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Abstract

Masonry infilled frame (MIF) structures are commonly used as building system in many regions, and

particularly in Latin American, Mediterranean, and Pacific countries, which are areas highly exposed to

seismic events. It is well known that the influence of the infilled frames on the seismic response is affected by

several sources of uncertainties which create unsafe unaccuracies in the seismic behaviour of a building. The

use of existing complex models is an option which require a large number of specialized input values and

data mostly obtained from in-situ destructive tests, thus making them infeasible in many practical cases.

This research is a first attempt to provide an approach which provides prediction of the structural behaviour

of a MIF with quantified uncertainty, and using as inputs values that can be obtained through a low-cost

non-destructive test. The proposed method exploits the known interaction between the in-plane (IP) and

out-of-plane (OoP) behaviour of the masonry wall by providing a semi-empirical model which predicts the

IP stiffness of the MIF in terms of the measured OoP fundamental frequency. The semi-empirical approach

has been nurtured with five experimental tests over one-fourth scale MIFs, where the OoP fundamental

frequency variation has been obtained in terms of the IP deformation history. The results indicate that the

proposed method can become a practical tool to experimentally quantify the contribution of the masonry

infills of existing frame buildings, and also to theoretically predict it during design phase. However, a larger

dataset of tests should be used on the calibration of the method before its application in real cases.

Keywords: Masonry Infilled Frames, Approximate Bayesian Computation, Seismic Design, Non-Destructive

Tests
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fc , fcu Constitutive values of the maximum and ultimate concrete strength in the reinforced concrete frame model
applied to the parametric study model.

ff′m
Modifier factor of the equivalent strut stiffness due to masonry characteristic compressive strength.

fH/L Modifier factor of the equivalent strut stiffness due to height/length ratio.

fH/t Modifier factor of the equivalent strut stiffness due to height/thickness ratio.

fm Characteristic compressive strength of the masonry wall.

fOoP Out of plane natural frequency of the masonry wall.

fscale Modifier factor of the equivalent strut stiffness due to scaling factor.

fy , Es , b Yield strength, elastic modulus and strain hardening ratio parameters to define the constitutive behaviour of the
reinforcing steel in the reinforced concrete frame model applied to the parametric study model.

k0 Out of plane stiffness of the masonry wall under undamaged condition.

ki Out of plane stiffness of the masonry wall under previous damaged condition.

kIP In plane stiffness of the masonry wall.

t or tm Thickness of the masonry wall.

wm Width of the masonry wall macro-model equivalent strut.

A, B Uncertain model parameters to derive the proposed formulation.

Am Area of the masonry wall macro-model equivalent strut.

C , D Uncertain model parameters to derive the proposed formulation.

D1 , D2 , β Parameters to account for degradation due to cyclic deformation in the strain penetration model applied into the
reinforced concrete frame non-linear model of the parametric study.

E , F Uncertain model parameters to derive the proposed formulation.

Ec , Em Elastic moduli of the materials of the proposed model, which compose the frame and the equivalent strut,
respectively.

Em Elastic module of the masonry wall.

F0 Out of plane strength of the masonry wall under undamaged condition.

Fi Out of plane strength of the masonry wall under previous damaged condition.

H or Hm Height of the masonry wall.

Ic , Iv Gross inertia of the columns and beam, respectively, of the frame in the proposed model.

L or Lm Length of the masonry wall.

M1 , M2 Constitutive values of the flexure behaviour of the strain penetration model applied into the reinforced concrete
frame non-linear model of the parametric study.

Pinchx Parameters to account for strain pinching effect in the strain penetration model applied into the reinforced
concrete frame non-linear model of the parametric study.

Pinchy Parameters to account for stress pinching effect in the strain penetration model applied into the reinforced
concrete frame non-linear model of the parametric study.

Rk Relation of the stiffness reduction in the out of plane direction due to an in plane inter-story drift deformation.

RF Relation of the strength reduction in the out of plane direction due to an in plane inter-story drift deformation.

δ In plane deformation of the masonry infilled wall.

εc , εu Constitutive values of the strain corresponding to the maximum and ultimate concrete strength in the reinforced
concrete frame model applied to the parametric study model.

θ1 . . . θ5 Calibration parameters of the proposed method.
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θrot1 , θrot2 Constitutive values of the rotational deformation behaviour of the strain penetration model applied into the
reinforced concrete frame non-linear model of the parametric study.

IP In plane.

ISD Inter-story drift.

MIF Masonry infilled frame.

OoP Out of plane.

PDS Power density spectrum.

1. Introduction1

Frames with unreinforced masonry infills are encountered as structural systems commonly used worldwide.2

There are regions, like in Guayaquil-Ecuador, where the reinforced concrete frames with unreinforced masonry3

infills represent about the 75% of the total amount of building structures, according to [5]. Similar conditions4

are found in other regions of Ecuador and beyond [40, 80, 86–88]. These infills are usually neglected in5

the structural analysis and design in common building engineering practice, mostly because of insufficient6

provisions of different national design standards [42] and lack of tested knowledge about their contribution7

to the building response as structural components [2]. Therefore, a better understanding of the structural8

contribution of the infills is a need for the development of risk-reduction programs, overall in regions severely9

affected by seismic events.10

In the literature, several approaches have been proposed to model the behaviour of the masonry infilled11

frames (MIFs), and they can be typically classified as micro, meso and macro modelling approaches [61, 82].12

Authors like Sattar and Liel [78] [79] proposed the application of a strut model enhanced by the use of micro-13

modelling for the seismic evaluation of MIF buildings. Most of these models only consider the IP behaviour of14

the structural system [37, 46, 77]. A literature review of available IP stiffness estimate formulations is shown15

in Table 1, for the elastic range behaviour (both tangent and secant stiffness formulations are presented),16

which are usually applied for design purposes. Other authors have proposed more comprehensive models17

that are able to account for the interaction between the IP and OoP behaviour. A literature review of the18

available models is listed in Table 2. Among them, some micro-models are able to capture such interaction19

directly. However, the micro-models require a big amount of input data usually not available for existing20

structures, thus limiting their applicability. On the other hand, current reference standards for the seismic21

evaluation of existing buildings, like the ASCE/41-17 [6], stipulate the need to ”validate the use of finite22

element models and strut models by considering published or project specific experimental data from cyclic23

quasi-static or dynamic tests” for the MIF structural systems, due to their complex behaviour and the24

uncertainties affecting their response. These uncertainties are related to a number of factors such as: (1) the25
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variety of masonry material types used; (2) the uncertainty in their mechanical characteristics (like strength,26

geometry, void directions, void to fill ratios, among others); (3) the human-factor influence, mostly during27

construction phase [82]; and (4) the insufficiently known frame-infill interactions [13, 60]. Some authors28

have made successful attempts to better estimate the uncertainty about these influencing factors through a29

detailed characterization of the MIFs by a number of destructive tests [27, 52]. However, these tests produce30

considerable increase of building costs when applied during the design or construction phase, which are31

unfeasible overall for small and medium size structures, and are infeasible for existing buildings due to the32

damage produced to the structure (even when moderately destructive tests are used [52]). This problem33

reveals the need of a practical method, based on non-destructive tests, for the evaluation of existing buildings34

made of MIFs, that can be easily applied in-situ and without the need of complex, yet expensive, equipment.35

