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Abstract: Structural frames, constructed either of steel or reinforced concrete (RC), are often infilled with
masonry panels. However, during the analysis of the structural frames, it has become common practice to
disregard the existence of infills because of the complexity in modeling. This omission should not be allowed
because the two contributions (of infills and of frames) complement each other in providing a so different
structural system. The use of different modeling assumptions significantly affects the capacity as well as the
inelastic demand and safety assessment. In specific, the adoption of equivalent diagonal pin-jointed struts
leaves open the problem of the evaluation of the additional shear on columns and consequently of the choice
of a proper eccentricity for the diagonal struts. In this context, this paper presents the results of a real case
study. The seismic performance of the RC structure of a school is evaluated by using concentric equivalent
struts for modeling infills and the level of the additional shear on the columns is fixed as a rate of the axial
force on them in agreement to a strong correlation obtained after a numerical experimentation. Hence, the
applicability of the correlation mentioned before is shown and the form in which the results can be provided
is presented. The characteristics of the new approach, first time applied to a real case, are highlighted by a
comparison between the performance obtainable with different modeling detail levels of the infills. Through
the paper, it is proved that the simplified evaluation of the additional shear demand produced by infills just
for the base columns is sufficient to warn that a simplified model disregarding infills or based on the use of
concentric struts for the infills may considerably overestimate the structural capacity. Further, by the study of
a real case, the paper provides an overview of the models developed by the authors to obtain the capacity of

reinforced concrete framed structure for the practical applications.
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1. Introduction

Building frames are usually infilled with masonry walls as a natural consequence of the necessity of
separating the internal spaces from the external environment. Although masonry infills are not
designed as structural elements per se, their interaction with the RC frames significantly influences
the structural behavior of a building in terms of stiffness, strength and overall ductility. During an
earthquake, infill walls may increase or not the lateral earthquake load resistance significantly, may
undergo a premature damage, developing diagonal tension and compression failures or out-of-plane
failures. The degree of lateral load resistance depends on the amount of masonry infill walls used
and their direction and position within the structure. Negative effects are often associated with
irregularities in the distribution of infills in plan and elevation. This stiffness asymmetry may cause
torsion which magnifies the lateral displacement response of the structure while the abrupt change
in stiffness in elevation may cause “soft story” mechanisms (Figure 1). Besides these mechanisms,
which involve the overall structural response, the infill — frame interaction occurs also locally.
Infills, because of their high stiffness, attract a large amount of lateral force, that is transferred to the
surrounding frames in the proximity of the ends of RC beams and columns as an additional shear
force. The further shear demand may be not supported by these regions if adequate shear
reinforcement is not present, and may have as a consequence a brittle failure localized in most of
the cases in joints or the ends of columns (Figure 2). Due to the design and methodological
complexity of masonry infilled RC framed structures, the numerical analysis for their structural
assessment is necessary.

Over the last three decades, different computational modeling strategies have been developed
aiming to address different levels of complexity. Among the modeling strategies, the most common
one is that of the macro-modeling approach, which consists of the replacement of the infill by an

equivalent pinned strut made of the same material and having the same thickness as the infill panel.
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The macro-modelling approach is mainly used for the assessment of the stiffening and
strengthening effects in non-linear static or dynamic analyses (Holmes, 1961; Stafford Smith ,
1966; Stafford Smith & Carter C, 1969, Mainstone, 1971,1974; Papia, Cavaleri, & Fossetti, 2003;
Saneinejad, & Hobbs, 1995; Asteris, Cavaleri L, Di Trapani F, & Sarhosis, 2015). In this
approach, the selection of a constitutive law for the strut able to represent accurately the mechanical
behavior of the masonry wall is essential. Available models for the definition of a force —
displacement curve for the strut are based on preliminary hypotheses about the modality of failure
of the infill — frame system (Bertoldi, Decanini, & Gavarini, 1993; Panagiotakos, & Fardis, 1996;
Zarnié¢ R, & Gosti¢, 1997). In addition, for the assessment of the dynamie seismic response of the
masonry infilled RC framed structures, several experimental studies (e.g. Klingner, & Bertero,
1978; Doudoumis, & Mitsopoulou, 1986; Cavaleri, Fossetti & Papia M, 2005; Kakaletsis, &
Karayannis, 2009; Cavaleri , Di Trapani, Macaluso, Papia, & Colajanni, 2014; Cavaleri, & Di
Trapani, 2014; Lima et al., 2014; Madan et al., 2015; Himaja et al., 2015) have been undertaken and
simplified modeling rules have been identified in order to predict the hysteretic behavior of the
structure. A radically different approach makes use of FE micro-models to simulate the mechanical
behavior of both infills and RC frames (e.g. Mehrabi, & Shing, 1997; Shing, & Mehrabi, 2002;
Asteris, 2003, Koutromanos, Stavridis, Shing, & Willam, 2011; Koutromanos, & Shing, 2012). In
this case, infills are modeled generally by 2-D finite elements. maintaining the geometry as it is.
The surrounding frame is modeled by beam elements and ad hoc finite elements are used for the
interface frame-infill able to simulate the detachment occurring between frame and infill during the
application of a lateral load. This choice surely represents the most accurate solution, being the
closest to the actual physical system under investigation. However, any analysis with this level of
refinement requires a large computational effort. Focusing the attention on macro-modeling
approach it constitutes an attractive solution, despite the fact that a conspicuous number of

