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Abstract

Infilled frame structures with unreinforced masonry (URM) infills is a common construction practice
all over the world. To correctly assess the seismic performance of these structures, the analysis of the
behaviour of masonry infills under in-plane (IP) and out-of-plane (OOP) loading, as well as their
interaction, is of primary importance. Different approaches are available in the literature with
different level of approximation for the prediction of the IP-OOP infill behavior that state an
increasing interest in this field. In this context, this paper presents a new macro-element model which
is able to simulate the behaviour of URM infill walls under seismic IP and OOP actions. The model
is the evolution of an approach having a 4 struts configuration characterized by one horizontal strut,
one vertical strut and two diagonal struts representing the infill wall. The struts are modelled by fiber
section beam-column elements and their compressive behavior is defined by empirical strength and
strain parameters. The paper also presents the empirical equations to obtain empirical parameters
based on mechanical properties of infill wall. Further, the validation of the proposed model with the
experimental results available in the literature is discussed. Through the paper, the improved capacity
to simulate arching mechanism in the infill walls under the action of OOP load and a better reliability

in capturing the interaction effects between the IP and OOP actions are described.

Keywords: URM infill, macro model, In-plane (IP) and out of plane (OOP) interaction

1. Introduction

Infilled frame structures with unreinforced masonry (URM) infills is a common construction practice
all over the world. Recent earthquakes have shown that such buildings’ performance is strongly
associated with the behavior of the URM infill walls. The observed damage types in these types of

infill walls are mostly classified as either in-plane (IP) or out-of-plane (OOP) damage, although the
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damage mechanisms are usually a combination of both IP and OOP. Experimental studies have been
carried out in order to characterize the OOP performance of the URM infill walls considering
previous IP damage [1-5]. Experiments have also been conducted to understand the influence of prior
OOP damage in the IP behaviour of the infill walls [6-7]. However, IP loading followed by OOP
loading is more common among experiments since it is more critical in the seismic performance of
infilled frame structures. These studies have demonstrated that OOP capacity of the URM walls
reduce with the increasing IP demands, and it is important to consider the IP-OOP behaviour and
their interactions in the numerical modelling. More recently, experiments by Ricci et al. [8] and De
Risi et al. [9] have also highlighted the need of considering the previous IP damage when estimating

the OOP capacity of the URM infill wall.

Theoretical models and numerical techniques have been developed to account for the influence of
infill walls on the overall response of infilled frame structure. The model of single equivalent diagonal
strut has been the most popular and used first in the literature [10-19]. However, researchers have
also found out that the use of single diagonal strut do not accurately addresses different aspects of the
interaction between the frame and the infill and have proposed multiple diagonal struts instead to
simulate the behaviour of masonry infills [20-26]. The concept of single equivalent diagonal strut
have been extended to have reliable estimations of the stiffening effects of infill walls [27-28].
Similarly, inelastic behaviour of the equivalent diagonal strut under the action of monotonic loading
was introduced to capture the nonlinear behaviour of the infilled frame [29-31]. Different techniques
have been implemented in performing the cyclic analysis of infilled frame with the use of equivalent
diagonal strut [32-35]. But, the concept of modelling the infill wall with an equivalent single or

multiple struts remained limited to the representation of IP behaviour of the infill walls for long time.

The first model that could consider IP as well as OOP resistance of the infill wall under the action of
combined IP and OOP load was given by Hashemi and Mosalam [36]. In this model, an infill wall is

represented by a three dimensional strut-and-tie (SAT) model. The model has two diagonal struts



30 (one in each direction) and each of the two diagonal struts is modeled by four pin-connected

31  compression beam elements jointed by a tension tie, common to both diagonal struts (Fig 1).
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Non linear element
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Diagonal strut
33 Fig 3 Macro model for IP-OOP interaction (Furtado et al., 2015)
34

