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1 INTRODUCTION 

In the last years, the out-of-plane (OOP) earthquake 
response of masonry infills and its mutual depend-
ence with the in-plane (IP) damage level has re-
ceived special interest by researchers (e.g. Mazza et 
al. 2019, Di Trapani et al. 2020a). New experimental 
and numerical investigations (e.g. Furtado et al. 
2016, Ricci et al. 2018, De Risi et al. 2019, Cavaleri 
et al. 2019) have been carried out and, at the same 
time, new simplified models able to predict both in-
plane and out-of-plane responses have been devel-
oped following different mechanical approaches 
(Mosalam and Günay 2014, Furtado et al. 2015, Di 
Trapani et al. 2018a). The response of masonry in-
filled reinforced concrete (RC) frame buildings sub-
ject to ground motions inducing in-plane and out-of-
plane actions is not of easy generalization as this de-
pends on several aspects as the geometrical configu-
ration of the frame, the position of the infills along 
the height, the reciprocal earthquake intensity along 
the two orthogonal directions. Some recent studies 
referred to the analysis entire buildings (Ricci et al. 
2019, Longo et al. 2019) have confirmed this. In 
fact, infills located at the highest floor are subjected 
to major accelerations but at the same time lower in-
plane damage. Conversely, infills at the lowest 
floors undergo reduced accelerations demand but 
suffer large in-plane drift demand that waken their 
out-of-plane capacity. Considering these premises, a 
prediction of the most critical conditions for the in-

fill walls in a frame structure cannot be carried in a 
simple way in case of combined IP-OOP actions.   

In this paper the issue is faced using a probabilis-
tic assessment framework aimed at evaluating out-
of-plane fragility curves of infill walls which have 
been subjected (or not) prior in-plane damage. The 
fiber-section macro-element model by Di Trapani et 
al. (2018a) is used to model the infill wall. Fragility 
curves are obtained performing out-of-plane incre-
mental dynamic analyses (IDA) based on a suite of 
26 ground motion records. IDA curves, and the as-
sociated fragilities are obtained by varying the slen-
derness ratio, the in-plane drift level, and the frame 
stiffness with respect to the out-of-plane stiffness of 
the infill.  

2 DESCRIPTION OF THE MACROELEMENT 
MODEL AND DETERMINATION OF THE 
EQUIVALENT OOP MASS 

2.1 Definition of the microelement model 

 
The macro-element model by Di Trapani et al. 

(2018a) provides the replacement of the infill panel 
with 4 pinned struts, each one divided into two ele-
ments. The overall scheme is illustrated in Fig. 1a. 
Each strut is defined using distributed plasticity fi-
ber-section beam-column elements available in 
OpenSees.  
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a) 

 b) 
Figure 1. Definition of the 4-strut macro-model: a) Geometric 
definition; b) Stress-strain models for the struts. 

 
In this way, internal cross-section forces of these 

elements are related to the corresponding defor-
mations (axial deformation and curvature), hence, 
after the elastic stage axial load is coupled with 
bending moment and the arching mechanism is then 
naturally accounted. The diagonal, horizontal and 
vertical struts have typical concrete-type stress-strain 
laws, modelled with the OpenSees Concrete02 mate-
rial (Fig. 1b). Moreover, in order to explicitly con-
sider the effects of strength degradation, the Con-
crete02 material model is combined with the 
MinMax material so that, once the ultimate strain is 
achieved at a generic fiber, the corresponding stress 
drops to zero. The diagonal struts are constrained 
with pins at the ends. They provide the whole in-
plane response of the infill as well as the main OOP 
contribution. The horizontal and vertical struts pro-
vide a complementary OOP contribution to strength, 
reproducing the 2-way bending effect of the panel. 
The 4 struts do not share the mid-span node but are 
constrained to move together along the z direction. 
In this way each strut can provide its strength contri-
bution to the OOP response. Geometrical and me-
chanical identification of the struts is performed 
starting from the diagonals, whose force-
displacement behaviour can be assigned by adopting 
any method. Once that the force-displacement law is 
determined, this can be easily converted into an 
equivalent concrete-type stress-strain relationship 
and assigned to the cross-section fibers. To perform 
this step, the reference cross-section can be simply 
obtained by fixing the width (wd) as 1/3 of the inter-
nal diagonal length (a) and the thickness as the actu-
al thickness (t) of the infill. A direct definition of the 
stress-strain relationship and width of the diagonal 
cross-sections can also carried out by using the ap-
proach by Di Trapani et al. (2018b). When defining 
the stress-strain relationship of the diagonal struts it 
can be easily found that the peak strength fmd0 is 