uncertainties affect the identification of the equivalent geometrical and mechanical properties be
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attributed to the struts. Recent studies (e.g. DolSek, & Fajfar, 2008; Uva, Porco, & Fiore, 2012)
demonstrate that the resulting structural response (mainly determined by means of static pushover
analyses) may be sensitive to the imprecise or incorrect identification of some key parameters such
as equivalent strut width or panel strength. The major difficulties regarding the identification of
governing parameters are mainly related to:

e uncertainty in the identification of mechanical characteristics of existing masonry due to the
variability of materials, differences in arrangements techniques and aging;

e uncertainty in the identification of actual ultimate strength capacity of the masonry wall
panel including the influence of vertical loads, panel — frame effective contact lengths and
possible failure mechanisms;

e variability of equivalent properties depending on the aspect ratio of the frame and on infill —
frame strength and stiffness ratios;

e contact issues between the infill and the frame which control the transfer of shear force.
Further uncertainties arise when concentric braced macro-models are adopted, configuring the
impossibility to predict the additional shear demand at the ends of RC beams and columns due to
the local interaction with infills. To circumvent this limit, multiple strut macro-models have been
developed (e.g. Crisafulli, 1997; Chrysostomou, & Gergely, 2002; El-Dakhakhni, Elgaaly, &
Hamid, 2003). According to these models, the additional shear demand is determined as result of a
non-concentric disposition of two or more equivalent struts. However, the calibration of an
adequate nonlinear constitutive law, which is needed for each strut, determines new unknowns. An
alternative solution has been proposed by Cavaleri L, & Di Trapani (2015) in which the use of
concentric single struts is maintained, determining shear demand in critical sections as a rate of the
axial load acting on them. A similar approach is used by Celarec and Dolsec (2013) with a different
strategy in the estimation of the rate of the axial force in the strut that contributes to the additional

shear in the critical frame member sections. Differently from Celerac and DolSec (2013) that use an
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iterative pushover analysis procedure, the determination of the entity of the axial load transferred as
shear to each section is obtained by Cavaleri and Di Trapani (2015) through the use of shear
distribution coefficients (found after an extended numerical experimentation on infilled frames with
different characteristics) that are analytically correlated to the geometrical and mechanical features
of the infill — frame system. A review of the modeling strategies to be adopted to model the infill-
frame interaction can be found in Di Trapani, Macaluso, Cavaleri, & Papia (2015). As regards to
pushover based procedures for the assessment of infilled frames, a number of studies (Dolsek, &

Fajfar, 2004; 2005; 2008) have proposed alternatives demand spectra to be used in the N2 method,

the—petential premature—shear—failure—of theframe. In other cases (e.g. Martinelli et al. 2015)

simplified procedures have been proposed to adjust the results deriving from the use of typical
demand spectra which are more proper for bare frame systems. The need to accurately assess the
seismic behavior and structural capacity of existing buildings is nowadays increasing so that several
local governments have required seismic assessment of buildings which have strategic regional
roles (hospitals, barracks, city halls) or attract large crowds (schools, universities). Unfortunately,
when investigating masonry infilled RC framed structures, the choices made in the identification of
the structural models largely affect the outcomes which in many cases are also conflicting.

Although in the engineering profession large simplifications are often required to overcome
really complex problems, engineers should be aware of the reliability bounds and the limits of the
tools they are utilizing, especially when they are called to express themselves on the safety of
buildings having a crucial importance in post-earthquake scenarios. Significant questions include
the following: What are the different outcomes to expect under the different modeling hypotheses?
Which is the reliability of the safety assessments carried out by each of them? For the reasons
presented in the previous paragraphs, this paper discusses the results of different possible choices in

the identification of framed struts with masonry infills and the relative impact on the resultant
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overall capacity in terms of strength, stiffness, and ductility. The interest is focused on the problem
of the evaluation of the additional shear on columns produced by infills that may anticipate the
collapse and on how can be solved maintaining the simple approach of substituting infill by a
concentric diagonal strut. To this aim a case study is discussed in which, first time, a) the procedure
proposed in Cavaleri, & Di Trapani (2015) is experimented, b) which strategy has to be used for its
application #s-applicabiity-is-tested and c) a strategy for presenting the results is provided.

In order to highlight the approach presented a comparison between the results coming from
different assumptions is provided: a) neglecting of infills contribution, b) concentric macro-
modeling and c) concentric macro-modeling with the prediction of local interaction effects.

