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Abstract. The masonry infill of RC frames structures is generally
considered as non-structural. The design of the concrete frames is often
made by ignoring the influence of the masonry infill, which is only
accounted for its mass. The experience on buildings submitted to
earthquakes shows that masonry infill walls completely change the
behaviour of bare frames due to increased initial stiffness and low
deformability. The way in which masonry infills affect the RC frames
members is difficult to predict, as different failure modes can occur either
in the masonry or in the surrounding frame. In addition to local effects, the
position of the masonry infills at different levels can lead to structural
irregularity, with a strong influence on the global seismic response of the
building. Less infilled stories, also called soft stories, have a particularly
unfavourable behaviour under seismic loads, as frame members at these
levels are more susceptible to failure. This paper analyses the differences in
the behaviour of bare and infilled frames through numerical modelling.
Nonlinear push-over analyses of infilled frames are carried out under in-
plane vertical and lateral loading. The infill panels are modelled as
equivalent single diagonal struts. Several force-displacements laws are
considered for these diagonals.

Key words: soft story, capacity curves, nonlinear analysis.

1. Introduction construction. Yet, their seismic behaviour is
Frame structures with infill masonry panels not easy to predidt, due to possible
are a very common and used type of interaction between frames and infill.
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The general design practice considers the
infill masonry panels as non-structural
elements. Neglecting the influence of the
infills is dangerous, as they may highly
modify the response of the structure,
with unfavourable consequences (Uva et

al., 2011; Kaushik et al., 2006):

— seismic forces acting on the infilled
structures can differ from those acting
on bare frames due to increased stiffness
and decreased vibration period;

— torsional effects may appear as a
consequence of the asymmetrical
position of the masonry panels;

— increased or different types of stresses
can appear in the frame members;

— soft-storey mechanisms can appear due
to the uneven distribution of masonry
panels along the height of the building.

The degradation of stiffness and strength
capacity under cycling loading can lead
to a general poor seismic performance
(Paulay and Priestley, 1992).

The uncontrolled interactions between
masonry and frames, and in particular
soft storey configurations can lead to
premature failure (Kirac et al, 2011).
Premature failure can also occur if the
masonry panels damage the concrete
columns. In this scenario, a progressive

collapse mechanism could be triggered
(Marchis et al., 2013).

Even if unreinforced masonry has a
brittle behaviour and low resistance to
seismic actions, experimental studies
show that masonry infills can have a
favourable influence on reinforced
concrete frame structures (Zovkic et al.,
2013, Kakaletsis and Karayannis, 2008).
Infilled frames are stiffer and stronger
and dissipate more energy than the
corresponding bare frames (Crisafulli et
al.,, 2000; Schwarz et al., 2015; Basha and
Kaushik, 2016).

Full scale testing is expensive and time
consuming and it does not always allow
identifying correlations between the
different parameters that influence the
failure pattern (Turgay et al., 2014).

For this reason, many attempts at creating
analytical or numerical models that allow
predicting the infilled frames behaviour
have been made since 1960. There are two
types of analysis methods, each having
some advantages and drawbacks (Fiore et
al. 2012; Shing and Stavridis, 2014). The
first method consists in representing the
infill walls by equivalent diagonal struts.
The second method consists in using
refined finite element models.

In this paper the equivalent diagonals
method is used. The scope is to draw
conclusions regarding the behaviour of
infilled frames wusing the simplest
modelling technique. This type of models
can, to some extents, be used by practicing
engineers for current building design. As
many earthquake design codes have no
clear rules regarding the modelling of the
infills, this paper aims to give practitioners
simple rules for structural analysis of
infilled frames under earthquake loads.

2. Overview of the numerical model

2. 1. Configuration of the model

Non-linear analysis is conducted on an
in-plane four storeys reinforced concrete
frame structure. In order to assess the
influence of the number of bays, two
types of configurations are analysed with
3 and 5 bays respectively. The storey
heightis chosen 3 m, and the bay length 4
m. The masonry infilled panels are
modelled as equivalent compressive
struts (Mainstone, 1971). Three types of
configurations are considered: bare
frames, fully infilled frames and ground
floor soft story.
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The frame elements are made of concrete
class C20/25, reinforced with
longitudinal and transversal PC52
profiled steel bars, with fya = 300 MPa.
The cross-section of the column is 40x40
cm, reinforced with 8d20 and 4d25 bars.
The beams are 25x45cm, with 3d16 as top
and bottom reinforcement.

Masonry infills are considered to be made
of solid clay bricks, with 25 cm thickness.
The masonry unit’s compressive strength
is chosen as 15N/mm? and the
compressive strength of the cement
mortar is chosen as 10N /mm?.

The vertical and horizontal loads are
applied as distributed on each beam. The
chosen value for the vertical loads at each
level is 50 kN/m. The lateral forces have
an inverted triangular distribution.
Nonlinear hinges are assigned to the
beams and columns (P-M hinges).

