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ABSTRACT
Infills can have a significant influence on the stiffness, strength, ductility, and other
key modelling parameters of non-ductile R/C frames, thus resulting in very different
response evaluation. They are quite often neglected in linear or nonlinear models
because of the modelling complexity and increase in computational effort. To
investigate the infill effects on the response of a sample 2D frame, three different
structural configurations are analyzed using the diagonal strut scheme proposed by
ASCE41/FEMA356: a) bare frame, b) partially infilled frame (pilotis frame) and c)
uniformly infilled frame. These configurations are analyzed through Static Pushover
Analyses, and Incremental Dynamic Analyses spanning a wide range of hazard levels
under a suite of 14 natural ground motions. Results from the nonlinear analyses
provide information on the interaction of the concentric/eccentric infill strut modelling
arrangements with the inelastic flexural and shear behavior of the frame elements, and
their impact on the global and local responses.

1. INTRODUCTION
Infilled frames are complex structural systems that exhibit a highly nonlinear behaviour.
The difficulties in accurately modelling the interaction with the structural frame under
earthquake loads complicates the analysis and lead structural engineers to consider
the infill panels as "non-structural elements" as a conservative design option. The
inelastic behaviour of Infilled frames is due to a number of effects, among which the
cracking and crushing of the masonry panel (Mehrabi 1996), the cracking of the
concrete in frame elements, the yielding of the reinforcing bars and local bond slip in
frame elements (Filippou 1986 and D’Amato 2012) and of the variation of the contact
length along the panel-frame interfaces (AL-Chaar 2001).
Different modelling techniques have been used for the analysis of infilled frames,
which can be divided into two main groups: 1) Local or Micro models 2) Simplified or
Macro-models. Micro modelling techniques allow the interpretation of the behaviour at
local level, a description of the cracking pattern, of the ultimate load and of the collapse
mechanisms. However they require detailed modelling and high computational effort
(Shing 1992 and Stavridis 2009). Macro modelling techniques are more simplified and
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easy to implement on larger structures than the micro modelling techniques (Crisafulli
1997). This approach is used to capture a more realistic global response of the building
despite the inherent limitations at the local level (component or section level) response.
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Fig. 1 Macro Modelling of Masonry Infill (a) Behaviour of Infill Frame (b) Formation of Strut (c) Bidiagonal Masonry Struts (d) Column subjected to Strut force (e) Beam subjected to Strut Force (f) Angle
of Inclination of Strut (g) Effect of Opening (h) To Capture the True local Response in the presence of
Opening (i) Partial Height Masonry Strut. (Courtesy Al-Chaar).