As a case study an existing three-storey RC building, infilled with hollow clay block masonry wall
panels, has been studied. The building serves as a school and has been built in Avezzano (Italy) in
the 1950s. The building was recently subjected to a structural quick inspection and assessment of its
structural vulnerability due to the high seismicity of the area, as reported in Colajanni, Cucchiara, &
Papia (2012). The structural model developed utilized SAP 2000 NL simulating beam elements
with lumped plasticity for beams and columns and a pair of diagonal multi-linear plastic links for
the equivalents struts. The effect of the differential structural identification is discussed by
analyzing the results of the pushover curves obtained by considering the results obtained from
different modeling approaches within the framework of the N2 method whose applicability is better

explained in Section 4.

2. Description of the building and adopted mechanical parameters

The building under investigation is an RC framed structure constructed in the 1950s. It is composed
of three stories and it is L-shaped. The first two have an area of 520 m? while the third one has an
area of 330 m*. The front face of the building has a span of 40 m. The floors of the building have

been constructed as one-way ribbed concrete slabs. Plan views of each level of the building are
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shown in Figure 3. Specimens of steel smooth rebars (everywhere rebars were bounded by end
hook) and concrete cores were obtained from the building and tested in the laboratory as per the
Italian code D.M. 14/01/2008 (2008). From the experimental testing, it was found that the average
value of steel yielding stress (f,m) is equal to 300 MPa (Cy=0.015) while the average concrete peak
strength (fcn) is 15 MPa (Cy=0.2). Considering the experimental results, for the analysis, an elastic-
perfectly plastic law was assumed for steel, with Young modulus (E;) equal to 200.000 MPa and an
ultimate strain (&) equal to 8%. Taking into account the low transversal reinforcement ratio of
concrete elements (stirrups @8 with a 25 cm spacing for beams and columns), and consequently the
low level of confinement, the constitutive relationship developed by Hognestad (1951) was adopted
to simulate the mechanical behavior of the concrete of the structural elements. The latter is
characterized by a parabolic branch up to &0 equal to 0.002 followed by a linear softening branch
up to the ultimate strain &, equal to 0.0035, corresponding to a strength reduction of -15%. Also,
the Young modulus of concrete (E.») was estimated according to the expression provided by the
Italian code as 22000 (f.n /10)°3 and found to be equal to 24830 MPa. Details of reinforcement of
beam and columns are reported in Tables 1 and 2. The infill panels were made of clay bricks and
were 30 cm thick and 3.40 m high. The infills, made overall with the same masonry, have been
classified by four different typologies (T1, T2, T3, T4) according to their aspect ratio (Table 3) and
considering the presence of openings. Infills T1, T2, T4 are characterized by openings, further, the
label T1 was attributed to the infills having the smallest length while the label T3 and T4 to infills
having the highest height. In order to not have too many typologies infills having a length in a fixed
length range were considered belonging to the same class. In Table 4 the elastic characteristics
(Young modulus En and rigidity modulus Gm ) of the infill masonry are inserted. The Young
modulus was obtained by the correlation available in the Italian code between the strength of
masonry fy and its Young modulus (En= 1000 fx). While the strength fy was obtained by the

correlation provided by the Italian code in form of table with the strengths of bricks and mortar. In
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this case, similar characteristics were obtained along the vertical and the horizontal directions for
bricks (about 15 Mpa) while for the mortar a mean strength of 10 Mpa was derived, hence the value
for En inserted in Table 4 represents a value to be applied to the two directions above mentioned.
The value for G was estimated, as proposed by different codes (included MSJC), as 0.4 of En.
Starting from the strength of bricks (15 Mpa) and of mortar (10 Mpa) used for the infills, it was
possible the estimation of the shear strength fyom by using a specific correlation provided by the

Italian code in form of table.

3. Definition of the mechanical nonlinearities

3.1 RC beams and columns

Beams and columns were modeled by means of lumped plasticity hinges at their ends while the
joint panels were considered rigid. A moment — rotation rigid-plastic law was assigned to the
hinges. The interaction between axial force and bending moments was taken into account. In
details, ultimate and yielding rotations (6, and 6,) were calculated according to the expressions
reported by Italian Technical Code (2008) as functions of the respective ultimate and yielding
curvatures (¢, and ¢y). For the columns, strength values (i.e. P-M,-M,) were numerically calculated
by means of an ad hoc code. Consistently with the findings described in Campione, Cavaleri, Di
Trapani, Macaluso, & Scaduto (2016), the biaxial deformation capacity of the hinges was defined
by tracing specific P-6,.-6,, domains, whose 3D surfaces were determined calculating ultimate
rotations associated with different axial load levels and bending directions. The relationship
between ultimate rotations in biaxial bending (6., 6.,) and those along principal axes (Guo.x, Gio,y)

have been described by Eq. (1):
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( J +[ J I a=07+075(n-0.1);  0.1<n<0.5 (1)

where « depends on the dimensionless axial load n (Colajanni, Cucchiara, & Papia, 2012).
At this stage the issue of the shear strength of the beam-column joints has been disregarded, that is
the over strength of them has been considered with respect to the end of columns with the intention
to treat the problem in a following study.
3.2 Equivalent struts
The equivalent strut macro-modelling approach was chosen to simulate the contribution of the infill
wall panel. The mechanical parameters for the masonry infills are shown in Table 4. The typical
axial force — axial displacement relationship for the strut is represented in Figure 4.