lower than the actual compressive strength of ma-
sonry (fm0). This is due to the fact that fmd0 expresses 
a fictitious resistance which summarized the com-
plex response of the infill subject to lateral forces. 
On the other hand, the out-of-plane strength is pro-
portional to the actual compressive strength of the 
masonry (fm0). In order to compensate the drawback, 
the cross-section thickness of the strut is increased 
by the ratio fm0 / fmd0, so that: 
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while, in order to maintain unaltered the cross-
section area, the width is reduced as: 
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The residual OOP strength is provided by the hor-
izontal and vertical struts. The latter are defined us-
ing the actual thickness t of the infill and the actual 
strength fm0, while the widths are obtained as the dif-
ference between the height and the length of the 
panel and the horizontal and vertical projections of 
the diagonal initial width d

w  on the infill perimeter. 
The widths of the horizontal strut (wh) and vertical 
strut (wv) are therefore evaluated as follows: 
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where θ is the inclination of the strut with respect to 
the horizontal direction. 

2.2 Definition of the equivalent mass 

In order to perform dynamic simulations, the model 
needs the definition of an equivalent mass to apply 
at the midspan node of the struts. The mass (meq) of 
the so defined single degree of freedom (SDOF) sys-
tem is of course a percentage of the total mass of the 
infill. In order to identify this percentage, an exper-
imental/numerical identification procedure has per-
formed using the results of the experimental tests by 
Angel (1994). The same tests which were also used 
for the validation of the aforementioned model. The 
tests regarded reinforced concrete infilled frame 
specimens subject to in-plane cycles and then 
pushed out-of-plane using an airbag. The identifica-
tion procedure consists of the following steps: a) de-
termination of the experimental out-of-plane stiff-
ness Kexp from the experimental force-displacement 
diagrams; b)  identification of the out-of-plane peri-
od of the infill (Ti,FEM) by defining an elastic finite 
element model of a plate pinned at the sides (Fig. 2), 
verifying that the stiffness of the plate (KFEM) was 
the same as the experimental stiffness; c) determina-
tion of the equivalent mass of the SDOF system as: 
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In the procedure it is assumed that the out-of-
plane stiffness provided by the macro-model is the 
same as that the experimental stiffness. This was 
proved by the validation tests presented in Di Trapa-
ni et al. (2018a) for the same specimens. It should be 
also observed that that since the specimen were sub-
jected to moderate cycles before being tests out-of-
plane, their experimental stiffness was lower with 
respect to that estimated by the elastic FE model of 
the plate. Therefore, the matching between KFEM and 
Kexp was obtained by modifying the elastic modulus 
of the infill (Em) into a lower one (Em

*). This manip-
ulation has no influence on the equivalent mass val-
ue found by Eq. (4), with respect to an undamaged 
case, since the reduction of KFEM due to the reduc-
tion of Em in the FE model, is compensated by the 
elongation of the period. Geometric dimensions and 
masses of the infills of specimens by Angel (1994) 
are reported in Table 1. Mechanical properties of the 
infills are reported in Table 2 together with the ob-
tained experimental stiffness values, periods and 
equivalent masses. It is noteworthy observing that 
independently on the different geometric and me-
chanical combinations of the specimens the percent-
age equivalent mass resulted 55% of the total mass 
on average. This allows concluding that the macro-
element model can be adapted to perform dynamic 
simulations by assigning a 55% equivalent mass at 
the central node.   

 
 
Figure 2. First modal shape of the FE model of the infill. 

Table 1. Geometric dimensions and masses of specimens by 

Angel (1994). 