35  Later, Kadysiewski and Mosalam [37] and Mosalam and Giinay [38] proposed a single-strut model
36  consisting of two fiber-section beam-column elements connected at the midpoint node with an
37  assigned lumped mass (Fig 2) for the consideration of the response of the infill wall in the OOP
38  direction. The diagonal strut is provided with both tensile and compressive characteristics. The cross-
39  section of the beam-column element is modelled by locating nonlinear fibers along a line in the OOP
40  direction. The calibration of the model is done at the fiber level by assigning different material

41  properties to fibers at different locations in the cross section for the desired elliptical interaction of IP
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and OOP load capacities. The macro model was developed in the open source software platform

OpenSees [39].

Furtado et al. [40] proposed another simplified macro-model to simulate the IP and OOP behaviour
of infill walls. The model is based on the approach of Rodrigues et al. [34] which was originally made
to capture the IP behaviour of infill walls. In this model, each masonry infill wall is simulated by four
diagonal struts with rigid behaviour and one central element where the non-linearity hysteresis is
concentrated (Fig 3). To simulate the OOP behaviour, two central nodes with mass distributed equally
to each node are introduced in the model. The model follows the element removal algorithm as in the
model of Kadysiewski and Mosalam [37] and uses the trapezoidal IP-OOP interaction of load
capacities to identify the damaged struts. Al Hanoun et al. [41] revalidated the concept of Furtado et
al. [40] in the platform SAP 2000 [42] to identify the failure pattern and damage grades of primary

(frame) and secondary elements(infill wall) of the RC frame structures.

All the aforementioned models are not straightforward, the calculation required is rigorous and are
not easy to put into practical application. More recently, a four-strut macro element model was
proposed by Di Trapani et al. [43] that can take in to account the IP and OOP behaviour of infill wall
as well as their interaction (Fig 4). This macro model has two diagonal struts, one horizontal strut and
one vertical strut. Each strut is represented by two fiber-section beam-column elements connected by
a node at the mid-span. These 4 mid-span nodes can move independently in IP direction while they
are constrained to move together in the OOP direction. In the model, the compressive behavior of the
struts is defined by empirical strength and strain parameters. The use of fiber section elements to
directly take into account the arching mechanism of infills during OOP load has been discussed in
Asteresis et al. [44]. The accuracy of the model in simulating IP response is good but the model in
some cases does not consider OOP response effectively. The other drawback of this model is the
identification of the mechanical parameters to define the compressive behavior of the struts that is

not based on a univocal procedure. Di Trapani et al. [45] have tried to establish a correlation based
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approach to get the empirical parameters. However, the empirical equations are proposed to get the

parameters for the IP analysis of the infilled frame.

In this paper, the macro-element model by Di Trapani et al. [43] has been modified to increase its
accuracy in simulating both IP and OOP responses of the URM infill wall. The modified macro model
retains similar 4 struts configuration, but has some major changes that makes this model simple and
better. The proposed model has been validated with the experimental results. This paper also presents
empirical equations to derive the empirical strength strain parameters which are required to define

compressive behaviour of struts used in this macro model.
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Fig 5 Proposed modified four strut macro model
Fig 4 Four strut macro model by Di Trapani et al. (2018)

2. Numerical modelling: Modified four strut macro model

The proposed model is a modification of the macro element model proposed by Di Trapani et al. [43].
The modified model retains its earlier 4 struts configuration i.e. there are two diagonal struts, one
horizontal and one vertical strut. Each strut is represented by two beam-column elements connected
by a node at the mid-span (Fig 5). These 4 mid-span nodes can move independently in IP direction
while they are constrained to move together in the OOP direction. The macro model is formulated
considering some basic requirements; the model has to account for the IP resistance of the infill wall,
the model has to account for the arching mechanism under the action of OOP loads, the model has to

account for the interaction between the I[P and OOP actions and the model has to be simple to be used
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in practice for seismic analysis of infilled frame structures. Some major changes made in the proposed

modified macro model are as follows:

a. All the struts i.e. diagonals, vertical and horizontal struts, are transformed (rotated) so that all
struts contribute more in OOP resistance, compared to transformation of only diagonal struts in
the previous model.

b. All the struts are restrained against rotation at their connections with the frame rather than pin
jointed to enable the struts to take into account the arch mechanism more effectively.

c. Single value of effective compressive strength is used for all struts rather than using the
“effective” compressive strength for diagonal struts and actual compressive strength of infill wall
for the horizontal and vertical strut.