The initial stiffness K; was determined as suggested in Cavaleri, Fossetti, &Papia (2005) by

the following expression:

K, = 2)

where Ey is the Young modulus of masonry panel along the direction in which the diagonal (having
length d) lies, while ¢ and w are the actual thickness of the infill and the equivalent strut width
respectively. Once the peak strength F> calculated (the details of how it was calculated are reported
at the end of this section), the yielding strength F; determined as a function of the parameter « by
Eq. (3):
F, = aF, (3)

As reported by Cavaleri and Di Trapani (2014) the parameter o ranges from 0.4 to 0.6. An
average value of 0.5 was considered in this study. The stiffness K> and the slope of the softening
branch were determined by calculating the specific axial displacements of the struts associated to

the reaching of fixed limit inter-storey drifts. The following limits were assumed for peak inter-

storey drifts (D>):
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D, =0.15% (infills with openings);
“4)
D, =0.30% (infills without openings)

The slope of the softening branch was determined by setting fixed ratio between ultimate

drifts (at zero strength of infill, D,) and peak drifts as follows:

g” = 8.0 (infills with openings );

2

(5)
g“ =10.0 (infills without openings)

D,

Values reported in Egs. (4-5) are in the same order of magnitude as those suggested by
Dolsek, & Fajfar (2008) and Uva, Porco, & Fiore (2012), except for solid infills for which slightly
larger values are adopted considering the experimental results presented in Cavaleri, & Di Trapani
(2014). Based on the geometry of the infill-frame system (Figure S), the equivalent strut widths (w)

calculated using the procedure proposed by Papia, Cavaleri, & Fossetti (2003):

c 1
—dk = ——
w Kz(l*)ﬁ (6)

where ¢ and S depend on Poisson’s ratio v; of the infill along the diagonal direction and are
evaluated by the following expressions:

¢=0.249-0.0116v +0.567v,’
(7
S =0.146 -0.0073v, +0.126v,
The coefficient z depends on the aspect ratio of the infill and is equal to 7.0 in the case of
square infills (//h=1). The coefficient x depends on the magnitude of the vertical loads acting on

the columns and varies from 7.0 to 1.5. The coefficient « is calculated according to the procedure

reported by Campione, Cavaleri, Macaluso, Amato, & Di Trapani (2015). Finally, the parameter A"

is evaluated as:

10
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where Eyis the Young modulus of the concrete frame, and A. and Ay, the areas of the cross-sections
of columns and beams.

The Young modulus and Poisson’s ratio (E; and v;) along the diagonal direction have been
obtained by the procedure reported in Cavaleri, Papia, Di Trapani, Macaluso, Colajanni (2014). The
stiffness reduction due to the presence of the openings was included using the expression in Papia,
Cavaleri, & Fossetti (2003) where the reduction factor (r<1), is determined by the following
expression

r=124-17a, 9)
and «, being:

a,=0,/1 (10)
which represents the ratio between the horizontal length of the opening ¢ and the length of the

panel /. If openings are not present, the coefficient r is equal to 1. The peak strength of the
equivalent strut > was determined as a function of the shear strength of the panels and the infill-
frame contact surface. To account for the presence of the openings, the coefficient » was also used

as a strength reduction factor. The peak strength was then determined by the following expression:

F,=ro

v()mgt (11)

@ being a further reduction factor used to consider the major influence of the infill-frame

detachment length for infills characterized by high values of the aspect ratio ¢/n as follows:
1 (/h<1)

©=11.25-0.25((/h) (1<(/h<2) (12)
0.75 (0/h>2)

11
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In Eq. (11) fvom is the masonry shear strength at zero compression. The shear strength is modified
by the coefficient ® taking implicitly into account the possible failure mechanisms of infills (local
at the corners, global with diagonal cracks). In fact, the failure mechanism is strongly affected by
the characteristics of the detachment between frame and infill during lateral loading to which

explicitly is connected the parameters .

Results from the identification procedure for the equivalent strut constitutive laws are
summarized in Table S. For the different cases and typologies considered, the force-drift curves

adopted are shown in Figure 6.

3.3 Structural model overall features

A numerical model has been developed by SAP 2000 NL. The RC members have been modeled
using 1D beams with lumped plasticity hinges at their ends. For the equivalent struts, the multi-
linear plastic link elements were used. The force — displacement relationships previously
determined and shown in Table § were assigned to these elements. The floors were considered as
rigid diaphragms. In order to maintain the simplicity of the model also when the attention was
focused on the structural shear capacity, shear hinges were not inserted in the model because it
would request the use of eccentric struts for the infills. However, the possibility to evaluate the
additional shear demand, and/or the possibility to know if shear collapse may anticipate flexural
collapse because of infills, was guaranteed by the procedure described in the next sections. An

overall view of the structural model is shown in Figure 7.