This research work focuses on a macro modelling approach and highlights the
effect of inelastic shear response of columns in infilled frame structures. The concept of
macro modelling is based on several experimental studies and is reported in
FEMA/ASCE41. Experiments (Pires1995; Negro 1996; Mosalam 1997; Schneider 1998
etc) have shown that under lateral forces, the frame tends to separate from the infill
near windward lower and leeward upper corners of the infill panels, causing
compressive contact stresses to develop between the frame and the infill at the other
diagonally opposite corners (Figure 1a). Recognizing this behaviour, the stiffness
contribution of the infill is often represented by an equivalent compression strut
connecting windward upper and leeward lower corners of the infilled frame. In this
analytical model, the thickness and modulus of elasticity of the strut are assumed to be
those of the infill therefore the problem is reduced to determining the effective width of
the compression strut (Figure 1b).
The evaluation of the equivalent width, “a”, varies in the published literature. The
simplest approaches, presented by Priestley 1992 and Angel 1994, assume constant
values for the strut width, “a”, between 12.5 to 25 percent of the infill diagonal length,
independently of the infill or frame properties. Stafford 1969, Mainstone 1971, and
others, derive complex expressions to estimate the equivalent strut width, “a”, that
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consider parameters such as the length of contact between the column/beam and the
infill, as well as the relative stiffness of the infill to the frame.
The expression used in this work was derived by Smith 1969 and Mainstone 1971,
and have yielded consistently accurate predictions of the infilled frame in-plane
behaviour when compared with experimental results (Smith 1969, Mainstone 1971,
Klingner 1976, and Al-Chaar 1998). This expression for the strut width “a”, given in Eq.
(1) and shown in Figure 1b, depends on the relative flexural stiffness of the infill and of
the columns of the confining frame.
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where (R1)i is the reduction factor for in-plane evaluation due to the presence of
openings, and (R2)i is the reduction factor for in-plane evaluation due to existing infill
damage.
As far as the global level response is concerned, the compression struts
representing infill stiffness of solid infill panels may be placed concentrically across the
diagonals of the frame, effectively forming a concentrically braced frame system (Figure
1c). In this arrangement, the forces imposed on columns and beams of the frame by
the infill are not represented. To account for these local effects, compression struts may
be placed eccentrically within the frames, as shown in Figure 1d and Figure 1e. If the
analytical models incorporate eccentrically located compression struts, the result
should yield infill effects on columns directly. The equivalent masonry strut is to be
connected to the frame members as depicted in Figure 1f. The infill forces are assumed
to be mainly resisted by the columns, and the struts are placed accordingly. The strut is
pin-connected to the column at a distance lcolumn from the face of the beam. This
distance is defined in Eq. (4) and Eq. (5) and is calculated using the strut width, “a”,
without any reduction factors.
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Several experimental studies and observations following earthquake events,
showed that the failure of the surrounding columns takes place before the failure of the
infill panel. This is usually observed at the top of the columns. In the case of weak
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frames, shear failure of columns is responsible for the development of fragile
mechanism. In this type of mechanism, the resultant infilled frame structure’s ultimate
capacity is significantly smaller than the sum of the single strengths of the infill and
frame.
Celarec 2013 observed that the strength of the structures and their deformation
capacity are considerably overestimated if the column shear failure due to the effects of
masonry infills is ignored, whereas the mean annual frequency of limit-state
exceedance for the analyzed limit states is significantly higher than that estimated for
the case if the shear failure of columns is neglected.
Relatively few researchers have attempted to explicitly include inelastic shear
response in assessment of R/C structures (Takayanagi et al. 1979; Thom 1983;
D’Ambrisi and Filippou 1997; Ricles et al. 1998; Petrangeli et al. 1999; Pincheira et al.
1999; Lee and Elnashai 2001; Elwood and Moehle 2003; Cosenza et al. 2006; Marini
and Spacone 2006). The limited number of such studies, compared to those dealing
with predominantly flexural response, should be attributed to the fact that the
determination of the shear strength of R/C members, and particularly of the shear
deformation characteristics, are still controversial or unresolved issues.
The price to be paid for the model simplicity (macro modelling technique) can be
found in its limitation to simulate directly the internal forces acting on the columns,
because the contact between the infill and the frame is neglected in the single-strut
model. Thus, several attempts have been made to extend the applications of simple
macro-models to improve their ability to simulate phenomena such as the interaction
between infill panels and weak/strong frame response. This study is also an attempt to
enhance the capability of macro models so to capture the true strength and deformation
capacity of infilled frames structures. In order to achieve the objective, inelastic shear
response of column proposed by Marine and Spacone 2006 is aggregated with
nonlinear beam column element in OpenSees frame work.
Seismic building codes such as Eurocode 8 (EC8) [DD ENV 1998-1 1996] contain
provisions for the design of infilled RC frames. EC8 (section 2.9) specifies that the
period of the structure used to evaluate the seismic base shear shall be the average of
that for the bare frame and the elastic infilled frame. The demand on the frame
members is then determined by modelling the frame without the infill struts. Recently, a
number of works have addressed the issue of the behaviour, design, and analysis of
infilled frames. Those making reference to EC8 generally conclude that Eurocode 8 is
overly conservative by not modelling the infill panels when evaluating member demand.
Fardis (2000) concludes that for infills with regular distribution, the overall effect of infills
is found to be beneficial and designing the structure as bare is conservative. The only
adverse effect for regular structures is a tendency for drift concentration in the bottom
storey; however, deformation demands in that storey are well below those required for
a soft storey mechanism. For structures with an open bottom storey, the concentration
of drift and structural damage of the bottom columns become significant. In structures
with infilled panels along two adjacent sides, the response can be quasi-torsional. As a
result, the far corner columns may need to be designed for the simultaneous peaks for
the two directional components. In all other respects, the RC frame may be designed
as bare.
Several efforts have been made to improve the method of nonlinear static analysis.
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The more realistic alternative to static pushover is represented by dynamic time-history
analysis. The development of probabilistic ground shaking hazard and characterization,
and the availability of ground motion databases, help to carry out time history analyses
spanning a range of hazard levels with a suite of input ground motion records. This
method is referred to as Incremental Dynamic Analysis (IDA), (Vamvatsikos 2002).
Being computer-intensive, IDA can benefit from parallel processing to accelerate
application on realistic structural models. The IDA approach can give a clear indication
of the relationship between the seismic capacity and the demand in terms of IDA plots.
These IDA plots mainly represent the relationship between seismological intensity
measures (IM), such as spectral acceleration at a reference structural period and
engineering demand parameters (EDP), such as peak floor acceleration, interstory drift
ratio etc. Furthermore, to review the results, IDA plots converted into 16, 50 and 84
percentiles summarized curves on such curves the desired limit-states can be defined
by setting appropriate limits on the EDPs. Although some open issues still remain as far
the scaling criterion of the ground motions is concerned (Faggella et al. 2013), IDA
remain a valuable tool for probabilistic performance-based characterization of structural
demand and for developing fragility curves.