In the model, the width of the diagonal struts ‘wq’ is taken as one-third of the diagonal length ‘d’

while the width of the horizontal strut ‘wy’ and vertical struts ‘wy’ are calculated as a function of wy,

that is
d

wa=z ; d=\I7+n" [1a]

—h-—_d 1b
Wh = cose [1b]

Wq

— 1< 1

Wy sine [1c]

1 and h are the clear length and height of the infill wall, respectively. I’ indicates the centre to centre
distance between the columns while h’ indicates the distance from top of the lower beam to the centre

of the top beam. The dimensioning of the struts are shown in Fig 6.

If ‘wq’ is the width of the diagonal strut, ‘wa/cos’ is the total contact length between the diagonal
struts and the columns and ‘wq/ sinf’ is the total contact length between with the diagonal struts and
the beams. The thickness of all the struts are equal to the thickness of the infill wall. For simplicity,

the thickness of the diagonal, vertical and horizontal struts are designated as ‘t’.
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Fig 6 Dimensioning of the diagonal, vertical and horizontal struts

For a fiber-section beam element, the rate of internal force increment $°(x) at a section can be related
to the rate of increment of the section deformation, €°(x) through the tangent stiffness matrix k3 (x),

by the following relation in Eq. 2.

$500 = [BNA((X)) = k300 = [(9] = K oerco 2]

where €, is axial strain rate at centroidal axis of beam, k is the rate of change of section curvature,
N (x) is the rate of change of axial force while M (x) is the rate of change of bending moment. After
cracking in the fiber section, the change in the axial load and bending moment is related to the change
in the axial strain and curvature as follows:

NX) = k"sr,néo + k"sr,lzk [3a]
M(x) = k1€ + k555K [3b]
The section stiffness and resistance derives from the uniaxial stress—strain relation specified for each
fiber in the section. The compressive behavior of masonry is represented by using an appropriate
constitutive model for the strut elements. Kent—Park model [46] for concrete with the tensile strength
equal to zero is chosen for this purpose (Fig 4). An update is made in this modified model regarding
the use of compressive strength for the struts. In contrast to the previous provision of using the so-
called effective compressive strength for the diagonal struts and the actual compressive strength of
masonry for the vertical and horizontal struts, a single value of an effective compressive strength is

adopted for all the struts evaluated by an approach different from that adopted for the previous
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strategy, that was proved to be not always reliable. This provision has further simplified the model.
To represent the IP resistance, actual thickness of the infill can be applied for all struts and it yields
good numerical results. But, for the case of OOP resistance, the use of the actual infill thickness as a
strut thickness yields comparatively low strength. Hence, to accurately represent both the IP and OOP
resistances of the infill wall, the width and thickness of the all the diagonal, vertical and horizontal
struts are replaced by surrogate values that maintain the same cross-sectional area. The surrogate

values can be obtained with the following procedure.