4. Analysis method

The N2 method, introduced by Fajfar (2000) and provided as standard procedure in Eurocode 8
(2004) and in the Italian Technical Code (2008) was used for the aim of this study. The validity of

this approach for infilled frame structures is discussed hereinafter.

12
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The capacity curve of the structure was determined imposing two monotonically increasing profiles
of lateral forces. The first one-was proportional to the product of the first modal shape &, and the
diagonal matrix of the storey masses M. A second distribution consisted of the force profile
proportional to the storey masses. The bilinear base shear against top displacement (V- d°)
capacity curves of the SDOF systems equivalent to the MDOF one were obtained after dividing
both base shear and top displacement of the pushover curve (which was cut off to an ultimate

strength not lesser than the 85% of the peak strength) for the first participation factor (I'1).

The stiffness k™ associated to each SDOF system response and the related period 7° was

calculated in agreement to the rules of the N2 method as

PRl

. F .
K=y 17 =27y (13)

where m* is the mass of the equivalent SDOF system, F: and d; are respectively the yielding force
and the corresponding displacement.

The capacity curve (identified by the SDOF bilinear equivalent curve) and the demand
(identified by the demand spectrum) were compared in AD (acceleration—displacement) format

(Figure 8) after the normalization of the yielding force by the mass m as follow:

S, === (14)

The reduction factors R; associated to each SDOF system, representing for a given T~ the

ratio between the elastic spectral acceleration demand (ideally required) S.. and the yielding

spectral acceleration S,y were calculated as follows:

R, =—— (15)

13
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Also, the ductility demand g was determined by setting a R,-xT relationship and

substituting the quantities R: and T previously calculated. The R,-u-T relationships used in N2

procedure refers to Miranda & Bertero (1994) and are shown below:

yr:(Rﬂ—])g—ch] (T <T,) (16)

u, =R

r “

(T=2T,) (17)

In the original form the N2 method provides the evaluation of the constant ductility demand
inelastic spectrum by the use of the above-mentioned R,-u-T relationship to be applied to the
elastic spectrum. The relationship in question derives from the observation of the response of SDOF
elastic-plastic systems without a reduction in strength in the plastic stage. Unfortunately, several
systems cannot be assimilated to an elastic-plastic SDOF system like this because their strength
undergoes a not negligible reduction in the post peak stage. Hence the R,-u-T relationship
mentioned above is not suitable for the evaluation of the inelastic demand spectrum and,
consequently, for the evaluation of the displacement demand. Appropriate R,-u-T relationships for
the case of systems that reduce the strength in the plastic stage have been obtained by Dolsek and
Fajfar (2004). The shape of these relationships, obtained for different reductions of the ultimate
strength, is shown in Fig. 9 and compared with the R,-z+-T relationship used by the N2 method in
the original form.

However, if the capacity of a system is limited to the stage in which a negligible reduction of
strength occurs, then the R,-u-T relationship by Miranda and Bertero (1994) becomes more than
suitable for the calculation of the performance point.

In the case here discussed, a comparison of the displacement capacity with that given by the

demand inelastic spectrum obtained the R,-u-T relationship by Miranda and Bertero (1994) is
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possible because the displacement capacity itself is fixed at an ultimate strength not lesser than the
85% of the peak strength. This strategy is normally suggested by the current codes.
The components of the inelastic demand spectrum (Sq, Sq) for the requested ductility u were

determined by means of the following relationships (Vidic, Fajfar, & Fishinger, 1994).

2

T
S.(u,T)= M

T
- S0, T) =1,
R,(u,T) 4

2
T

S.AT) (18)

In Eq. (18) only g is fixed. The reduction factor R, varies with the period T according to the
previously defined R,-u-T relationship. The performance point (PP) individuating the target

displacement of the SDOF equivalent system was finally calculated as:

2 *
T2 SM(Z" ) (19)
4Ir R

H

d, =S, T )=p,

In order to obtain the target displacement of the structure, it has to be multiplied by the first modal

participation factor as provided by the N2 method.

5. Assessment of the local shear transfer from infill-frame to beams and columns

The additional shear force transferred by the panels to the ends of beams and columns in presence
of lateral loads is generally not easy to estimate. For this reason, many authors neglect this effect
(e.g. Fiore et al. 2012; Lagaros, Naziris and Papadrakakis 2010, Dolsek and Fajfar 2001, Kreslin
and Fajfar 2010). Nevertheless, the issue of the shear action produced by infills on the surrounding
frame cannot be ignored having as consequence a non-conservative assessment of the structural
capacity. Actually, the estimation of the additional shear produced by the infills is entrusted to the
introduction of eccentric struts whose calibration is not so simple (e.g. Crisafulli 1997) and request

models with a high level of uncertainty.
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The idea developed in this paper is that the modeling of infills should be done by concentric struts
because of the simplicity of this approach. Further, the additional shear produced by infills in the

surrounding frame elements should be calculated by a specific strategy.