This paper is a first attempt in this direction.36

Table 1: IP equivalent strut macro-modelling of MIF - main contributions

Reference Strength Deformation Stiffness

[37]a - - Ke = Emtm

[
0.318 (λHm)−0.661

(
Hm

Lm

)−0.871
]

[37]b - - Ke = 0.0143E0.618
m t0.694m

(
Hm

Lm

)−1.096

[46]a 0.85Vp d85 = 0.0013Hm Ke =
0.85Vp

d85

[46]b 0.40Vp d40 = 0.00025Hm Ke =
0.40Vp

d40
[77]a - - Ke = Emtm

[
0.175 (λHm)−0.4]

[77]b - - Ke =
GmLmtm
Hm

aBasic formulation for secant stiffness of the equivalent strut.
bBasic formulation for initial stiffness of the equivalent strut.

Table 2: OoP modelling of MIF - main contributions

Reference Theory / modelling criterium Observations
[85] Timoshenko beam action considering linear, elastic,

homogeneous and isotropic material
Only OoP behaviour

[25, 31, 32, 35, 36] Yield line analysis considering two way action Only OoP behaviour
[53, 54, 63, 84, 89] One way arching action Only OoP behaviour
[9, 19, 43, 45] Virtual work principle, two way arching action Only OoP behaviour
[4, 30, 72] One way arching action IP history considered
[33, 34] Macro-modelling: 3D compression only struts with a

concentrated mass in the center
IP -OoP interaction directly considered

[23, 39, 66] Macro-modelling: Fiber section strut model with a
concentrated mass in the center

IP -OoP interaction directly considered

[16, 22, 28, 64, 75, 76] Macro-modelling: Empirical reduction factor in terms
of IP deformation history

IP history considered

[11, 24, 44, 49, 62, 67, 90] Micro-modelling: Concrete damage plasticity model IP -OoP interaction directly considered
[7, 47, 48] Micro-modelling: Drucker Prager model IP -OoP interaction directly considered
[73] Meso-modelling: Multi-pier model IP -OoP interaction directly considered

Indeed, this paper proposes a non-destructive non-invasive semi-empirical approach to estimate the37

in-plane (IP) stiffness of the MIF through the out-of-plane (OoP) dynamical response of the walls. This38

IP-OoP interaction has been experimentally observed in several studies [3, 14, 16, 17, 21, 22, 55–59, 68, 71],39
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where it was demonstrated that the OoP stiffness and strength of the wall are reduced in proportion to the40

maximum IP deformation it has been subjected to. Table 3 summarizes some of the laboratory tests results41

available in the literature where the MIFs were subjected to IP deformation before applying OoP force until42

collapse, where the maximum IP inter-story drift (IP ISD) is compared to the following parameters:43

RF =
Fi
F0

(1)

44

Rk =
ki
k0

(2)

where Fi and ki are the OoP strength and stiffness, respectively, of the MIF that was subjected to an IP ISD45

before the OoP test (i.e damaged condition), and F0 and k0 are the OoP strength and stiffness, respectively,46

of a reference MIF specimen that was not subjected to any level of IP ISD before the OoP test (i.e undamaged47

condition). Figure 1 demonstrates that the history of IP deformation reduces the OoP strength and stiffness48

of the wall.49

Table 3: Literature review of OoP tests of MIFs that were previously subjected to IP deformations.

Author L H t IP ISD RF Rk

(m) (m) (mm) (%)

Ricci et al. [75] 2.350 1.830 80 0.16 1.06 0.84
2.350 1.830 80 0.37 0.48 0.08
2.350 1.830 80 0.58 0.27 0.06
2.350 1.830 120 0.21 0.99 0.82
2.350 1.830 120 0.50 0.67 0.21
2.350 1.830 120 0.89 0.55 0.14

Angel et al. [4] 2.440 1.625 48 0.22 0.76 0.53
2.440 1.625 48 0.34 0.51 0.51

Calvi and Bolognini [16] 4.200 2.750 135 0.40 0.27 0.08
4.200 2.750 135 1.20 0.18 -

Furtado et al. [28] 4.200 2.300 150 0.50 0.26 -

De Risi et al. [21] 1.830 1.830 80 0.15 1.07 0.61
1.830 1.830 80 0.28 0.76 0.35
1.830 1.830 80 0.51 0.65 0.22
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Figure 1: Influence of IP deformation history on the OoP strength (left) and stiffness (right) of a MIF wall, according to
experimental evidence gathered by several authors.

The method presented here gives the IP stiffness of a MIF using a parameterized semi-empirical model50

whose parameters are inferred from batch sequences of IP-OoP data experimentally obtained at increasing51

levels of IP horizontal drifts. The novelty of the method resides in the fact that it only needs the OoP52

fundamental frequency of the wall as input parameter, which can be obtained by non-destructive non-complex53

testing using well-known system identification methods [74]. Several authors have used system identification54

to obtain the frequency and modal shapes of existing walls in the out-of-plane direction to characterize their55

dynamic behavior. Table 4 shows a summary of the tests performed by several authors and their results.56