2. 2. Capacity curves for the masonry infills

Three types of models were considered
for the non-linear behaviour of the

compressive diagonal struts. These
models are mainly based on the
American code FEMA-306, 1998, the

Romanian design code P100/1-2013, and
the equations proposed by Fardis and
Panagiotakos, 1997.

The first model, further referred to as M1,
is based on the FEMA-306, 1998
equations for quantifying the stiffness,
the strength and the deformation capacity
of the infill panels.

The effective width of the diagonal
compression strut is:

a= 0 175 ’ (/11 ' hcol )70.4 : rinf

1
A= E -t -sin20 |*
4Efe]wlh

inf

where

hcol = column height between the centers

of the beams;

rinf = diagonal length of the infill panel;
me= modulus of elasticity which can be

taken equal to 550fm, with fn being the

compression strength of the masonry

tinr =thickness of the infill panel and

diagonal strut

Efe = modulus of elasticity of the frame

material (concrete)

Icol = modulus of inertia of the columns

hint = height of the infill panel

The general shear failure of the panel can
be defined in two steps, the initial and
final contributions of shear carried by the
infill panel being:

Vi = Ay 2N S e
V.=03-V_
Vmi = available initial shear capacity
Vme = final shear capacity as a result of
cyclic loading effects
Avh = net horizontal shear area of the
infill panel

These equationslead to the following results:
a=0.52m

fme = 3. 075 N/mm?2

Eme=3214. 25N /mm?

Vmi= 157. 9 kN

Vme=47. 4 kN

The value of the compression forces in
the diagonal associated with Vi and Vs,
Pmi and P are:

Pmi=197. 4 kN

Pmi=59. 2 kN

The nonlinear deformation capacities of
the infills, expressed in terms of story
drift ratio percentages, were considered 0.
6% for Life Safety Performance Level and
2.5% for collapse.

For the M2 and M3 models, the non-linear
behaviour of the infills is considered to be
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represented by a linear law, with four
branches (Fardis and Panagiotakos, 1997).
The width of the diagonal strutis chosen as
equal to 10% of its length.

For the M2 model, the force-displacement
law was chosen as follows. The
maximum strength of the diagonal strut
was computed using the formulas from
the Romanian seismic design code
P100/1-2013. The failure of the infill
corresponds to the crushing of the
compressed diagonal for the force value:
FRd,32 =fan 'Apan 'k4,pan
where fan is the design compressive
strength of masonry parallel to the bed
joint, Apan is the area of masonry panel
and kgpan is a coefficient that takes into
account the geometry of the panel.

The first branch, corresponding to the
initial stiffness of the diagonal, has the limit
Fer. Ferwas chosen as 0. 55 of the maximum
force based on results from tests on infilled
frames (Dolsek and Fajfar, 2008). The drift
ratio corresponding to the maximum load
was chosen as equal to 0. 25% based on
experimental tests (Chen et al, 2008;
Stavridis et al., 2012).

After peak force is reached, further
displacement leads to a decrease of the
force, down to the residual strength Fu.
The displacement corresponding to Fu is
assumed to be five times larger than at
maximum force. Fu is considered to be
20% of the maximum strength, based on
results of full scale tests (Dolsek and
Fajfar, 2008; Lee and Woo, 2002).

With the above assumptions:
Frax= FRd, 32 =222 kN
=122 kN
Fu=44. 4kN
For the M3 model, the first branch of the
law is given by the initial stiffness of the

masonry infill (Ke) and limited by the
shear cracking strength:

K :GW.tW.lM/
h

el
w

F,=f,t, I
Gw is the elastic shear modulus of the
masonry, tw and lw are the thickness and
the length of the panel, fi, is the shear
cracking stress.

w

The second branch of the M3 model is
given by the stiffness of the masonry and
the maximum strength:

_E b -t,
“d

F. . =130-F,
Enm is the elastic modulus of the masonry,
bw and dw are the width and the length of
the diagonal strut.

K

Compression force in the diagonal (kIN)

50 i,
0= : T T T
0 0.5 1 1.5 2 25 3
Diagonalstrain (%)
——M1 -=-M2 M3

Fig. 1. Considered force-strain curves for the
equivalent diagonal struts

The third branch corresponds to the
behaviour of the infill after cracking. The

stiffness after degradation and the
residual strength are:

Ksoft =-a- Kel

F, =001-F,

The parameter o was chosen 0. 01.

The following values were obtained, for
the M3 model:
Ker =779211kN/m
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Fer = 158kN stress level at collapse is lower. For the soft
Keee =146102kN/m story configuration (Fig. 4) even fewer
Fmax = 205kN plastic hinges form, which means that this
Ksort =14610kN/m type of structure has low ductility.
Fu=2kN

The three considered force strain curves
are shown in Fig. 1. For all the models,
the maximum strain waslimited to 2. 5%.