The focus of this study specifically regards the evaluation of the actual shear transfer to columns, in
particular in the base columns, which have also to support the maximum level of shear. Through the
paper, it is shown that a shear capacity not sufficient can be simply highlighted by the evaluation of
the shear demand in the base columns disregarding the additional shear demand in the upper
columns and in the beams. This is consistent with a simplified approach to evaluate if the additional
shear demand produced by infills may be a problem. The single strut concentric model has been
adopted taking advantage of the procedure provided by Cavaleri & Di Trapani (2015) for the
evaluation of the actual shear action in critical sections. The latter makes use of specific correlation
coefficients used to determine the rate of axial force on the equivalent strut that is transferred as
shear in frame nodal regions. This correlation has been found by a numerical experimental
campaign carried out on single infilled frames under lateral loads modeled by using the
micromodelling and the macromodelling approaches. The former approach has allowed to evaluate
the rate of shear transferred from the infills to the surrounding frame members while the latter has
allowed to evaluate the axial force in the equivalent strut. In this experimentation, a very high
number of single infilled frames has been analyzed varying the characteristics of frame and infill
(weak frame with strong infill, strong frame with weak infill and so on). As a result of the numerical

experimentation, a parameter characterizing the single infilled frame has been found.

In details, the single infilled frame is identified by the parameter y defined as follows:

= ﬂ*f* fvom (20)
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where & is the beam height to column height ratio while A* is a parameter depending on the

geometrical and mechanical characteristics of the infills and the surrounding frame, that is already

defined by Eq. (8).

The parameter y is related to the “shear distribution coefficients” defining the ratio a=V/N
between the actual shear V on the end cross-sections of the frame elements and the axial load N
acting on the strut. The cross-sections mentioned before have been labeled with the acronyms,
BNW, BNW, BSE, CSE in agreement with the scheme inserted in Figure 10. In particular, the shear

distribution coefficients for the column base sections (e« . ) are correlated to the parameter y by

CSE

means of the following relationships as a function of the aspect ratio ¢ /h.
Qpep =1.03p "% (U/h=1) (21)
Qpgp =1.08y ™% (L/h=2) (22)
The actual shear demand on the column base cross sections is therefore calculated as:
Ve = e N (23)

The range of values of the parameter ocsg can be observed in Figure 11.

The following steps have been therefore undertaken for the push over analysis:

a) Identify the equivalents strut and y coefficients for each typology of infill (T1 to T4);

b) Identify acse coefficients for each typology of infill (T1 to T4);

¢) Undertake pushover analysis calculating step by step the actual shear demand by Eq. (23);
and

d) Compare at each step cross sections shear capacity and demand.

6. Assessment of the seismic capacity

6.1 General assumptions
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nfills—on—{rame—members: The effect of different types of structural models for the case study

structure has been discussed in order to highlight not only that a modeling neglecting the infills is
not appropriate, but also that a modeling considering infills by equivalent concentric struts lead to a
strongly not reliable assessment of the safety level. Also, it is shown that the simplicity of the
approach based on concentric struts can be maintained if a proper strategy for the assessment of the
additional shear is adopted. Finally, how to apply a new strategy for the assessment of the additional
shear based on a correlation with the axial force in the equivalent strut is shown.
The static pushover analysis (in X and Y direction) and the N2 assessment method has been used.
In particular, the following cases were analyzed and compared:

e BF: No infills (Bare frames)

e [F: Inclusion of infills by concentric equivalent struts (in this case the model is not able to

make the additional shear on columns produced by infills)
e [IF + Local: Inclusion of infills by concentric equivalent struts with the application of an
additional new strategy for the evaluation of local shear action

The near collapse (NC) limit state, corresponding to a 1463 years return period (0.359 g) has
been considered as a reference point (this is consistent with the fact that the building under study
serves as a school). The spectral parameters are shown in Table 6. These have been considered
based on the seismicity of the area and the subsoil properties. The near collapse (NC) elastic
response spectrum is reported in Figure 12 in the acceleration versus displacement (AD) format.
6.2 Dynamic characterization
A modal analysis has been performed for both BF and IF models. Comparing the results from the

BF and IF analysis, a reduction of approximately -75% of the periods of each mode has been found
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(Figure 13(a)) for the IF case, as result of the significant stiffening effect exerted by the masonry
wall panels. The reduction of periods is consistent with the fact that an infill may increment the
initial stiffness of a frame of over 15 times that means a growing of the stiffness-mass ratio of over
15 times and a reduction of 75% of the period. As regards to the level of stiffness increment, the
experimental campaign carried out by Cavaleri et al (2005) on infilled frames characterized by clay
tile masonry infills shows that this increment is possible (bare frame 17000 N/mm, infilled frame
245.000 N/mm).