However, to the authors knowledge, identification of natural frequencies have not been done yet on MIF57

walls subjected to controlled levels of IP drifts. A dedicated experimental campaign has been carried-out to58

ensure that the model, once inferred using the data, can produce predictions within a wide range of MIF59

configurations and loading cases. For model inference, a Bayesian prediction and updating framework is60

used to properly tackle with the inherent uncertainty of the problem. Besides, and because an unlimited61

experimental dataset convering all possible MIF configurations is impossible, a meso-model based approach62

is used to enrich the proposed model and to extend it to MIF configurations out of the range covered by63

the tested data. The proposed method has been applied to produce IP stiffness predictions of four MIFs64

with quantified uncertainty with satisfactory results in terms of precision and accuracy. The results indicate65

that the proposed method is efficient to non-destructively evaluate the contribution of the masonry infills for66

existing buildings.67

The remaining of the paper is organized as follows. Section 2 describes the experimental campaign carried68

out during this investigation and provides characterization of the measurements. Section 3 gives the basis69

and main assumptions about the proposed IP-OoP model of the structural MIFs, along with its model70

parameterization. In Section 4, the problem of model inference is formulated using an Approximate Bayesian71

Computation inverse problem framework. This section also gives the corresponding computational issues72
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Table 4: Literature review of MIF wall system identification of the fundamental OoP frequency

Author Specimen t Openings L x H Plaster IP damage OoP freq.
Frame / Wall materials (mm) (m) Hz)
Nicoletti et al. [70] W1-A 300 No - No No 65.55
- RC frames 300 No - Yes No 90.43
- Hollow clay bricks W2-A 120 No - No No 49.70

120 No - Yes No 64.31
W3-A 80 No - No No 21.87

80 No - Yes No 34.24
De Angelis and Pecce [20] 1 120 No 5.10x3.48 Yes No 18.43
- RC frames
- Hollow clay bricks
Furtado et al. [29] A1 110 No 3.50x1.30 No No 31.70
- RC frames A2 110 No 3.50x1.30 No No 24.50
- Hollow clay bricks A3 110 No 3.55x3.20 No No 16.50

A4 110 No 3.20x0.95 No No 22.40
A5 110 No 3.55x3.20 No No 30.00
A6 110 Door 2.75x3.20 No No 22.50
A7 110 Door 2.45x3.20 No No 22.70
A8 150 No 5.00x1.75 No No 18.00
A9 150 No 2.75x2.30 No No 34.20
A10 110 No 3.60x1.00 No No 34.10
A11 220 Window 3.20x2.80 No No 11.50
A12 220 No 3.40x2.80 No No 28.20
A13 220 No 3.70x2.80 No No 27.60
A14 110 No 2.10x3.20 No No 14.70
B1 110 No 3.90x2.70 No No 22.40
B2 110 Window 3.80x2.70 No No 18.20
B3 110 No 3.50x2.70 No No 27.30
C1 80 Window 3.15x2.55 No No 53.57
C1 150 Window 3.15x2.55 No No 53.48
C2 110 Door 3.05x2.55 No No 64.45
C2 150 Door 3.05x2.55 No No 57.13
C3 110 No 3.50x2.80 No No 31.56

Varum et al. [87] Wall 1 - No 3.90x2.20 Yes No 31.83
- RC frames Wall 2 - No 2.70x2.20 Yes No 46.43
- Hollow and solid clay bricks Wall 3 - Window 3.90x2.20 Yes No 10.00

E12D Wall1 - No 1.60x2.60 Yes No 53.49
E12D Wall2 - No 1.60x2.60 Yes Yes 35.74
E12D Wall3 - No 3.10x2.60 Yes No 44.03
E12D Wall4 - No 3.10x2.60 Yes Yes 20.41

Nicoletti et al. [69] Wall 1a 60 No 4.00x2.75 No No 16.80
- Steel frame Wall 1b 60 No 4.00x2.76 Yes No 17.30
- Hollow clay bricks Wall 2a 60 No 4.00x2.77 No No 17.90

Wall 2b 60 No 4.00x2.78 Yes No 18.10
WE1 250 No 2.00x2.84 Yes No 64.73
WI1 120 No 2.10x2.84 Yes No 41.81
WI2 80 No 3.45x2.84 Yes No 22.10

that must be addressed for our needs. The results are presented in Section 5, followed by a discussion of73

the results in Section 6 through a parametric study that includes the variability of parameters not covered74

within the experimental campaign. Finally, Section 7 gives concluding remarks.75

2. Description of experimental research76

This section provides the description of the experimental tests along with characterization of their results.77

2.1. Description of the specimens78

In this work, five one-fourth scale, one-bay one-story masonry infilled frames were tested, as shown in79

Figure 2. Additionally, two specimens (metallic and concrete, respectively) of frames without walls, were80

tested for comparative purposes. Among the infilled frames, three specimens consisted of reinforced concrete81
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frames whereas the remaining two were made of structural steel. The infill walls were built with hollow82

concrete masonry units of 100x50x50 mm, bonded with a ready-mixed N-type mortar, covering a wall of 75083

mm clear height, and {500, 750, 1000} mm clear bay, for the three concrete frames; and {500, 1000} mm, for84

the steel ones, respectively. Concrete columns were 75x75 mm cross section with longitudinal reinforcement85

ratio of 0.024 (i.e. four 6.5 mm diameter bars) and 10 mm of cover. Their transverse reinforcement consisted86

on one 3.5 mm diameter stirrup with 18 mm separation. Shear connection between the wall and the columns87

is enhanced by installing three 3.5 mm diameter bars equally separated along the height of the columns,88

and properly anchored in both the column and the wall, in coincidence with a joint mortar bed. Top beam89

was designed with 62.5x87.5 mm cross section using two 5.5 mm and 4.5 mm bars, as top and bottom90

reinforcements, respectively. No special connection was made between the wall and the top beam, only a91

mortar bed was placed. Beam transverse reinforcements consisted on one 2.5 mm diameter stirrup every 1892

mm of separation. For the steel frames, HSS was used for the columns using 75x75x3 mm as cross section,93

whereas an IPN-100 was employed for the beam. The geometric and building details for both, the concrete94

and steel structural sections, are shown in Figure 3. Also, note from Figure 2 that, a 250x250 mm reinforced95

concrete beam with four 18 mm diameter longitudinal reinforcing bars and 5.5@150 mm stirrups, was used96

in all the specimens as bottom beam. This beam was anchored to the reaction frame with two 24 mm bars,97

as shown in Figure 4. The mechanical properties of the materials used for the specimens described above,98

are shown in Table 5.99

Figure 2: General geometric characteristics of the masonry infilled concrete and steel frame specimens.

Figure 3: Geometric and building details of the concrete and steel beam and column sections, and masonry unit used in the
specimens.
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Table 5: Mechanical properties of the materials used for the test specimens.