To determine the surrogate width ‘W’and surrogate thickness ‘t’ of the struts, it is assumed that the
OOP resistance of a strut ‘q’ is proportional to the compressive strength of the masonry ‘fin’ and the
strut width ‘w’ and is inversely proportional to the square of the slenderness ratio ‘Is/t’ of the strut as

follows (this procedure is also discussed in detail in Di Trapani et al. [43]):

f, W
(&)
t

In Eq. 4 ‘Is’ is the length of the strut. If fi, is to be replaced by fmo to ensure the IP behavior is reliable

q [4]

and the OOP resistance is to remain the same, the strut width ‘w’ and thickness ‘t” have to be replace
by ‘W’ and ‘¥’ so that
fnw  f oW

5\ (L)

t t

To maintain the correct IP resistance, the cross-sectional area of the diagonal strut has to remain

[5]

unchanged, i.e. the area of the surrogate strut should be equal to the area of original strut.
wt=Wwt [6]
Substituting the expression for w from Eq. (6) into Eq. (5), one gets

fpw fpowt

B
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On simplification and with relation to Eq. (6), the following relations for the surrogate width and

thickness of the strut can be obtained:

f
W= ——w [8a]
fin
f
t=—t [8b]
me

According to this procedure, the surrogate width and thickness of all the struts can be calculated if
the compressive strength (fi), the effective compressive strength (fio), and the original strut width
(w) and thickness (t) are known. The surrogate width of diagonal, vertical and horizontal struts are

b

represented by ‘Wq’, ‘W’ and ‘W;,’ respectively while the surrogate thickness for all struts is
represented by t. The consideration of geometric nonlinearity in the model (in case of slender strut)
is done by the use of beam-column elements formulated with the Corotational coordinate
transformation. For hollow infill masonries, the properties like compressive strength ‘fi,” and elastic

modulus ‘En’ are usually not same in the direction of holes and perpendicular to the holes. The

equivalent properties are derived by following the Egs. 9:

fm = Vfm1- fm2 [9a]
Em = VEm1-Emz [9b]
The definition of fi, and En is purely conventional and this technique relates well with the equivalent

strut stress—strain parameters to be used in the model. For the infill wall with solid masonry, the

properties are considered equal in both vertical and horizontal directions.

3. Validation of the proposed macro model

The proposed model has been validated with some of the experimental data available in the literature.
Angel [1] tested seven full-scale, single-story, single-bay RC infilled frames with both IP and OOP
loads. The design details of the specimens are shown in Fig 7 while the geometric and material

properties of the infills are given in Table 1. The specimens were first subjected to IP cyclic lateral
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displacements until the infills reached double the drift of first cracking. The IP displacement history
applied is shown in Fig 8, in which A is the displacement at first cracking in the infills. Then the
masonry infills were applied with monotonically increasing pressure in the OOP direction using an
air bag. Specimens 2 and 3 which had the same infill thickness but different mortar properties
subjected to IP drift of 0.34% and 0.22% respectively before applying OOP load are taken for the

validation of the proposed model.

Numerical simulations were carried out in the software platform OpenSees. Frame elements as well
as strut elements were modelled by fiber-section beam-column elements with distributed plasticity.
Concrete 02 material model available in the numerical platform is used to simulate the behavior of
the concrete and infill wall while reinforcement in the frames were simulated using Steel02 material
model. Loading is applied in a similar pattern as used in the tests. The IP lateral displacement is
applied at the upper nodes of the frame model and the OOP load is applied at the centre of the struts
representing the infill centre. The geometrical and mechanical properties of the diagonal, vertical,

and horizontal struts are presented in Tables 2 as determined.
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Fig 7 Details of Infilled frames tested by Angel (1994)
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Table 1 Geometrical and material properties of the masonry infills in Angel (1994)

Specimen fin1 fin2 Em1 Em2 fin Em 1 h t I h’ d
N/mm? | N/mm? | N/mm? | N/mm? | N/mm? | N/mm? mm mm mm mm mm mm

2 10.85 10.85 8040 8040 10.85 8040 24384 | 1625.6 47.6 2743.2 1782 3271.2

3 10.13 10.13 52124 | 5212.4 10.13 52124 | 2438.4 | 1625.6 47.6 2743.2 1782 3271.2

Table 2 Geometrical and mechanical properties of diagonal, vertical and horizontal struts calculated for Angel (1994)

Specimen Wd Wy Wh VVd VVV VVh t fino finu Emo Emu
mm mm mm mm mm mm mm N/mm? N/mm?