2. METHODOLOGY
This paper deals with IDA analyses on 2D R/C infilled frame structures using the
OpenSees framework. In this approach, IDA are carried out on three different
configurations. The ground motion records have been selected using REXEL beta
(Iervolino 2010). The 14 unscaled signals (Figure 2a) are extracted from European
strong motion data by matching the NTC08 site specific target spectrum with a code
specified period range. Ground motion records are then linearly scaled over a range of
sixteen hazard levels from minor to severe hazard levels by using the probabilistic
hazard curve made available by INGV (Figure 2b). The selected records are shown in
the form of spectra in Figure 2c with the mean spectrum and the site specific target
spectrum from NTC08 for the 10% in 50 years hazard level. To assess the variation in
input hazard, the covariance in record spectral acceleration is shown in Figure 2d. This
figure also highlights the magnitude of covariance associated with the case study
frames corresponding to the period of the structure.
A detailed nonlinear computational model of the frame structure has been
developed, with the following assumptions:
1) Element types - All non-linear elements in the model are force-based fibersection beam-column elements. The beam-column element has five integration
points. Different model parameters are assigned to unconfined and confined
concrete. Section shear is also modelled using the section aggregator procedure
in OpenSees and providing a nonlinear shear constitutive law. Infill panels are
modelled by truss elements.
2) Constitutive models - There are several material models available in OpenSees
library. The Giuffrè-Menegotto-Pinto [CEB1996] stress–strain model is used for
the steel reinforcement. The Kent 1982 stress–strain relationship is used for both
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confined and unconfined concrete fibers (with zero tensile strength). For infill
panels, the back bone curve is determined according to ASCE41 provisions and
assigned to bi-diagonal truss elements by using a uniaxial bilinear hysteretic
material. To capture the local shear behaviour of frame members, linear and
nonlinear shear laws are imposed on column elements.
3) Model masses - The mass of the structure is modelled using lumped masses at
the nodes. Model masses are directly computed from the total dead load
including the self-weight and the superimposed dead load. The live loads are
accounted for with a 30% contribution in the model mass.
4) Viscous damping - The damping characteristics of the building are modelled
using mass and stiffness proportional damping with 2% of the critical damping for
the first two modes of vibration. The periods of these two modes estimated from
the Eigen solution using the initial elastic stiffness matrix.
5) Solution strategy - Newmark–
method is used as the time integrator with
coeffcients =0.50, =0.25 and a time step of 0.01. For solving the nonlinear
equilibrium equations the Newton–Raphson solution algorithm is used. Other
algorithms may be used depending on the convergence of the solution.
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6) Selected EDPs and IM - Peak floor acceleration and interstory drift are used as
engineering demand parameters (EDP) in this study. For the IDA probabilistic
characterization of the response the variation of the input intensity measure is
expressed in terms of peak ground acceleration (PGA) consistent with the
scaling of the ground motions.

3. CASE STUDY (2D FRAMES)
This work is focused on structures designed according to pre-1970s Italian codes,
which commonly exhibit a number of deficiencies related to design for vertical loads
only, inadequate confinement in the areas of potential formation of plastic hinges,
insufficient transverse reinforcement in the nodal regions, inadequate detailing of both
longitudinal and transverse reinforcement, low concrete strength. The objective of this
research is to identify the effects of inelastic shear law on column and frame response,
therefore the case study frames are categorized into two configurations: 1) frame with
linear/elastic shear law, and; 2) frame with nonlinear/Inelastic shear law.
3.1 Frame with Linear/Elastic Shear Law
In this configuration, masonry infill panels are modelled as concentric struts (with the
arrangement shown in Figure 3). All frames have beam column elements with
linear/elastic shear constitutive models as shown in Figure 3d.
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Fig. 3 Concentric Strut Scheme with Elastic Shear Law (a) BF - Bare Frame;
(b) UIF -Uniformly Infilled Frame (c) PIF - Partially Infilled Frame (d) Section Linear/Elastic Shear Law