Element Test Mean Value (MPa) Std. Deviation (Mpa)
Mortar Flexure 3.74 0.28

Compression 10.04 0.40
Masonry unit Compression 9.54 0.25
Wall Diagonal tension 1.16 0.05

Compression 2.64 0.21
Steel Reinforcementa:

3.5 mm Yield tension 441.7
4.5 mm Yield tension 466.3
5.5 mm Yield tension 568.8
7.5 mm Yield tension 699.6

aOnly one coupon was tested for each size of steel reinforcement.

2.2. Test procedure100

The test procedure designed in this work is described next. First, each masonry infilled frame was101

anchored to the rigid frame. To experimentally model the lateral OoP restriction induced by an upper floor102

slab, the top beam was laterally restrained against OoP displacements using an ensemble of plates, bolts and103

anchor braces, as shown in Figure 4. Once the infilled frame was fixed to the rigid frame, an OoP acceleration104

test was carried out using a rubber hammer to induce readings of OoP accelerations, which were measured105

at the center point of the wall. The data were obtained using a GY-61 ADXL335 triaxial accelerometer106

from Analog Devices
TM

connected to an Arduino Nano
TM

board. These measurements were further used107

to identify some of the OoP modal frequencies of the wall, as will be described in Section 2.4 below. After108

the OoP accelerations tests, the frame was released from its OoP restrains, whereupon an in-plane (IP)109

monotonic displacement-controlled loading test was carried out. In this step, a series of increasing horizontal110

loads were applied using an hydraulic jack to the top beam, and until the lateral drift was reached, followed111

by the unloading. In these loading and unloading sequences, the pair force vs deformation was measured112

using a MIRAN
TM

KTM Miniature pull rod displacement sensor with a nominal stroke of 200 mm, for113

the top beam displacements, and a pressure gauge directly installed in the hydraulic jack, for the applied114

forces. The steps described above were taken with increasing cycles of IP displacements to capture the IP115

degradation of the wall and its corresponding OoP modal frequencies during the degradation process. As116

mentioned in the previous section, the test was done on five one-quarter scale samples, due to limitations of117

the laboratory testing equipment. Additional test should be carried out to confer the method with better118

range of applicability; alternatively, in Section 6.2 a numerical model is developed and a parametric study is119

performed to overcome this limitation (see also Section 6.3).120

2.3. In-plane measurements and characterization121

The resulting measurements of IP pairs force vs displacement are shown in Figures 5 and 6, for the122

concrete and steel frames, respectively. Note that these figures also include (in solid line) the response of the123

concrete and steel bare frames, for comparison. Moreover, Figure 8(a) shows the secant IP stiffness in terms124

of the maximum deformation δ for each test, and also two tendency functions which describe the IP stiffness125
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Figure 4: Layout of the experimental set-up required to obtain the in-plane and out-of-plane response data. The left side shows
the frontal view, whereas the right side depicts the lateral view with indication of the anchor frame for out-of-plane restraint.

vs δ relation for the concrete (in dashed lines) and the steel frames (dot-dashed lines). These functions has126

been modelled using an exponential relation, as follows:127

kIP = AeBδ + C (3)

where A and B are uncertain model parameters which can be inferred through Bayesian inference, as128

shown further below, and C represents the initial stiffness of the frame without infills (in kN/mm). Similar129

tendencies on the stiffness degradation due to the maximum IP deformation have also been reported by other130

authors [15, 38, 50, 59, 65, 83, 92]. Besides, the tendencies observed in Figure 8(b) for the OoP fundamental131

frequency fOoP vs δ (whose data will be described in the next section), also depict a similar exponential132

relation which can be described by the following equation:133

fOoP = DeEδ − F (4)

where D, E and F are uncertain model parameters.134

These tests results indicate that an indirect inference of kIP in terms of the fOoP , is possible, as will be135

exposed in Section 3.136

2.4. Out-of-plane measurements and characterization137

As mentioned before, accelerations induced by an impulsive force applied perpendicularly to the mid138

point of the wall, were measured in a procedure similar to the experimental modal analysis method, but139

without an exact coincidence of the location of the applied force and the point of measurements [1]. The140
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Figure 5: IP test results of the concrete frames. Panel (a): Envelopes of each test. Panels (b), (c) and (d): Load-Deformation
history of the masonry infilled frames specimens.

OoPs accelerations were measured in different steps corresponding to incremental levels of deformation in141

the IP direction, as explained in the last section.142

The recorded signals (i.e. each frame and each level of IP deformation) were subjected to a base-line143

correction and a band-pass filter with cut-off frequencies of 32 to 512 Hz. These cut-off frequencies were144

defined from an estimation made using a finite element structural model of the walls, where the higher cut-off145

frequency of 512 Hz was set as the maximum frequency value within the first five OoP vibration modes of146

the stiffest specimen.147

To identify the natural frequencies of the specimens, a non-parametric identification procedure in the148

frequency domain [12] was used. This method, commonly referred to as frequency domain decomposition149

method, states that the dynamic response of a system can be obtained from a convolution, in the frequency150

domain, between the excitation signal and the response of an unitary impulse. The right panel of Figure 8151

shows the results of the identified fundamental frequencies of all specimens in terms of the maximum lateral152

demand. Compared to the natural frequencies in Table 4, higher results were expected due to the reduced153

scale of the specimens. Note that the walls in Table 4 are walls from real buildings, while the specimens in154

this research were constructed with a reduced scale.155

Then, the power density spectrum (PDS) is computed to obtain the energy level concentrated in each156

of the vibration frequencies. Figure 7 depicts the PDS of the steel frame specimen S500, per level of IP157

deformation. A moving average post-process was used to locate the maximum values of the PDS, along with158

a normalization to the maximum value. Notice that Table 4, which in general shows lower values of the159
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Figure 6: IP test results of the steel frames. Panel (a): Envelopes of each test. Panels (b) to (d): Load-Deformation history of
the masonry infilled frames specimens.

measured frequency than the cases shown in Figure 8b, corresponds to real size walls and, due to their higher160

mass and lower stiffness, they result in a lower frequency than the one shown in Figure 7 and 8b. This was161

also confirmed with a dynamic linear model elaborated with shell-type elements, which was omitted herein162

to avoid deviating from the main theme of the article.163
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Panels (b) to (e) depict the results after each increasing IP deformation levels.