2 1090.4 472.6 315.1 261.3 113.3 75.5 198.6 2.6 1.56 0.0038 | 0.018

3 1090.4 472.6 315.1 387.5 168.0 112.0 133.9 3.6 2.16 0.0030 | 0.015

The material property of the strut fibers are defined by using 4 parameters, namely, fmo, fmu, €mo and
emu. These parameters are chosen in such a way that the numerical results match closely with the
experimental results. The numerical results for the IP and OOP responses are shown in Fig 9 &10.
The correlation between the experimental and the numerical results is reasonably good in spite of the
simplicity of the model. The numerical results from the proposed model is also compared with the
results from the earlier model given in Di Trapani et al. [43]. It can be observed that both the models
yield similar IP response but the OOP response of the proposed modified model is more close to the
experimental result. The improvement is better seen in the response for specimen 3. This verifies that
the modified model accounts for OOP response comparatively better i.e. the proposed modifications

enable the model to account for both IP and OOP responses of URM infill wall in a reliable way.
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Fig 9 Comparison of responses for specimen 2 of Angel (1994): a) IP responses; b) OOP responses
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Fig 11 Role of horizontal, vertical and horizontal struts in OOP resistance for Angel (1994)

Fig 11 shows the role played by horizontal, vertical and diagonal struts separately in OOP resistance.
According to the proposed model, diagonal and vertical struts offer bigger resistance while the

horizontal strut has the least contribution in OOP resistance of infill wall.

The proposed model is further tested with other sets of experiments. The experimental studies which
involves the cyclic IP loading at the top of infilled frame followed by monotonic OOP loading using
the uniformly distributed load (air bag) or concentrated load (4 load points at the centre) on URM
infill wall have been considered: Calvi & Bolognini [3]; Ricci et al. [8]; De Risi et al. [9]; Da Porto

et al. [47]. Some other experiments which deals with IP and OOP load acting one after another to
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determine the influence of prior IP damage on the response of URM infill wall like Flanagan &
Bennett [2], Pereira et al. [48], Hak et al. [49], Furtado et al. [50] have not be considered for numerical
simulation due to various reasons. For example, the experiment by Flanagan & Bennett [2] does not
provide the IP response of specimen subjected to IP load followed by OOP load (specimen 19).
Likewise, the experiment of Pereira [48] does not give details of the vertical load and the masonry
properties in two perpendicular directions for the infill wall made with hollow brick. The experiment
of Hak et al. [49] involved OOP loading —unloading- and reloading using a set of horizontal linear
points on the center of infill wall on both force and displacement controlled approach and this type
of OOP load is not better simulated numerically. Furtado et al. [50] tested single leaf wall in pure
OOP load and double leaf wall first in IP direction and then in OOP direction by removing the internal
leaf for comparison of the influence of previous IP damage. This feature of test involving the change
in the number of infill wythe or thickness during IP and OOP loading makes it difficult to simulate

numerically.

Calvi and Bolognini [3] tested an unreinforced infill panel with clay unit of thickness 135 mm. The
details of the tested infilled frame specimen is shown in Fig 12. The tests were performed under the
action of vertical loads applied on the columns. Infilled frame was subjected to two different IP drifts;
0.4 % (specimen 6) and 1.2 % (Specimen 2) and followed by OOP load applied monotonically on
four load points. Specimen 6 (#6) is taken for the numerical simulation by using the proposed model.
Da Porto et al. [47] tested RC frames infilled with URM walls made of up clay masonry units of
thickness 30 cm. The geometric details of the reference frame is shown in Fig 13. The experiment
was conducted in the presence of vertical load applied in each column. In-plane quasi static cyclic
horizontal displacement was imposed at the level of the top beam to a drift of 1.2 %. After the
application of cyclic in-plane drift, the infill panel was subjected to monotonic out-of-plane load at