On the other hand, the participating mass ratios in fundamental modes in the X and Y directions
found to increase for the IF model (Fig. 13(b)). Such trend reflects a regular distribution of infills in
plan and elevation. In the current case, the increase of the participating mass ratios was
approximately +50% in both directions.

6.3 Pushover analysis (IF and BF models)

The pushover analyses performed in X and Y directions for modal and uniform distributions (Figure
14), revealed substantial differences in the structural response for the BF and IF cases. In Figure 14,
the curve ends represent the near collapse limit state in one or more cross sections, corresponding to
their ultimate rotation capacity. Only the responses of the infilled structure along the Y direction
exibithed a non negligible reduction of strength in the post peak stage. In details, in the case of
modal distribution of the forces, the ultimate strength associated with the ultimate cross section
rotation capacity was lesser than the 85% of the peak strength while in the case of uniform
distribution of the forces the ultimate strength reached the 90% of the peak strength. Due to the
presence of the infills, the increase in stiffness was +700% in the X direction and +500% in the Y
direction. A simultaneous increase of overall strength (in the order of +100%) was also recognized
due to the presence of the infills. Despite the development of large base shear, a significant
reduction of the displacement at the top of the structure was observed (-45% on average). Local

ultimate rotations occurred at the base of columns, which suffered a significant axial load variation
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due to the overturning action generated by the presence of the equivalent struts and significantly
affecting their ultimate deformation capacity.

Also, the collapse mechanisms were significantly different for the IF and BF cases studied. The
presence of the infills induced concentration of structural damage on the lower floors and in
particular on the ground floor. This can be observed from the drift demand diagrams reported in
Figure 15 for all the force profiles considered. The pushover analyses on the BF model showed a
different distribution of the damage that generally increases with the height. This is due to the
reduction of lateral stiffness from the second to the third floor as it is evident in particular from the
pushover analyses carried out in X direction where a large damage (approximately 3%) at the top
inter-storey was observed.

The seismic performance assessment of the models has been performed in the acceleration-
displacement diagram by the standard N2 procedure. First, the equivalent SDOF bilinear responses
were determined (Figure 16) by the parameters included in Table 7. To this aim the pushover curve
of the infilled structure obtained under a modal distribution of the forces (the only one characterized
by a ultimate strength lesser than the 85% of the peak strength) was stopped to a value of the
ultimate strength of the 85% of the peak strength (see triangle marker in Figure 15-a). In this way
the equivalent bilinear response was made consistent with the use of the R,-u-T relationship by
Miranda and Bertero (1994) for the determination of the inelastic demand spectrum and the
performance point. The bilinear responses (capacity) were compared to the inelastic demand spectra

associated each time to the specific values R, u,, and T" (Figure 17).

From the results of the analyses it was found that for the bare frame (BF) model, a lack of
deformation capacity was noticeable along Y direction for both modal and uniform profiles. On the
other hand, the inclusion of the infills by means of the equivalent struts (IF model) resulted
favorably in any case providing positive outcomes for all the loading conditions considered. This

result seems to be apparently conflicting with the reduction of the overall deformation capacity
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recognized for the infilled structure but is, however, consistent because of the lower target
displacement required by the inelastic demand spectrum as a result of the large increase of strength

and stiffness of the system.

6.4 Effects of the infill-frame local shear interaction in pushover analysis (IF+Local model)

With reference to the procedure described in Section 5, the results of the pushover analysis for IF
model have been processed in order to determine the actual shear demanded to the column base
cross sections (IF+Local model). This allowed comparing the shear demand on columns at different
steps and their capacity within the same diagram. This kind of approach permitted to identify the
step, and then the displacement, at which an eventual shear failure of columns occurred, localizing
this event on the overall capacity curve. The shear distribution coefficients used to convert the axial
force acting on the equivalent struts into shear demand using Eq. (23), have been calculated
according to the expressions provided in Cavaleri & Di Trapani (2015) for the four infilled frame
typologies (T1 to T4) recognized and reported in Table 8.

The shear capacity of the columns (Vg) has been determined according to the following

expression provided by the Italian technical code (2008):

21



478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

Vi =Vee + Vi, (24)

in which v, and vV, are respectively the contribution to the strength given by the concrete and by

the transversal reinforcement. The concrete contribution is evaluated as:

+0.]5<7q,}bd with  k=1+ %SZ (25)

(100 p, f., )"
Ve

V,, = {0.181(

where b and d are the base and the effective height of the cross section, y, is a safety factor (here

assigned equal to 1), p; is the ratio between the total longitudinal reinforcement and the product b x

d and o, is the average compression stress on the column, here calculated as the ratio between the
axial force and the area of the cross section. The transversal reinforcement contribution has been

obtained using the expression:
A,
Vi, =0.91,,, T dcot gt (26)

in which A, /i is the transversal reinforcement area per unit length and cotg @ is assumed to be equal
to 1 in the hypothesis of an inclination of 45° of the concrete resisting strut. The geometrical
features of the ground level columns are reported in Table 9.