3. Results

3. 1. Failure modes

For all the considered configurations,
collapse corresponds to the failure of the
ground floor columns under combined
axial and bending stresses. The presence of
the infills alters the behaviour of the
structure. For the bare frame situation (Fig.
2) plastic hinges develop at all the beams
ends. Only after important deformations
occur in the beams (red and purple colour
of the plastic hinges) is collapse attained.
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Fig. 2. Deformed shape at final step for bare frame

structure (5 bays)
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Fig. 4. Deformed shape at final step for soft story
configuration (5 bays)

Regarding the forces that develop in the
diagonals, a certain difference is observed
between model M1 (Fig. 5) and model M2

(Fig. 6). Model M3 is similar to model M2.

Fig. 5. Compression in the equivalent diagonals
final displacement for M1 model

ST

Fig. 6. Compression in the equivalent diagonals at

final displacement for M2 model
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Fig. 3. Deformed shape at final step for fully
infilled frame structure (5 bays)

For the fully infilled structure (Fig. 3) fewer
plastic hinges form at beams ends and their

For the M1 model most diagonals are at
peak compressive force while for the M2
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and M3 models, many diagonals display
lower forces, as their strain is higher than
that corresponding to the peak value.

3. 2. Building stiffness

For all the analysed configurations, the
presence of masonry infills leads to an
increase of the building stiffness. This
change in stiffness can lead, depending
on the design response spectrum, to

higher = peak  acceleration during
earthquakes.
8
Z
6
5
4
3
2
1
¢ 5Bays
m Bare frame 1
B Fullinfill M1 464
BFullinfill M2 721
mFullinfill M3 7.16
i Soft story M1 281
Soft story M2 3.49
B Soft story M3 3.48

Fig. 7. Increase in stiffness of the structure when
compared to the bare frame situation (5 bays)

[ R ST TS+ T S '}

3 Bays

¥ Bare frame 1

m Fullinfill M1 435
B Fullinfill M2 6.43
B Fullinfill M3 6.72
m Soft story M1 2.79
I Soft story M2 3.33
B Soft story M3 3.34

Fig. 8. Increase in stiffness of the structure when
compared to the bare frame situation (3 bays)

The ratios between the initial stiffness of
a certain configuration and the stiffness

of the corresponding bare frame are
shown in Fig. 7 and Fig. 8 for 5 and 3
bays structures respectively. The value of
these ratios ranges from 2. 79 up to 7. 21.

3. 3. Lateral story drifts

The increase in stiffness is accompanied
by lower values of the story drifts at
ultimate displacement, in particular for
the upper stories.

The ratios between the maximum story
drift for a given configuration and the
maximum drift of the same story for the
corresponding bare frame are shown
for 3 bays structures in Fig. 9 and Fig.
10.
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Bare Fullinfill | Fullinfill | Fullinfill
Frame M1 M2 M3
Ground floor| 1.000 0.753 1.109 1.041
m 1stfloor 1.000 0.611 0.806 0.756
m2nd floor 1.000 0.373 0.404 0.361
m3rd floor 1.000 0.108 0.132 0.059

Fig. 9. Influence of the infills on the deformed
shape of the building (based on the relative value
of story drifts) for 3 bays fully infilled structures

As the drift ratios are not similar for all the
stories, it means that the infills modify the
deformed shape of the building, and
therefore the value and distribution of
stresses between frame members.

The ratios between the current story and
the ground floor drift for 3 bays
configurations are shown in Fig. 11 and
Fig. 12. For the bare frame structure,
similar  lateral  displacements are
observed for all the stories. The infilled
structures, in particular soft-storey ones
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display much lower drifts for 2nd and
3rd floor, with ratios as low as 0. 035.

12
= 1.0
=5
43
B, E‘-\, 08
s £
o m
c i
g 5 0.6
2 &
T ¥ 04
< 3
-g =)
=2 02
gg o
0.0
Bare Softstory | Softstory
Frame M2 M3
Ground floor 1.000 1.061 1.040
H 1stfloor 1.000 0.611 0.621
B 2nd floor 1.000 0.235 0.237
m3rd floor 1.000 0.056 0.039

Fig. 10. Influence of the infills on the deformed
shape of the building (based on the relative value
of story drifts) for 3 bays soft story structures
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and ground floor story drift

&l Bare Fullinfill | Fullinfill | Fullinfill
Frame M1 M2 M3
Ground floor 1.000 1.000 1.000 1.000
 1stfloor 1.319 1.071 0.959 0.957
m 2nd floor 1.233 0.611 0.449 0.428
m3rd floor 0.934 0.134 0.111 0.053

Fig. 11. Influence of the infills on the deformed

shape of the building (based on the normalized
values of story drifts) for 3 bays configurations

This explains the differences of the plastic
hinges at maximum displacement seen in
figures 5, 6 and 7.