four load points until collapse.
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Ricci et al. [6] experimented two set of infill walls of thickness 80 mm (specimen #1) and 120 mm
(specimen #2) to determine the influence of the slenderness ratio. Both of these specimens were tested
for pure OOP load and also in IP load followed by OOP load. Specimens were subjected to three
different level of IP drift before loading to OOP direction. IP tests were performed using quasi-static
cycling loading at one end of the upper beam while OOP tests were performed using the four point
loading method at the center of the infill. The details about the tested frame is show in Fig 14. For
the numerical simulation, OOP response after the first level IP drift i.e. 0.16% for specimen #1 and
0.21% for specimen #2 is selected. De Risi et al. [9] continued the experimental campaign of Ricci
et al. (2018) where the effect of the aspect ratio in OOP response of the infill was investigated. Infill
wall of 80 mm thickness having an aspect ratio of 1:1 was tested in a similar fashion; a pure OOP test
and OOP tests after each of three different IP drifts were carried out. The details of the frame is shown
in Fig 15. For the numerical simulation, OOP response after 0.15% IP drift is taken. The IP drift
history for all tests are shown in Fig 16. The material properties of the concrete frames and masonry

infills are provided in Table 3 while the geometric properties of the masonry infills are given in Table
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Fig 12 Details of the infilled frame tested by Calvi & Bolognini, 2001 (dimension in mm)
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Table 3 Material Properties of the Concrete Frame and Masonry Infills for Specimens under Study

Fig 16 IP drift history applied during the experiment and numerical analysis

Experiment fe fm1 fm2 Emi Em2 fm Em
N/mm? N/mm? N/mm? N/mm? N/mm? N/mm? N/mm?
Calvi & Bolognini (2011) #6 34.6 1.11 1.10 991 1873 1.105 1362.4
Da Porto et al. (2013) 36.4 6 1.19 4312 1767 2.67 2760.3
Ricci et al. (2018) #1 36 2.45 1.81 1255 1090 2.11 1169.59
#2 46.2 2.12 1.65 1262 1455 1.87 1355.07
De Risi et al. (2019) 42.9 4.63 2.37 3452 1891 3.31 2554.94
Table 4 Geometric Properties of the Masonry Infills Equivalent Struts for the Specimens under Study
Experiment 1 h t r b’ d Wd Wy Wh
mm mm mm mm mm mm mm mm mm
Calvi & Bolognini (2011) #6 | 4200 2750 135 4500 2875 5510 1836.5 847.3 554.8
Da Porto et al. (2013) 4150 2650 300 4450 2775 5244 1748.1 901.8 575.8
Ricci et al. (2018) #1 | 2350 1830 80 2620 1965 3275 1091.6 573.2 446.3
#2 2350 1830 120 2620 1965 3275 1091.6 573.2 446.3
De Risi et al. (2019) 1830 1830 80 2100 1965 2876 958.6 474.2 474.2
Calvi & Bolognini (2001) V Da Porto et al. (2013)
1
o 10 cylc(;es 30 40
o0 Ricci et al. (2018)-80 mm infill oo Ricci et al. (2018)-120 mm infill
- 0.001 -
;:’ 0 :—t;— o
- N -0.001
-0.001
000 0 2 4 (‘v 8 00 o » 2 ' ; 6 8 10
Cycles Cycles
o De Resi et al. (2019)
0.001 —
-0.002 — T T ¥
¢ 2 Cy:les ° :
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At first, numerical simulations were performed by assigning the strength strain parameters (fimo, fmu,
€mo, €mu). The ultimate strength ‘fiu’ was taken as 60% of the peak strength ‘fmo’. The simulations
were performed assigning the mechanical characteristics in order to obtain responses similar to
experimental results in both IP and OOP directions. Therefore, the parameters were fixed in such a
way that the minimum offset was observed in both IP and OOP responses for all selected specimens
under study. To this point a correlation was established between the effective mechanical parameters
and the actual mechanical parameters of masonries. Finally, analyses were repeated by using the
parameters calculated on the basis of the found correlations. The correlation between the infill
properties will be discussed in the next section. The geometrical properties of the struts as well as the
final effective parameters used for numerical analysis are listed in Table 5. The results obtained from

the numerical simulations are shown in Fig 17-21.