12



0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Drift -  in m/m

0

2

4

6

8

10

12
In

 p
la

ne
 st

iff
ne

ss
 - 

k I
P i

n 
kN

/m
m

4.85e( 68.85 ) + 2.304
S500
S1000
3.23e( 75.83 ) + 0.677
RC500
RC1000
RC750

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Drift -  in m/m

0

50

100

150

200

250

OO
P 

fre
qu

en
cy

 - 
f O

O
P i

n 
Hz

177.07e( 19.61 )

S500
S1000
116.03e( 21.48 )

RC500
RC1000
RC750

Figure 8: Degradation of IP stiffness (left) and reduction of OoP natural frequency (right) in terms of attained IP drift and
type of frame.

3. Proposed MIF modelling approach164

This section formulates the IP stiffness model based on the measured OoP fundamental frequency of the165

wall using a macro-modelling approach. The model is parameterized by a set of uncertain parameters, which166

are further inferred through Bayesian inference using the experimental data described in the previous section.167

As stated before, a strut-based macro-model [82] has been adopted here to idealize the stiffening effect of168

the frame caused by the masonry infills. To this end, a 2D model was defined using OpenSeespy [91], which169

consisted of an elastic truss element placed along the principal diagonal of the frame bay, as shown in Figure170

9. The strut section of this truss element is modelled as Am = tmwm, where tm is the thickness of the wall171

and wm is assumed as one-third of the length of the wall’s diagonal. Note that the proposed model is for use172

on linear-elastic structural analysis methods, typically employed for design purposes. Therefore, the model173

response lies within the elastic range. For the stiffness kIP of this strut, the exponential decay relations174

between the IP and OoP behaviour, observed and described in the previous section (recall Equations (3), (4),175

and Figure 8), are used. Indeed, note that according to these observations, both the IP stiffness and the176

OoP fundamental frequency decay with the increase of lateral IP deformation. To model this coupled decay,177

Equations (3) and (4) are rearranged as follows:178

δ = ln

(
kIP − C

A

) 1

B
(5)

179

δ = ln

(
fOoP − F

D

) 1

E
(6)
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Next, these equations can be combined to obtain the KIP as a function of fOoP , as follows:180

kIP = A

(
fOoP − F

D

)B
E

+ C (7)

Finally, with no loss of generality, the last equation is simplified using only three model parameters, now181

called as θ1, θ2, θ3, leading to the following expression:182

kIP = θ1 (fOoP − θ2)
θ3 (8)

In the last equation, the parameters θ1 to θ3 are uncertain parameters and can be inferred using the tests183

results, as described in the following section. Additionally, the strut macro-model considers two extra184

parameters to account for the concrete and steel stiffness. In total, five uncertain parameters comprise the185

proposed strut macro-model, namely θ = {θ1, ..., θ5}, where θ1 to θ3 are to consider the elastic modulus of186

the equivalent strut, based on the OoP fundamental frequency, θ4 is a concrete frame stiffness modifier to187

consider the stiffness reduction due to cracking, and finally θ5 is a steel frame stiffness modifier, to account188

for base plate rotational flexibility.189

L

H

Ic, θ4,5Ec

Iv, θ4,5Ec

tm, wm
Em = kIP = θ1 (fOOP − θ1)

θ3

1

Figure 9: Elastic in plane macro model constructed in OpenSeespy.

4. Model inference through Approximate Bayesian Computation190

The Equation 8 from the last section can be interpreted as a relation g(u,θ) : Rnu × Rnθ → R which191

provides a probabilistic output based on a set of input values u ∈ Rnu , and also based on the uncertainty192

about the set of uncertain model parameters θ ∈ Θ ⊂ Rnθ .193

The initial quantification of the uncertainty about θ is given by the prior probability density function194

(PDF) p (θ), which can be updated using the information in the dataset D through a likelihood function195

p (D|θ), to obtain the posteior PDF p (θ|D). From a mathematical point of view, the later can be obtained196
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through the Bayes’s Theorem, as follows:197

p (θ|D) =
p (D|θ) p (θ)

p (D)
(9)

where the term p (D|θ) is referred to as the evidence and represents how likely the data D are reproduced if198

model parametrized by θ is adopted [10]. The approximate Bayesian computation (ABC) method [51] is an199

approach within the category of Bayesian inference and is used in those cases where the likelihood function is200

difficult, unknown, or analytically intractable to the Bayesian model updating approach. The ABC method201

produces samples of the pairs (θ, x) ∈ Z ⊆ Θ×D which makes the model response x = g(θ,u) ∼ p(x|θ)p(θ)202

lay within a defined region around the data y ∈ D. In this work, x represents the output of the IP stiffness203

given by the Equation 8 and p(x|θ) the PDF of the IP stiffness values given θ. This region can be formally204

defined as:205

Nε(y) =
{
x ∈ D : ρ

(
η(x), η(y)

)
6 ε
}

(10)

where ρ(·) is a metric function which evaluates how close the probabilistic model output x ∼ p(x|θ) is to the206

data y ∈ D. The term ε is a tolerance parameter, and η(·) is a summary statistic [26] which, if required, allows a207

weak comparison between x and y. The resulting posterior samples produce an approximation of the posterior208

PDF referred to as pε(θ, x|y), which can be mathematically described as pε(θ, x|y) = p
(
θ, x|x ∈ Nε(y)

)
209

which assigns higher probability density values to the pairs (θ, x) ∈ Z that produce ρ
(
η(x), η(y)

)
6 ε. The210

reader is referred to [81] for an overview and tutorial of the ABC methods.211

Among the ABC methods published in the literature, the so called Adaptive Approximate Bayesian212

computation by Subset Simulation, also referred to as A2BC-SubSim [8], which is an improved variant of the213

original ABC-SubSim algorithm by Chiachio et al. [18], has been adopted in this work for its computationally214

efficiency and efficacy. To avoid duplicating the literature for this technique but to provide a sufficient215

background about the referred inference method, the relevant details of the implemented A2BC-SubSim216

algorithm are provided in a schematic manner in Figure 10. In such implementation, the prior PDF p(θ) of217

model parameters θ = {θ1, . . . , θ5} are taken as unidimensional uniforms within the range of values indicated218

in the plots from Figure 12.The tolerance parameter was set to ε = 4.0, and the amount of simulations219

Ns = 15000. Additionally, the metric ρ(·) was defined as a relative L1-norm between the predicted and220

measured model output, namely:221

ρ =

N∑

i=1




∣∣∣kModel
IP − kTestIP (i)

∣∣∣
kTestIP (i)



i

(11)

where i = {1, . . . , N} denotes the tests within the experimental campaign, kModel
IP is the model simulation of222

the IP stiffness, and kTestIP (i) is the measured IP stiffness, as per the i-test within the dataset D. Note that223

kModel
IP and kTestIP (i) coincide with x and y respectively, as described in the Bayesian method given above.224
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Figure 10: A flowchart explaining A2BC-SubSim, Barros et al. [8]. θ̃ parameters are defined as the modifiers of Equation (8).
Ag , Ig , E, L are the gross area, gross inertia, elastic modulus and length of the beam-column elements of the frame, respectively.