Spec. llll 

(mm) 

llll' 

(mm) 

h 

(mm) 

h’ 

(mm) 

t 

(mm) 

h/t 

(-) 

γγγγ 

(kN/m3) 

mass 

(kg) 

2 2440 2740 1630 1930 47.6 34.2 19 359.7 

3 2440 2740 1630 1930 47.6 34.2 19 359.7 

4 2440 2740 1630 1930 92.0 17.7 19 695.2 

5 2440 2740 1630 1930 143.0 11.4 19 1080.6 

6 2440 2740 1630 1930 98.4 16.6 19 743.6 

Table 2. Mechanical properties and identification parameters of 

specimens tested by Angel (1994). 

Spec. 
Em   

(MPa) 

Gm   

(MPa) 

Em
*   

(MPa) 

fm0   

(MPa) 

Kexp  

(N/mm) 

Ti,FEM 

(s) 

meq 

(kg) 

meq% 

(%) 

2 8040 8040 1900 10.85 1052.6 0.083 184.5 51.3 

3 5208 5208 1736 10.13 1300 0.078 202.3 56.2 

4 12429 12429 5000 22.90 20000 0.027 364.2 52.4 

5 11616 11616 9000 22.82 148000 0.012 582.6 53.9 

6 2136 2136 650 4.60 3500 0.070 429.0 57.7 

3 ANALYSIS FRAMEWORK 

3.1 Analysis program 

The investigation is first addressed to the derivation 
of out-of-plane fragility curves of a one-storey in-
filled frame as a function of different boundary con-
ditions, that is the slenderness ratio and strength of 
the specimen, the extent of the previous in-plane 
damage, the out-of-plane vibration period of the in-
fill with respect to that of the supporting frame struc-
ture. Two reference specimens among those tested 
by Angel (1994) have been selected to perform fra-
gility assessment, namely Specimen 2 and Specimen 
6. These specimens have different slenderness ratios 
and masonry strength as it can be observed from Ta-
bles 1 and 2. The OOP resistance of a masonry in-
fills (Fr) can be estimated through the EC6 expres-
sion as: 
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From Eq.(5) one can determine the OOP resisting 
pressure (fr) as: 

h

F
f r

r
l

=  (6) 

This parameter combines both strength and slen-
derness ratio, and so it can be used to identify a class 
of infilled frames. For specimens 2 and 6 fr was 6.6 
MPa and 11.95 MPa respectively.  

In order to simulate the influence of the support-
ing frame, the reference infilled frame is modelled as 
in Fig. 3, where besides the equivalent mass at the 
midspan node, the model has 4 mass-spring (mf ,kf) 
systems at the corner nodes. The whole system has 
therefore two degrees of freedom, one related to the 
frame, the other related to the infill. The vibration 
period associated with the frame considered alone 
can be obtained as: 

f

f
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in which Mf=4mf is the total mass of the frame 
Kf=4kf is the total stiffness of the parallel springs. 
The vibration periods associated with the infills  
have been obtained as described in the previous sec-
tion (Ti =Ti,FEM). The springs have elastic behaviour 
and are modelled in OpenSees using zero-length el-
ements. For the two specimens under investigation, 
the response of the system is analyzed considering 
five different supporting conditions, namely rigid 
support (Kf =∞), Tf=Ti, Tf=3Ti, Tf=5Ti, Tf=7Ti.  Giv-
en that the period of the infills is fixed, and attrib-
uting a conventional mass (mf) of 2000 kg to the 
nodes of the frames, the stiffness of the frame pro-
ducing the aforementioned period ratios can be ob-
tained as: 
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and then: 
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The effect of prior in-plane damage is also inves-
tigated considering 4 cases, namely: a) no in-plane 
damage; b) IDR=0.5%; c) IDR=1.5%; d) IDR=2.5%. 
The IDR (interstorey drift) is assumed as measure of 
the in-plane damage. The analyses are carried out in 
OpenSees through two-steps. First a cyclic static 
analysis consisting of three cycles having amplitude 
as the fixed IDR is performed. Subsequently the 
IDA sequence is started. A summary of the analyses 
is reported in Table 3. Details about periods, and 
stiffness of the different systems obtained for Specs. 
2 and 6 are listed in Tables 4 and 5. 