UIFs

BFs

(a)

(b)

PIFs

(c)

Fig. 4 Eccentric Strut Scheme with Inelastic Shear Law on short columns (a) BFs - Bare Frame + NL
Shear(b) UIFs - Uniformly Infilled Frame + NL Shear (c) PIFs - Partially Infilled Frame + NL Shear
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3.2 Frame with Nonlinear/Inelastic Shear Law
In this configuration (shown in Figure 4),
struts in infilled frames. The short portions
scheme are assigned nonlinear/inelastic
configurations including the bare frame. All
shear constitutive law.

masonry panels are modelled as eccentric
of columns created by the eccentric strut
shear law for all 3 types of frames
other beam column elements have elastic
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Fig. 5 Section Shear Law (a) Different Shear Models ((i) Ductile & (ii) Brittle);
(b) Shear Hysteresis Response of Section

The inelastic shear constitutive model used in this case study is the one proposed
by Marini and Spacone 2006 (shown in Figure 5) for constant axial load. In recent
major earthquakes and in several experimental studies on infilled frames, the failure of
the surrounding columns was observed prior to the infill panel failure. This is due to the
shear forces induced by the interaction between frame columns and the infill panel. The
larger shear force occurs along the contact length near the loaded corners where the
sliding shear failure occurs, usually at the top of the columns. In order to capture this
particular type of failure mechanism the eccentric strut scheme is used in this case
study, which allows the strut force to be directly transferred to the column. The potential
resulting shear failure can be captured using a nonlinear V-γ law, (shown in Figure 5a).
The shear law has a peak point at VRd, γ y, which represents the section shear capacity.
A linear descending branch follows the peak point whose initial and final points are VRd,
γy and Vu, γu, respectively. The last point represents the residual shear capacity, for >
γu V = Vu. By selecting the residual shear capacity either larger or smaller than the
shear capacity VRd, ductile (i) or brittle (ii) shear failures can be modelled (Figure 5a).
This way, the brittle failure of unreinforced or lightly reinforced concrete beams as well
as the more ductile failure of fiber-reinforced concrete structures or jacket-strengthened
members can be modelled. The hysteretic response of the column section shear law is
shown in Figure 5b.
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4. NUMERICAL RESULTS
Presented here are some preliminary results from the IDA analyses to compare the
response obtained with the different configurations of infilled frames and to evaluate the
impact of the shear strength and nonlinear shear rule in the eccentric infill strut
arrangements.
Results are presented in the form of IDA curves of different EDPs at increasing
hazard level assuming the PGA as IM. IDA curves are presented in terms of mean
value of the max EDP and mean +/- the standard deviation.
By comparing Figures 6a and 6b it is observed that in the configurations of bare
frame and partially infilled frame accounting for the nonlinear shear law in columns
does not influence the EDP maximum interstory drift ratio (max IDRmax). The shear
strength and hysteretic rule become influent for the uniformly infilled configuration only
after the PGA=0.15g hazard level, where a considerable increase in IDRmax is
observed. This is due to the failure in the short columns and results in some stress
release in the corresponding infill struts/panels, according to the nonlinear rule chosen
for shear behaviour.
Figures 6c and 6d show that EDP peak floor acceleration (PFAmax) is not
considerably affected in the configurations of bare and partially infilled frames. On the
other hand, in the case of uniformly infilled frame the PFAmax decreases for IM greater
than PGA=0.15g, due to the rapid stiffness degradation following failure of the short
columns). Similar observation can be made for the case of EDP maximum base shear
as shown in Figures 6e and 6f.
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The plots in Figure 7 are obtained combining the mean IDA curves shown in Figure
6 in terms of max Base Shear vs. max total drift (i.e. the max roof displacement divided
by the total building height). The curve so obtained give a measure of the dynamic
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capacity of the structure obtained through the IDA at different hazard levels. The
demand obtained for IDA at 63%, 10% and 5% in 50 years probability of exceedance,
are highlighted to compare the structural capacity at the code-mandated performance
limits. Similar observations can be made regarding the higher impact of shear strength
in the short columns only for the uniformly infilled model at the higher hazard levels.
Similar to what observed in the previous IDA plots, the partially infilled and bare frame
configurations are not significantly affected by the shear behavior when accounting for
the eccentric infill-frame interaction.
Figure 8 shows the comparison between the nonlinear static and nonlinear dynamic
response for all frame configurations. Figure 8a summarizes the different pushover
curves obtained in the three configurations, showing the bigger impact of shear
strength in the uniformly infilled scheme. Good agreement is generally found between