3. 4. Force-displacement curves

The force-displacement curves for the
analysed structures are shown in Fig. 13 and
Fig. 14 for 5 bays configurations and in Fig.
15 and Fig. 16 for 3 bays configurations.

All the infilled structures display higher
maximum base shear, but lower
maximum  displacement. The three
modelling assumptions lead to similar
results. A slight difference is observed in
Fig. 13 between the M1 and the other two
models. This is due to the fact that in the
M2 and M3 models, after reaching
maximum value, the force in the
diagonals diminished for further lateral
displacement.
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Ground floor 1.000 1.000 1.000 1.000
m1stfloor 1.319 0.732 0.760 0.787
m2nd floor 1.233 0.278 0.273 0.281
®3rd floor 0.934 0.052 0.049 0.035

Fig. 12. Influence of the infills on the deformed

shape of the building (based on normalized
values of drifts) for 3 bays soft story structures
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Fig. 13. Base shear (kN) vs. displacement (mm) for
bare and fully infilled frames (5 bays)
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Fig. 14. Base shear (kN) vs. displacement (mm) for
bare frame and soft story configurations (5 bays)
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Fig. 15. Base shear (kN) vs. displacement (mm) for
bare and fully infilled frames (3 bays)
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Fig. 16. Base shear (kN) vs. displacement (mm) for
bare frame and soft story configurations (3 bays)

The number of bays does not seem to
have a strong influence on the general
behaviour of the structures. For both the
tully infilled and soft-storey configurations,
the final displacement is equal to
approximately 50% of the maximum
displacement of the bare frame.

3. 5. Dissipated energy

The area under the force-displacement
curves previously shown represents the
energy dissipated by the building. The
ratios between the input energy that
leads to collapse and the input energy
that leads to «collapse for the
corresponding bare frame are shown in
Fig. 17 and Fig. 18 for 3-bays and 5-bays
configurations respectively.

1.60

1.40

0.60
0.40

0.20

0.00

5Bays
mBare frame 1.00
m Full infill M1 1.120
EFullinfill M2 1.346
B Full infill M3 1.282
m Soft story M1 0.825
m Soft story M2 0.815
B Soft story M3 0.780

Fig. 17. Ratio between the input energy that leads
to collapse for a given configuration and for the
corresponding bare frame (5 bays)

Fully infilled configurations display an
increase in the input energy required to
attain collapse, up to 48%. Soft story
configurations display a reduction of this
energy, aslow as 22%. The ratios between
the input energy for which the building is
not damaged and the corresponding
energy for the bare frame are shown in
Fig. 19 and Fig. 20 for 3 and 5-bays
configurations respectively.
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Fig. 18. Ratio between the input energy that leads

to collapse for a given configuration and for the
corresponding bare frame (3 bays)
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mFEullinfill M1
mFull infill M2
W Fullinfill M3
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Fig. 19. Ratio between the input energy for which

the building shows no damage and the matching
energy for the bare frame (5 bays)

The computed energy for the soft-storey
configurations is practically identical to the
corresponding energy for the bare frame.
The computed energy for the fully infilled
configurations is much higher (up to 2. 7
times) than that of the non-infilled situation.

4. Conclusions

The numerical simulations show that
masonry infills alter the seismic behaviour
of reinforced concrete frames. The
considered diagonal force-strain curves

lead to similar results for the building
behaviour under combined in-plane
vertical and lateral loads. The number of
bays seems to have no influence on the
structural behaviour. For all the analysed
situations, masonry infills determined an
increase in stiffness for the building and
lower maximum story drifts.

3 Bays
1.00
1.990
Z2ailz
2.269
1.005
0.983
0.985

mBare frame

m Fullinfill M1

m Fullinfill M2

mFullinfill M3

m Soft story M1
= Soft story M2

B Soft story M3

Fig. 20. Ratio between the input energy for which

the building shows no damage and the matching
energy for the bare frame (3 bays)

In terms of energy, fully infilled frames
showed a much better behaviour than the
bare frames. Firstly, the input energy for
which the building shows no damage is 2 to
2.7 times higher. This means that for low or
moderate earthquakes, fully infilled frames
are less susceptible to be damaged. Asto the
input energy required to reach the collapse
of the structure, fully infilled frames also
performed better, with an increase between
12% and 48% of the energy when compared
to the bare frame situation.

Soft storey configurations required
similar input energy as the bare frames
for initial damage. Yet, for all the
considered scenarios, the total dissipated
energy before collapse of the structure
was only 80% of the energy dissipated by
the bare frame. This means that these
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configurations are unfavourable and
require a particular care during design, as
to avoid premature collapse of the
buildings during strong earthquakes.
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