Table 5 Geometrical and Mechanical Properties for the Diagonal, Vertical and Horizontal Struts

Exper irnent VVd VVV VVh f fmo fmu smo Smu
mm mm mm mm N/mm? | N/mm?
Calvi and Bolognini (2001) #6 1259.8 581.3 380.6 196.8 0.758 0.45 0.00045 0.0053
Da Porto et al. (2013) 845.9 436.4 278.7 620.0 1.293 0.78 0.00069 0.0075
Ricci et al. (2018) #1 440.6 231.4 180.2 198.2 0.851 0.51 0.00049 0.0057
#2 500.2 262.7 204.5 261.9 0.857 0.51 0.00049 0.0057
De Risi et al. (2019) 400.5 198.1 198.1 191.5 1.384 0.83 0.00073 0.0079
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Fig 17 Comparison of responses for specimen 6 of Calvi & Bolognini (2001): a) IP responses; b) OOP responses
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Fig 21 Comparison of responses for De Risi et al. (2019): a) IP responses; b) OOP responses

From the above figures, it can be seen that the numerical results obtained are good representation of
the experimental responses. Both IP and OOP responses obtained from the numerical analyses are
close to the experimental results. The model is able to take into account the effect of prior I[P damage
on the OOP response. This shows the possibility of using the proposed macro element model to

describe the IP and OOP behavior of URM infill wall under seismic actions.

The numerical simulations were also performed by using the original four strut macro model of Di
Trapani et al. [43] using the same empirical parameters that were used for the proposed model and
the results are kept in the same Fig 17-21 for better comparison between the outputs from two models.
It can be observed that IP responses from both models are good simulations of experimental results.
However, regarding the OOP response, the proposed model has better capacity. This verifies that the
proposed modifications enable the model to capture the arching mechanism of the URM infill wall

under OOP load in a more reliable way.

Each of the diagonal, vertical and horizontal struts play effective role in OOP resistance in the model.
The contributions of the individual struts in the OOP resistance are shown in Fig 22. The numerical
results show that the resistance given by diagonal and vertical struts are higher than the horizontal

struts as in the case of simulation for Angel [1].
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4. Correlation between empirical parameters and mechanical properties of masonry

Empirical strength strain parameters are key elements for the proposed macro element model; they
describe the compressive behaviour of the struts. These parameters cannot be assigned randomly for
the analysis of infilled frame structures, rather they are to be selected by a standard procedure. To
establish a standard relation, three parameters fio, €mo and Emy were chosen and multiple analysis
were performed and subsequent optimizations were done based on the observed results. These
parameters were taken based on the value of the infill wall properties i.e. the product of f, and Em or
simply fmEm. As mentioned in the earlier section, the analysis were performed in such a way that
certain degree of correlation could be established and at the same time the responses obtained were
close to the experimental results. Roughly correlated parameters established for all the later
experimental specimens along with those used for the validation of the proposed model using Angel
[1]’s specimens are put together and plotted by a best fitting curve. The best fitting curves are
represented by the following empirical equations [Eq. 10 -12]. The infill parameter (fn Em) and strut
parameters (fmo, €mo, €mu) Which were finally used to establish the empirical equations are given in

Table 6. The correlation between the parameters are shown by the curves in Fig 23.

o {0.61 +0.0001 f, Ep, — 10™°(f, Ep)?,  fo By < 40000 (10]
mo 3,  f,Ep > 40000

€m0 = 4 x 1078 £, E,, + 0.00039 [11]

e {0.0044 +4x1077 f, E, — 3.4 X 10712(f,, E,,)?, f E, < 48000 2]
mu 0.017, £ E, > 48000