The actual distribution of the shear strength demand (Vp), found by the IF+Local procedure
has been represented for each of the ground floor columns in terms of base shear against the
pushover loading steps (Figure 18). Within the same diagram, the shear capacity curve of the
columns Vr superimposed. The variability of both the demand and capacity curves at each step
depends on the damage state reached by the system and on the compression level acting on each
column (o) accordingly.

From the intersection of the curves, the loading step at which the shear demand equals the

capacity and consequently the associated displacement corresponding to the first shear failure event
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has been determined. From Figure 18, the shear demand is exceeds the capacity in several cases for
the columns which are adjacent to the infills. The same fact cannot be observed in Figures 19 and
20 where the shear demand referred to the models IF and BF results lower than the shear capacity.
As regards to the model [F+local, the overcoming of the shear capacity of the base columns occurs
at really early displacements and before the achievement of the maximum base shear capacity (-50
to -40%) detected by the IF model (Figure 21). Thus, failure of the system initiates in the pseudo-
elastic phase of the capacity curve in correspondence of a base shear level greater than the one
associated with the bare frame but followed supposedly by a really limited deformation capacity
and load carrying capacity drop. The IF+Local model, by its definition, is able to predict the
overcoming of the shear capacity but not how the system evolves beyond this point. Despite this
limitation, that can be overcame only by the implementation of shear non-linear hinges
appropriately calibrated, the use of IF+Local model permits to detect if and where the presence of
the infills may affect the structural response of the system with the occurrence of potential shear
failures giving an important warning in all the cases in which shear critical elements surround
masonry infills.

It is true that pushover analysis is a tool that loses the complex dynamic phenomenon in terms of
general degrading and hysteretic behaviour but it gives information about the structural capacity
without the need to fix the dynamical parameters (cyclic laws for the materials, for the cross-
sections, etc,) to which the response is strongly sensitive with risk of much higher errors.
Obviously, the possibility to carry out reliable dynamic analysis remain a primary goal of the

seismic engineering as also prove the new orientations in the literature (e.g. Dolsek 2012, 2016).

7. Conclusions

In the paper the assessment of the capacity of the framed r.c. structure of a real school facility is

discussed. The aim of the work was to show
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a) the need to not neglect the demand of shear produced by infills as often done when a macro-
modelling approach for the infills is used,

b) the possibility to evaluate in a simple way the additional shear on columns produced by infills
even if concentric struts are used thanks to a correlation between equivalent strut axial force and
additional shear on columns,

c) the applicability in the practice of the correlation above mentioned,

d) to prove that the shear collapse can occur even before the reaching of the flexural strength,

e) to prove that, in the frame of the simplified approaches, in order to obtain a warning about the not
sufficient shear capacity, focusing the attention on the structure base columns and disregarding the
additional shear demand in the upper columns and in the beams may be a solution.

Different modelling approaches were used for the structure in question, namely: (a) bare frame
model (BF model); (b) frames with concentric struts for the infills (IF model); and (c) frames with
concentric struts for the infills with prediction of local shear action (IF+Local model).

The N2 method was used for the assessment of the structural capacity. The analyses highlighted
that 1) the presence of the infill masonry walls (modeled by a concentric equivalent strut) as
expected increases the overall strength and stiffness of the system and decreases displacement
capacity because of the anticipated achievement of the ultimate rotation of column cross-sections
caused by the strong axial load variation arising;

2) the use of concentric struts fails in the assessment of the safety level because the additional shear
demand on columns due to infills is not provided;

3) concentric struts can provide more realistic assessments only in the cases in which the columns
of the RC frames have an adequate shear strength; otherwise, shear failures may occur and the

actual capacity can be appraised only by implementing shear inelastic response at column ends;
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4) the additional shear in the columns may produce a strong reduction of the capacity as in the case
discussed here so to make absolutely unrealistic the evaluation of the structural capacity when the
modeling of infills is done by concentric struts;

5) this result is often not be expected as the fact that many authors disregard the additional shear
when they use concentric struts in the assessment of structure capacity proves;

6) the hypothesis of concentric equivalent strut, very simple from the modeling point of view, is,
however, possible if a strategy for the evaluation of the additional shear on columns is coupled;

7) a simple but strong correlation between the additional shear demand and the strut axial force
given in an analytical form, obtained after a numerical experimentation on a very high number of
infilled frame types, is available and usable for the practical applications as that here presented;

8) the above correlation allowed, maintaining the model simplicity, to recognize a capacity of the
structure, different from that obtainable in general by using concentric struts, without any
complication in the analyses;

9) for the aim to obtain a warning about an insufficient shear capacity, as here proved, the attention
may be focused on the additional shear demand to the base columns disregarding the additional
shear demand to the upper columns and the beams, this being consistent with an approach

simplified to the problem.
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