5. Results225

The results of the inferred IP stiffness model based on measured OoP frequency are given in Figure 11.226

This figure gives comparison of the simulated model response obtained through simulating the model (recall227

Eq.8) using the posterior PDF of model parameters pε(θ, x|y), in contrast to the measured stiffness from the228

laboratory tests. These results demonstrate the plausibility to infer the IP stiffness of a masonry infilled229

frame by identifying the OoP fundamental frequency, and using Equation (8).230

Additionally, Figure 12 depicts the prior and the posterior distribution of the inferred model parameters231

θ = {θ1, . . . , θ5}. These plots indicate the regions of plausible values of θ which make the data D better232

reproducible under the model parameterized by θ. In this figure, the plots in increasing gray tones indicate233

subsets of simulation which are explored by the A2BC-SubSim algorithm until the final posterior region (the234

darkest one) is reached.235

6. Discussion236

The results presented above demonstrated that obtaininig the IP stiffness of a MIF is possible by using237

the OoP frecuency measured through a non-destructive test. However, these results have been obtained238

after Bayesian learning of the model in Equation (8) using the set of data from the experimental campaing.239

Thus, the resulting model response is valid within the parameter range observed in such experimental data240

D used to learn the model parameters θ. This means that, those MIF cases whose configurations (i.e.,241

lenght-to-high ratios, type of masonry, etc.) are not covered within the learning set D, cannot be reliably242
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Figure 11: Comparison of the inferred model KIP prediction, against the measured test results. Black marks correspond to
the maximum a posteriori (MAP) estimation. Silver marks depict the range of the posterior distribution that results from the
Bayesian analysis.

predicted. Increasing the experimental data until covering all possible parametric configurations of a MIF,243

would be an option, however, it seems economically infeasible and unpractical. An alternative, is to employ a244

meso-model based approach to investigate the influence of a number of MIF configuration parameters in245

the IP-OoP behaviour interaction. The resulting senstitivity study is further used to proposed an extended246

model of IP stiffness vs experimental OoP frecuency, which is tested in a number of simulated study cases.247

6.1. Meso-model for MIF parametric study248

The application of the meso-model called Multi Pier, recently proposed by Pirsaheb et al. [73], is explored249

and adapted to our dataset, because of the ease of its implementation in any software. The term meso-model250

refers to simulate the masonry units and mortar stress-strain behaviour as a merged element leading to a251

continuum material. Accordingly, the masonry wall is modelled with an equivalent 3D truss, allowing to252

directly consider the IP-OoP interaction of the masonry wall. Notice that the 3D truss model allows to253

consider either isotropic or anisotropic behaviour of any material, depending on the parameters employed254

for the struts in each main directions and/or diagonals. The Multi Pier model has the advantages of being255

computationally cheap, robust and easily implementable in most structural analysis software. On the other256

hand, its geometry is difficult to define, making it unpractical for large model applications.257

In this work, the MIF meso-model has been built in OpenSeespy [91] and consists of two main parts:258

(1) the frame model and (2) the masonry wall model. Both parts are joined together using equal degree of259

freedom constraints, therefore assuming a perfect bond between the frame and the masonry wall. Figure 13260

shows the bottom left 3D view of the MIF model geometry. It is worth mentioninig here that, due to the261
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Figure 12: Scatter plot representation of the posterior PDF of Θ = θ1, ..., θ5 as A2BC-SubSim output. The diagonal shows the
kernel density estimates of the marginal posterior PDFs of each parameter of the simplified model of Section 3 .

aformentioned perfect bond assumption, the frame part of the meso-scale model can be either modelled as262

reinforced concrete or structural steel, since only its stiffness value in the OoP direction influences the model263

response. Therefore, with no loss of generality, the frame part was modelled as reinforced concrete in all264

cases.265

Thus, the reinforced concrete frame model consists of distributed plasticity displacement-based beam-266

column elements with uni-axial constitutive models by a fiber section. OpenSees Concrete01 and Steel02267

constitutive models were adopted to model the concrete and steel reinforcement behaviour, respectively.268

Parameter values were evaluated from the equations proposed by Karthik and Mander [41]. Strain penetration269

effects were also considered by means of a rotational spring at the base of the column. The parameters of the270

rotational spring were calibrated according to the bare frame test results (see Figure 5(a) and Section 2.1).271

The rotational spring was defined by a Zero-Length element and the Hysteretic constitutive model. Table 6272

shows the parameter values of the fiber section and the rotational spring after the calibration process.273

For the second part of the model (i.e. the masonry wall), a 3D truss composed by horizontal, vertical and274

diagonal elements with uni-axial behaviour, according to Pirsaheb et al. [73] recommendations, was used.275

Concrete02 constitutive model was selected for every truss. The maximum compressive strength was set276
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Figure 13: Isometric view of the bottom left part of the MIF model implemented in OpenSeespy.

to the characteristic compressive strength of the masonry (see Table 5). Notice that the characteristics of277

the material are defined in terms of stress and strain; however, truss models require an input in terms of278

force and deformation. The formulation applied for that conversion is described in detail by the original279

authors of the model, and the interested reader is referred to Pirsaheb et al. [73] for additional details.280

The model was calibrated to the force-displacement test results of the RC750 specimen shown in Section 2,281

referred to as the original model. The tensile strength of the masonry struts was assumed equal to the 5% of282

the compressive strength. The compressive strain at maximum strength was set equal to 0.2%. Then, the283

calibrated parameters of the aforementioned model were adapted to the RC500 and RC1000 specimens. Figure284

14 shows the force-displacement response of the three type of specimens and their corresponding tests results.285

Table 7 gives a comparison of the prediction capabilities of the model about the OoP fundamental frequencies286

with respect to the measured ones. These results indicate that the meso-scale model is representative of the287

behaviour of the MIF structural system.288

In the next section, the calibrated meso-model is used to study the influence of geometric and material289

parameters on the IP-OoP behaviour. Followed by a parametric study, a number of influencing coeficients to290

Equation 8, are obtained to extend the applicability of the proposed method in Section 3 to a wider range of291

possible cases. Irrespectively, the model has the following limitations which are highlighted here for clarity:292

• The model does not directly consider the possibility of shear failure in the frame, because no shear293

model has been considered. Note also that, for the objective of the present study, it is not necessary to294

incorporate this behaviour.295

• The model has only been calibrated for reinforced concrete frames with hollow concrete masonry infills.296

For other materials, a similar methodology should be followed, using appropriate laboratory test results.297
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Table 6: Parameter values of frame model.