the IDA capacity curves and the pushover capacity curves except for the bare frame
configuration probably due to the multi-modal contribution which is captured by IDA.
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Figure 9 shows the impact of the NL shear behavior in the different models by
taking the ratio of the max EDPs measured with the NL shear behavior to the value of
the EDP obtained with elastic shear rule. It is evident how the response of the bare
frame model and of the partially infilled model is not affected by the shear behavior,
neither in terms of drift, acceleration nor base shear. Instead, in the case of uniformly
infilled frame there is a significant influence of the shear behavior on the overall drift
response. The shear behavior is activated from hazard levels higher than the 63%PoE
in 50 years, and results in drift amplifications in the order of 2 to 2.3 for PGA intensities
in the range of 10% to 5%PoE in 50 years.
Figures 10 and 11 compare the covariations in input and in system response and
the impact of the nonlinear shear model on the dispersion of EDPs. At low PGA
intensities the structures respond in the linear range, therefore the COVs of the EDPs
are comparable to those of the input hazard at the different fundamental periods. As
the systems develop nonlinear behavior the COV of EDPS is expected to more
markedly depart from the COV of the input due to the structural period shift.
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In Figure 10b for the models with elastic shear, the COV of IDR shows a generally
increasing trend as the input intensity increases. The PIF shows a clearly increasing
trend only for PGA greater than 0.12 g. The IDR of the BF model does not show a clear
trend. The COV of EDP PFAmax decreases with the hazard level in all models, as
shown in Figure 10c.
In the case of configurations with nonlinear shear behavior and eccentric struts,
shown in Figure 11, for the uniformly infilled frame the increasing trend of COV of
IDRmax is interrupted by a sharp peak for PGA in the range 0.15g to 0.28g. This
behavior can be ascribed to the shear failure of the short columns. Accounting for the
nonlinear shear behavior does not affect the trend of the COV of PFAmax for all models
considered.
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Fig. 11 Propagation of dispersion in input hazard to IDA Structural Response with nonlinear shear law.
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5. CONCLUSIONS
This paper presented a study of the nonlinear seismic behaviour of a non-ductile
structure in presence of strong infill-frame interaction using performance-based
methods and a probabilistic framework for the analysis of the response.
Results from conventional design configurations that are typically used in design
practice, such as the bare frame configuration, and the indefinite shear strength
assumption, are compared with more realistic models of components and mechanisms.
A nonlinear shear behaviour is incorporated in the columns sections which accounts for
the EC8 provisions for the shear strength and softening behaviour, thus representing
the realistic interaction of the frame with eccentric infill struts. ASCE41 provisions are
used to model the nonlinear infill behaviour of the equivalent struts.
The results are processed through IDA curves which allow to trace the response
over a range of input intensities and to identify the main mechanisms that dominate the
response. This is done through a number of configurations across the uniformly infilled
model, by the partially infilled model and by the bare frame model.
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We find that in the configurations of bare frame and partially infilled frame
accounting for the nonlinear shear law in columns does not influence the maximum
interstory drift ratio. The shear strength and hysteretic rule become influent for the
uniformly infilled configuration approaching the life safety limit state, where a
considerable increase in drift is observed. Other structural response parameters such
as floor accelerations are generally not affected by the shear strength in frame-infills
interaction.
It was also observed that the strength of the uniformly infilled frames and their
deformation capacity are significantly overestimated if the column shear failure due to
the effects of masonry infills (strong infill) is neglected, whereas the mean annual
frequency of limit-state exceedance for the analyzed limit states is significantly larger
than that estimated for the case if the shear failure of columns is neglected.
The prevalence of the shear mechanism is also detected by processing the statistics
of the response and by comparing the covariance of the output with that of the input
ground motions.
The preliminary results and the probabilistic performance-based approach are being
used to develop a simplified method of assessment of the vulnerability of frames prone
to shear failure due to infill-frame interaction. Further analyses will incorporate also the
fragile shear behaviour of beam-column connections. Extension of the study in
presence of local strengthening will provide information also on the performance
achievable with sustainable retrofit solutions such as wrapping with fiber reinforced
polymers or other low-impact technique.
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