 
 
Figure 3. Reference scheme for the infilled frame model. 

Table 3. Summary of the test conditions. 

Support conditions 
Specimen 2 Specimen 6 

IDR (%) IDR (%) 

Tf=0 (Rigid frame) 0 / 0.5 / 1.5 / 2.5 0 / 0.5 / 1.5 / 2.5 

Tf=Ti 0 / 0.5 / 1.5 / 2.5 0 / 0.5 / 1.5 / 2.5 

Tf=3Ti 0 / 0.5 / 1.5 / 2.5 0 / 0.5 / 1.5 / 2.5 

Tf=5Ti 0 / 0.5 / 1.5 / 2.5 0 / 0.5 / 1.5 / 2.5 

Tf=7Ti 0 / 0.5 / 1.5 / 2.5 0 / 0.5 / 1.5 / 2.5 

Table 4. Period, mass and stiffness values of the systems ob-

tained by Spec. 2 

Tf / Ti Ti Tf Mf Kf  kf 

(-)  (s) (s) (kg) (kN/m) (kN/m) 

0 0.083 0 8000 ∞ ∞ 

1 0.083 0.083 8000 3801.3 950.3 

3 0.083 0.249 8000 1267.1 316.8 

5 0.083 0.415 8000 760.3 190.1 

7 0.083 0.581 8000 543.0 135.8 

3.2 Definition of IDA curves 

Incremental Dynamic Analysis (IDA) (Vamvatsikos 
and Cornell, 2002) has been used many times in re-
cent years for the assessment of seismic fragility of 
structures (Basone et al. 2017, Di Trapani & Malav-
isi 2019, Di Trapani et al. 2020b). In the current case 
IDA has been carried out using the peak ground ac-

celeration (PGA) as intensity measure (IM) and the 
out-of-plane net displacement (∆OOP) as damage 
measure (DM). 26 ground motions records have 
been considered. The spectra of the selected ground 
motion are shown in Fig. 4. The choice of PGA as 
IM instead of the usual spectral acceleration at of the 
first vibration period is due to the fact that, as ex-
plained in the previous section, different combina-
tions of periods are considered. The choice of PGA 
allows using the same ground motion scaling to ana-
lyse the different combinations of periods. In detail 
the ground motions are first scaled so that their re-
spective spectra have the same PGA. The subse-
quent scaling during IDA uniformly increases / de-
creases the amplitude. For each ground motion IDA 
are stopped in correspondence of the achievement of 
dynamic instability (which represents the OOP fail-
ure of the infill). After this point, a constant flatline 
is conventionally represented.  

 

Figure 4. Ground motion selection spectra and average spec-
trum. 

3.3 Definition of fragility curves 

Fragility curves express the probability of exceeding 
a specified limit state as a function of the specified 
IM (PGA). Fragility curves can be represented using 
a lognormal cumulative distribution function as:  
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where P[C≤D|IM=x] is the probability that a ground 
motion with IM=x will cause the achievement of a 
limit state, Φ is the standard cumulative distribution 
function, ln(x) is the natural logarithm of the varia-
ble x representing the intensity measure (PGA) and 
μlnX and σlnX are the mean and the standard deviation 
of the natural logarithms of the distribution of x, re-
spectively. Fragility curves are derived considering 
the collapse limit state, which is attained when the 
dynamic instability occurs during IDA or when the 
midspan relative displacement of the infill (∆OOP) is 
the same as the thickness of the infill. In this latter 
case, in fact, it is supposed that the arching action 
vanishes, and the equilibrium is no longer achieva-



ble. Cumulative discrete distribution functions are 
also overlapped to the analytically obtained fragility 
curves to verify the adequacy of the distribution 
model.  