Hysteretic - Zero-Length element
θrot1 M1 θrot2 M2

0.01008 1.52 0.32215 13.05
Pinchx Pinchy D1 D2

0.06200 0.29760 0.24010 0.12173
β

0.26799
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Figure 14: Comparison of the calibrated model estimation against the laboratory test results.

• A perfect bond between the frame and the wall has been assumed and, therefore, the results obtained298

for long and/or high walls should be used with caution, since in these cases the joint between the wall299

and the frame play an important role.300

6.2. Parametric study301

In this section, the influence of the following parameters in the interaction between IP stiffness and OoP302

fundamental frequency is studied, namely: masonry height-length ratio, masonry height-thickness ratio,303

masonry characteristic strength and geometric scale. As indicated before, the original model is set to be304

equal to the RC750 specimen with the following characterictics: fm = 1.0 MPa, tm = 50 mm, Lm = 750 mm305

and Hm = 750 mm, where fm is the characteristic compressive strength of the masonry wall, and tm, Hm,306

and Lm are the thickness, height and length of the wall, respectively.307
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Table 7: OoP fundamental frequency comparison between Multi Pier model and laboratory test measurement.

OoP
test

Model Measured Error (%)

RC500 RC750 RC1000 RC500 RC750 RC1000 RC500 RC750 RC1000
1 150 102 85 129 101 115 16.3 1.0 26.1
2 128 81 63 105 87 117 21.9 6.9 46.2
3 91 79 62 90 69 117 1.1 14.5 47.0
4 79 73 48 57 56 83 38.6 30.4 42.2
5 79 73 59 36 33.9 102.8

This parametric study first considers the influence of Hm/Lm ratio by the definition of several Lm cases,308

as shown in Figure 15(a). Observe that the OoP fundamental frequency of the wall decreases with incresing309

deformation in any case. Figure 15(b) reveals that the increasing relation between OoP fundamental frequency310

and the Hm/Lm ratio when the IP drift equals 0, follows a logaritmic tendency. However, this tendency is not311

clear for the RC1000 case, as per the measured results shown in Figure 8. This might be caused by the fact312

that the joint between the wall and the upper beam of the frame is usually difficult to construct properly,313

meaning that the perfect bond assumption may not be representative for the upper joint in that case. To314

address this issue, additional and dedicated tests would be required and, as a consequence, it is considered315

out of the scope of this work.316
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Figure 15: Influence of masonry height / length ratio on the IP and OoP stiffness.

Second, the Hm/tm influencing ratio is studied by adopting different tm values, as shown in Figure 16(a).317

Observe again that the OoP fundamental frequency decays with the increase of the IP drift. Figure 16(b)318

shows the decreasing relationship between OoP fundamental frequency and the Hm/tm ratio, which follows a319

tendency that can be modelled by a cuadratic relation.320

Next, the influence of fm is explored by adopting a number of typical values, as shown in Figure 17(a).321

The results show that the OoP fundamental frequency decays with increasing IP drift. Also, Figure 17(b)322
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Figure 16: Influence of masonry height / thickness ratio on the IP and OoP stiffness

reveals an increasing relationship between OoP fundamental frequency with the fm values, following a323

cuadratic tendency.324
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Figure 17: Influence of the characteristic compressive strength of the masonry on the IP and OoP stiffness.

Finally, the influence of the size of the wall is investigated by means of a scaling factor. Figure 18(a)325

depicts similar tendency of decaying OoP fundamental frequency as the IP drift increases. And Figure 18(b)326

disclose a decreasing relationship between OoP fundamental frequency and the size scaling factor, which327

again, can be modelled by a cuadratic relation.328

These observations are used in the following section to propose an extension to the model given by329

Equation 8, by means of a series of influencing coeficients.330
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Figure 18: Influence of the scaling factor of the masonry on the IP and OoP stiffness.

6.3. Extended MIF modelling approach331

This section describes a method to extend the proposed model to estimate the IP stiffness of MIFs in332

terms of measured OoP fundamental frequency along with a number of configuration input parameters. This333

configuration input parameters allow the consideration of the influence of height, length, thickness, strength334

and scaling of the masonry wall. To this end, the Equation (8) is extended as follows:335

kIP = θ1 (fOoP − θ2)
θ3 · fH/L · fH/t · ff ′

m
· fscale (12)

where the factors fH/L, fH/t, ff ′
m

and fscale are modifier (or influencing) factors of the stiffness of the336

simplified strut model that account for height/length ratio, height/thickness ratio, the strength of the wall337

and the scaling factor (i.e. size of the wall), respectively.338

These influencing factors were obtained from the results of the parametric study, using the following339

process:340

1. For each model, the IP secant stiffness was obtained for the different levels of drift and different values341

of the parameters (i.e. length, thickness and strength).342

2. The stiffness was normalized to the obtained stiffness of a basic case, corresponding to the values of343

the parameters of the original model. Figure 19 shows the relations that can be used to define the344

values of each influencing factors in terms of the MIF configuration parameters.345

Note that the limitations of the model used for the parametric study (see section 6.1), should also be346

considered in the results obtained with the proposed model.347
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Figure 19: Functions of the modifier factors in terms of each influencing parameter.

