGA espe-
cially at higher floors and for high values of aspect ratio. To clarify better what above de-
scribed, the fragility curves for infilled frames with different aspect ratio at high level of IP
damage, placed at the top of the reference 3-storey RC structure, are shown in Fig. 10for both
type of masonry walls (solid and hollow units).

IdI 1d I mdl mdIll hd1 hd Il
Aspect ratio median std dev median std dev median std dev
PGA iso (g)
1 424 270 149 213 1.68 1.72 1.44 092 1.70
1.25 290 229 1.50 1.59 125 2,00 092 059 2.01
1.5 246 1.57 1.53 1.06 0.67 2.15 0.71 045 1.81
1.75 1.74 1.11 158 073 046 224 040 032 1.65
PGA ortho (g)
1 7.52 478 1.63 392 249 1.66 245 1.56 1.63
1.25 6.25 398 164 281 1.79 1.73 1.79 1.14 1.77
1.5 438 279 167 202 1.29 1.73 1.27 0.81 1.73
1.75 3.48 2.30 1.67 1.31 1.03 1.97 0.86 0.55 1.70

Table 4: Results of the Monte Carlo simulations for infill walls placed at the third floor of the reference structure.
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Figure 6: Fragility curves for solid masonry including low, medium and high IP damage for different aspect ratio:
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Figure 8: Fragility curves for solid masonry: influence of the aspect ratio for a given level of IP damage.
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Figure 10: Page layout. Fragility for infilled frames with high IP damage placed at the top of the three-storey

reference RC structure.

4 CONCLUSIONS

This paper presented a procedure for the derivation of infill walls out-of-plane fragility
functions for low rise RC buildings with respect to the Peak Ground Acceleration (PGA) at
collapse. A probabilistic procedure was employed based on Monte Carlo simulations, generat-
ing random input variables such as geometrical and mechanical characteristics of the panels
and in-plane damage, assuming significant variations. Differently from available studies deal-
ing with infill walls OoP fragility, the novel contribution of the present work was to take into
account the uncertainties the capacity instead of in the demand. In evaluating the results, dif-
ferent aspects were investigated such as the influence of the aspect ratio, the influence of the
level of IP damage, the influence of the positioning of the infill panel with respect to the
structure and the influence of the type of masonry (solid and hollow units).

The results indicated that the OoP fragility of the infill walls increases as the level of IP
damage increases as well as for the increasing of the aspect ratio. In the presence of previous
IP damage, regardless of whether it is medium or high, the strength in the OOP direction
drops to critical values, providing very high fragility for low values of PGA. In addition, for a
given level of IP damage and aspect ratio at all floor levels from bottom to the top, the proba-
bility of collapse resulted to be higher for panels placed at the top of the structure than those
placed at the base of the structure, where the pseudo acceleration of the structure is higher too.

Moreover, for the ranges assumed in this study, high PGA at collapse i.e. lower fragility
was observed for infill walls made with hollow masonry units in comparison to infills made
with solid masonry units.
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