4 RESULTS FOR THE ONE-STOREY INFILLED 
FRAME 

4.1 IDA and fragility curves 

IDA curves are illustrated in Fig. 5-8 for the one-
storey infilled frame for different considered combi-
nations of Tf/Ti ratios and in-plane interstorey drifts. 
For sake of space, IDA curves are only reported for 

specimen 2. The curves show a reduction of the av-
erage collapse PGA when increasing Tf/Ti up to 3. 
After the collapse PGA tends to increase again, de-
noting that Tf/Ti ratio has a relevant role, as it influ-
ences the accelerations experienced by the infill 
wall. On the other hand, it should be also observed 
that the presence of in-plane damage (measured by 
the in-plane IDR) tends to reduce the influence of 
Tf/Ti. In fact in presence of severe damage 
(IDR=1.5.%-2.5%) the collapse PGA is dramatically 
reduced. Under these conditions no substantial dif-
ferences can be observed when by varying Tf/Ti ra-
tio. Fragility curves of the one-storey infilled frame 
are shown in Fig. 9.  

 

a)  b)  c)  d) 
Figure 5. IDA curves of Specimen 2 without in-plane damage for: a) rigid support; b) Tf=Ti; b) Tf=3Ti; b) Tf=7Ti. 

 a b) c) d) 
Figure 6. IDA curves of Specimen 2 with IDR=0.5% for: a) rigid support; b) Tf=Ti; b) Tf=3Ti; b) Tf=7Ti. 

 a) b) c) d) 
Figure 7. IDA curves of Specimen 2 with IDR=1.5% for: a) rigid support; b) Tf=Ti; b) Tf=3Ti; b) Tf=7Ti. 

a) b) c) d) 
Figure 8. IDA curves of Specimen 2 with IDR=2.5% for: a) rigid support; b) Tf=Ti; b) Tf=3Ti; b) Tf=7Ti. 

 
 

 



The latter reflect what already highlighted by 
IDA curves. For the case of no-IP damage and mod-
erate IP damage (IDR=0.5%) (Figs. 9a-9b) fragility 
tends to increase when increasing Tf/Ti up to 3. After 
this point fragility tends to be reduced, although sig-
nificantly larger dispersion of collapse IMs is ob-
served.  For the cases of high IP damage (Figs. 9b-
9c) fragility curves result significantly shifted on the 
right denoting minor sensitivity to variation of Tf/Ti. 
In some cases, collapse PGA values may result very 

high, so that they can exceed a hypothetical collapse 
PGA for the frame. This is due to the elastic behav-
iour of the springs used to represent the response of 
the frame. In this cases OOP fragility curves lose 
significance since an overall collapse occurs before 
the OOP collapse of the infills.  

In the next section the investigation is extended to 
the case of a multi-storey frame under the simplified 
assumption of linear distribution of floor accelera-
tions 
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                                (a)                                            (b)                             (c)                                                (d) 

Figure 9. Fragility curves of specimen 2 for different Tf/Ti with: a) IDR=0 %; b) IDR=0.5 %; c) IDR=1.5 %; d) IDR=2.5 %.

5 EXTENSION TO MULTISTOREY INFILLED 
FRAMES 

Results shown in the previous section are referred to 
the elementary one-storey infilled frame, which is 
supposed to be subjected to an acceleration history 
at the supports. In the case of a multi-storey frame, 
floor accelerations tend to grow when increasing the 
height, as also provided by EC6 through the expres-
sion: 

β⋅⋅= SPGASa
 (11) 

where S is the soil factor, Sa the pseudo acceleration 
of an infill wall at the center of mass, positioned at 
the altitude (Z) from the ground in a building having 
total height (H) and β is a modulation factor defined 
as:   

5.0
)T/T1(1

)H/Z1(3
2

fi

−
−+

+
=β  (12) 

It is easy to demonstrate that according to Eq. 
(11) Sa increases with increasing the altitude of the 
infill with respect to the total height of the building, 
according to a linear relationship. Eq. (12) can be 
adapted to estimate floor acceleration demand varia-
tion for the analysed infilled frames. In this case, 
given that the effect of the variation of Ti/Tf ratio has 
been already taken into account in the previous 
analyses on the one-storey infilled frame, in Eq. (12) 
it can be set Ti/Tf=0. Finally, for consistency with 
the assumed scheme for the one-storey infilled 
frames, the values Z’ and H’ are used instead of Z 
and H, where Z’ is the quote of the center of mass of  