Table 6 Correlation of infill properties with the empirical parameters

Infill properties Strut properties
Experimental study fin Em fin Em fino
N/mm? N/mm? N%/mm* N/mm? Emo Emu
Calvi and Bolognini (2001) #6 1.11 1362.4 1505.452 0.77 0.00046 0.0045
Ricci et al. (2018) #1 2.11 1169.59 2467.843 0.79 0.00052 0.0056
#2 1.87 1355.07 2533.978 0.79 0.00054 0.0058

Da Porta et al. (2013) 2.67 2760.31 7370.028 1.4 0.00064 0.0074
De Resi et al. (2019) 3.31 2554.94 8456.86 1.5 0.00068 0.0076
Angel (1994) S2 10.85 8046.18 87301 2.6 0.0038 0.018
Angel (1994) S3 10.13 5212.44 52802 3.6 0.0030 0.015
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Fig 23 Relationship to obtain the empirical parameters given by Eq. 10 -12

According to the above equations, the value of fi, increases with the increase in the value of fnEm
nonlinearly up to 40000 and beyond which it becomes constant. Similar relation is also derived for
the case of fmu Where its value increases with fnEm up to a value of 48000 and maintains a constant
value after that point. The value of emo increases linearly with the increase in the value of fnEm. The
above empirical equations are established by fitting small number of data in the best possible way.
The values of fmo and fmu in the higher range of fiEm are proposed to be constant after observing the
results of multiple numerical simulations for Angel [1]’s specimens. It was found that the small
change in the value of these two parameters do not influence the numerical response largely and they

could be assigned a constant value in the very high range of actual infill property. The availability of
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experimental data especially in the higher range of infill property can be more helpful to derive the
conclusion. The effectiveness of the proposed equations to derive the empirical parameters required

for the struts is already shown by the by numerical responses in Fig 17-21.

The Angel [1]’s specimens 2 and 3 are re-simulated using the parameters calculated according to
proposed equations. The values of empirical parameters fmo, €mo and emu used for specimen 2 are 3,
0.0038 and 0.017 respectively while for the specimen 3, the corresponding values are 3.0, 0.0025 and
0.017 respectively. Fig 24 & 25 compares the numerical results obtained by using the parameters
used for the validation purpose (before correlation) and the parameters according to the proposed
equations (after correlation). The new results for Angel [1] are not as better as the earlier results; the
OOP response is slightly weak. However, considering the simplicity of the proposed model &
empirical equations and the need to represent both IP and OOP responses reliably, the numerical
output can be considered as a close approximation of experimental results. The empirical equations
can be further updated with the availability of the more experimental results (especially in the range

of medium and high values of fnEm) in the future.
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Fig 24 Comparison of responses for specimen 2 of Angel (1994) before and after correlation: a) IP; b) OOP
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5. Conclusion

A modified macro element model which is able to simulate the IP and OOP behaviour of URM infill
wall is presented in this paper. The proposed model is a modification and development over a similar
model having the 4 struts configuration. Struts are represented by the fiber section beam-column
elements and can directly take into account the arching mechanism of infill wall under the action of
OOP loads. The proposed model has been validated with the experimental data available in the
literature. The proposed modification has enhanced the capacity of the four strut macro model to
capture the OOP behaviour more accurately. In particular, the proposed macro model is better in
simulating IP and OOP responses as well as their interactions in URM infill wall under the action of
seismic loads. Empirical strength strain parameters are the key, in using the proposed model for the
analysis of infilled frame structures. Empirical equations have been proposed to determine the
empirical parameters required for the struts based on the actual mechanical properties of the infill
wall. Considering, the simplicity of the model and its effectiveness to simulate IP and OOP responses
as well as the interaction effect, the proposed macro model can be considered as a much needed

achievement in the development of macro element modeling technique.
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