6.3.1. Application examples348

In this section, four additional models are considered to check the effectiveness of the proposed extended349

method defined by Equation (12) and Figures 19(a) to 19(d). The predictions given by the proposed extended350

model are compared to those given by the the Multi Pier MIF models described in Section 6.1. The geometric351

characteristics of each MIF cases are presented in Table 8. The table also shows the OoP fundamental352

frequency and the IP tangent stiffness of the MIF, obtained by the Multi-Pier numerical model. Finally,353

the influencing factors and the estimation of IP stiffness of the proposed method are presented. Also, the354

estimation obtained from available macro-models from the literature are presented at the bottom of the table355

for comparison purposes. This results are also presented in Figure 20. The MIF cases studied in this section356

were selected with the following criteria:357

1. All cases are real size MIF structures. Notice that the scale factor shown in the table are defined358
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between 0.83 and 1.00. Those values are obtained considering that a 0.25 scale corresponds to a wall359

height equal to 750 mm.360

2. Columns and beam sizes are defined equal for cases 1 and 2, and 3 and 4, respectively. Typical sizes361

for low-rise structures were adopted.362

3. Case 1 represents a tall wall, i.e its length is smaller than the height. Case 2 is a short wall, where the363

length is higher than the height. Cases 3 and 4 represent the case of squared walls.364

4. Cases 1 and 2 have a small height-to-thickness ratio, whilst cases 3 and 4 consider a higher value.365

5. Cases 1 to 3 use walls with characteristic masonry strength equal to 1.00 MPa (and equal to the ones366

that were tested), whilst case 4 considers a higher strength value.367

The results presented in Table 8 assume non-degraded MIFs defined using the Multi Pier methodology.368

Notice that the estimation of the secant stiffness of the macro models from the literature are close to the369

estimation obtained with the methodology proposed herein, whilst the tangent estimation is, in general,370

considerably larger than the results obtained from the proposed method. To consider some damage in the371

infills, the MIF were modelled with a relative deformation less than 1.00% of the height, and the results are372

shown in Table 9. Note that the models available in the literature are not able to estimate the stiffness of373

existing walls that have been subjected to IP deformation cycles. For this reason, the proposed methodology374

has the advantage over existing macro-models in that the estimation is based on field measurement and,375

thus, is able to consider the deformation history of the wall.376

As shown in Table 8, satisfactory predictions were obtained for the case of non-degraded MIFs, showing a377

mistmach between the Multi-Pier model and the proposed extended simplified model of 4%, 15%, 25%, and378

34% for each case, respectively. For the degraded MIFs simulations, differences of 70%, 25%, 38% and 5%,379

were observed for cases 1 to 4, respectively. These results indicate that the proposed methodology can be380

considered as a practical tool for the stiffness evaluation of existing MIF structures, and also to quantify381

its uncertainty. However, it is recommended that, before its application in real cases, the calibration of the382

method should be improved with a larger set of laboratory tests, in order to study the influence of other383

variables such as: type and material of the masonry units, characteristics of the mortar, the bond between384

the wall and the frame, among others.385
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Table 8: Summary of results of application examples for non-degraded MIFs from Section 6.3.1.

Parameter Case 1 Case 2 Case 3 Case 4

Frame sections
Column (mm) 400x400 400x400 300x300 300x300
Beam (mm) 300x400 300x400 250x350 250x350

Wall geometry

Lm (mm) 2000 4000 3000 3000
Hm (mm) 2500 2500 3000 3000
tm (mm) 200 200 150 150
fm (MPa) 1.00 1.00 1.00 5.00
Hm/Lm 1.25 0.63 1.00 1.00
Hm/tm 12.50 12.50 20.00 20.00

Scale factor 0.83 0.83 1.00 1.00

Multi Pier
model

fOoP (Hz) 44.6 29.1 17.6 38.4
kIP (kN/mm) 15.4 29.7 8.9 41.2

Geometric
modifiers

fH/L 0.90 1.25 1.00 1.00
fH/t 1.05 1.05 0.78 0.78
fscale 1.95 1.95 2.20 2.20
fm 1.00 1.00 1.00 3.20

Simplified
model

kmeanIP (kN/mm) 16.0 25.4 6.7 27.2
kstdIP (kN/mm) 1.30 1.91 1.17 1.22

[37]
ksecIP (kN/mm)

17.84 33.07 12.82 64.10
[46] 15.68 29.42 10.99 37.50
[77] 17.50 17.64 11.37 56.85

[37]
ktanIP (kN/mm)

29.63 63.34 30.99 83.80
[46] 38.37 72.00 26.89 91.77
[77] 90.00 180.00 84.38 421.88

Figure 20: Stiffness estimation of infilled masonry case studies using the formulations of Table 1. The sign * refers to tangent
stiffness estimation.
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Table 9: Summary of results of application examples for degraded MIFs from Section 6.3.1.

Parameter Case 1 Case 2 Case 3 Case 4

Multi Pier
model

fOoP (Hz) 26.44 20.5 13.5 27.8
kIP (kN/mm) 7.3 15.9 4.7 22.2

Simplified
model

kmeanIP (kN/mm) 12.5 20.0 2.9 21.1
kstdIP (kN/mm) 1.95 2.73 0.60 0.80

7. Conclusions386

This paper proposed a methodology to indirectly infer the IP stiffness of MIFs by means of the OoP387

fundamental frequency that can be measured through a low-cost non-destructive test. Using an experimental388

campaign of five one-fourth scaled MIFs, a simplified model was proposed and inferred to the data to389

indirectly predict the IP stiffness based on the identified OoP fundamental frequency. The applicability of390

the method was further extended to properly cover model predictions out-of the configuration range given by391

the experimental data, by means of a parametric study performed with a MIF physics-based meso-model.392

Influencing coefficients were obtained to consider the effects of height-length ratio, height-thickness ratio,393

the masonry characteristic strength and the scale size of the MIF. A number of application examples were394

presented, demonstrating the capability and adequacy to predict the IP stiffness of MIFs from their OoP395

fundamental frequencies.396

To the authors’ knowledge, this is the first time that such methodology has been proposed to estimate397

the stiffness contribution of existing masonry infilled frame structures. The method is able to consider the398

effects of the degradation due to the not known history of deformations to which the existing wall may had399

been subjected to. This feature of the method allows for better stiffness estimation compared to existing400

macro-model formulations, making it a suitable tool for the evaluation of existing structures. However, the401

proposed method requires additional laboratory testing to confirm the results obtained here by numerical402

modelling and to better capture the influence of different damage scenarios of the masonry walls to the MIF403

structural system. Thus, desirable future work includes a larger scale MIF structure tested on a shake table404

with consideration of varying frame-wall bond condition, among others.405
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