 
 
the infill measured with respect to the center of 

mass of the first ground floor infill, and H’ is the 
quote of the center of mass of the infill at the highest 
floor. Under these assumptions one obtains: 

5.0
2

)'H/'Z1(3* −
+

=β  (13) 

It can be easily observed that if Z’/H’=0 (case of 
infill wall at the ground floor or one storey infilled 
frame), β*=1 (no amplification is provided), while if  
Z’/H’=1 (case of infill wall at the top floor) one ob-
tains the maximum amplification factor (β*=2.5).  

 By defining 0,CPGA  as the 50% probability PGA 
inducing the collapse of the one-storey infilled 
frame, it can be reasonably supposed that the aver-
age PGA inducing the collapse of an infill wall at 
the generic Z/H position ( )H/Z(,CPGA ) can be ob-
tained by reducing 0,CPGA by β*, therefore: 

*

0,c
)H/Z(,c

PGA
PGA

β
=  (14) 

The values of 0,CPGA  extrapolated from the fragil-
ity curves of specimens 2 and 6 can be represented 
as in Figs. 10a and 11a as a function of Tf/Ti and 
IDR. This are coincident with )H/Z(,CPGA  at Z’/H’=0. 
Diagrams in Figs. 10b-c and 11b-c represent 

)H/Z(,CPGA  for Z’/H’=0.5 and Z’/H’=1. The latter are 
obtained from the first two diagrams by using Eq. 
(14). Diagrams in Figs. 10-11 show that infill at the 
higher stories undergo major spectral accelerations 
and therefore their collapse may occur with signifi-
cantly reduced PGA levels. At the same time infills 
positioned at lower stories suffer major in-plane 



damage. This means that their collapse may occur 
with lower PGA values, with respect to those induc-
ing collapse of infills at the upper stories.  

Diagrams in Figs. 10-11 can be also used as as-
sessment tools by entering with the characteristics of 

the infilled frames and comparing the resulting aver-
age PGA with a design PGA level. 

 
 

 

a)  b)  c) 

Figure 10. Average collapse PGA for Specimen 2 with: a) Z’/H’=0; b) Z’/H’=0.5; c) Z’/H’=1.0. 

 a)  b)  c) 

Figure 11. Average collapse PGA for Specimen 6 with: a) Z’/H’=0; b) Z’/H’=0.5; c) Z’/H’=1.0. 

6 CONCLUSIONS 

In the paper an existing infilled frame macro-
element model (Di Trapani et al. 2018a) has been 
updated to perform dynamic simulations. The model 
consist of four fiber-section struts and is able to ac-
count for mutual in-plane and out-of-plane damage. 
Out-of-plane fragility curves for a reference one-
storey infilled frames have been derived considering 
different prior IP damage levels and different ratios 
between frame and infill periods (Tf/Ti). Incremental 
dynamic analysis was used to derive fragility curves. 
Results have shown that for the cases of no-IP dam-
age and moderate IP damage the average collapse 
PGA tend to increase when increasing Tf/Ti up to 3. 
After this point collapse PGA tends to be reduced.  
For the cases of severe IP damage, collapse PGA 
dramatically decreases denoting minor sensitivity to 
Tf/Ti. The analysis has been extended to multi storey 
infilled frames under the simplified assumption of 
linear distribution for floor accelerations. It has been 
shown that infills at the higher stories undergo major 
spectral acceleration and their collapse may be 
achieved in correspondence of reduced PGA values. 

However, infills positioned at lower stories undergo 
major in-plane damage potentially causing their an-
ticipated collapse with respect to the upper stories 
infills. Therefore, the location of masonry infills 
subject to major OOP collapse risk in not predictable 
a priori as this depends on the combination between 
floor acceleration and in-plane drift at each storey. 

Finally, average collapse PGA diagrams have 
been provided as a function of Tf/Ti , IDR and Z’/H’. 
The latter can be used as assessment tools by com-
paring the average PGA associated with a an infilled 
frame to design PGA level. 
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