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Abstract

Numerous models have been developed in the last decades for enhancing the seismic perfor-
mance of masonry infills. In the present study, two alternative approaches are adopted to eval-
uate and compare the performance of masonry-infilled frames with and without rubber joints
under in-plane loading. The first approach is based on a simplified two-dimensional macro-
element model for defining the in-plane behavior of infills. The proposed macro modeling ap-
proach is embedded within Open-Sees. The second approach is based on a mesoscale descrip-
tion of the masonry infill, developed using ABAQUS. The proposed modeling strategies are
calibrated and validated against quasi-static tests carried out in the past on the traditional in-
filled reinforced concrete (RC) frames and modified infills with mortar-rubber-mortar joints.
The study results demonstrate the effectiveness of the rubber joints in enhancing the in-plane
behavior of masonry-infilled frames and provide useful insight into the capability and accuracy
of the two modeling approaches.
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1 INTRODUCTION

Masonry infills have always demonstrated their vulnerability in RC-framed structures, as
repeatedly evidenced by seismic events throughout the world. This is because differently from
beams and columns, the masonry is often excluded from the seismic resistant design calcula-
tions. This causes severe damage to infill even in the event of minor earthquakes causing se-
vere economic as well as health losses and hindering rescue operations. Sometimes, the repair
cost for the infills can be considerably higher than those for structural components [1].

Several technological solutions for protecting infill walls, with a significant number of tech-
niques aimed to increasing their resistance [2], [3] have been developed. However, these tech-
niques may not be cost-effective since the strengthening of the infill also increases the forces
transmitted to the adjacent frames from the infill leading to a necessity of strengthening of the
frame.

Recently few alternative design solutions are introduced to help in reducing the interaction
between the infill panels and the building's structural components. These techniques introduce-
es flexible/sliding layers [4-6] aiming at increasing the masonry flexibility and isolating the
masonry from its surrounding frame. The Tun Abdul Razak Research Centre (TARRC) intro-
duced an advanced rubber joint (Figure 1a, b), with different stiffnesses along the three orthog-
onal directions, which is an essential requisite to achieve an optimal response in the in-plane
and out-of-plane directions. The effectiveness of the rubber joints was proved during tests car-
ried out within the European research project, INSYSME [7] (INnovative SYS-tems for earth-
quake-resistant Masonry Enclosures in reinforced concrete buildings) on seismic protection of
infill walls. In the modified infilled frame selected and tested at INSYSME project, the hori-
zontal rubber joints divide the infill into four sub-panels. The vertical rubber joints are places
at the masonry- column interactions (Figure 1c¢).
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Figure 1: (a) Horizontal rubber joints developed by TARRC [10] (b) cross section of mortar-rubber-mortar joint
(c) schematic diagram of modified infill with rubber joints.

The numerical simulation of the seismic performance of RC infilled frame buildings is a
computationally challenging task due to the nonlinearity of the materials involved, the com-
plex interaction between the infills and the main frame structure, and the various possible failure
modes that could occur. Different modelling approaches have been proposed over the years,
including macro modelling and micro/meso-scale modelling [8-10] (see e.g. [11] for a review
of the state of the art). Micro and meso-scale strategies can be quite effective in studying the
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infill behavior of masonry infilled frame. However, analysing a large scale structure can turn
out to be a difficult task due to its high computational cost. Whereas, simplified macro-models
can be quite efficient having lower degrees of freedom and necessary parameters to define them.
A 2D discrete macro-element model (DMEM) for masonry infilled frames was proposed by
Calio and Panto [8] to eliminate the major limitations of the equivalent strut approach [12-14].
However, the response of in-plane behaviour of masonry-infilled RC frames with sliding or
flexible joints using a 2D macro-elements is rarely studied.

This study presents two alternative modeling strategies for the system at hand, one using a
three-dimensional meso-scale modelling approach, and the other using a DMEM modeling ap-
proach. The first strategy, developed in Abaqus [15], and the second strategy uses 2D macro
modelling approach, which is based on the model proposed by Calio’ and Panto’ [8], subse-
quently implemented in Opensees [16]. Section 2 describes briefly the two modeling ap-
proaches, and Section 3 illustrates their calibration and validation considering the results of the
experimental tests (INSYSME [7]) and advanced numerical analyses carried out by Verlato [17]
on RC frames infilled with flexible joints.

2 PROPOSED MODELLING STRATEGIES

2.1 Mesoscale model

This modelling strategy uses Abaqus [15] which is a commercially available finite element
(FE) software . Columns and beams are modeled using 20-node quadratic elements with re-
duced integration (C3D20R) and 2-node linear beam elements (B31) that are assigned to the
rebars. Concrete Damage Plasticity (CDP) model [18] is used to consider the material nonline-
arity of concrete and brick units. The rebars are embedded within the concrete with the “em-
bedded element technique” [15].

Surface-to-surface contact interfaces representing the mortar joints as well as rubber-mortar
interaction surfaces. The interaction surfaces are controlled normal stiffness, k&, , and other
shear stiffness in two orthogonal directions, k and k, . These stiffness parametrs depents on the
elastic properties of the masonry constituents as well as geometry of the the joints [10]. From a
mechanical point of view, the mortar-rubber-mortar joints work as a system of elements
connected in series. Thus, the overall in-plane stiffness (normal) and out-of-plane stiffness

(shear) are estimated as:
1 1 2

= + —
kimr kir kim

i=n,s,t (D

where m and r denotes the mortar and rubber respectively.
The stiffness rubber joints is calculated as k] =G, /¢, , where G, =0.50 Mpa and ¢, =15mm

for the joints of Figure 1a. Under a series system approximation, it coincides with the lowest
among the corresponding values of bond strength of its constituents. i.e., the bond failure either
in the mortar-rubber or mortar-brick interface. It is important to note that, the presence of studs
on the rubber joints enhance the cohesion of rubber joints with mortar (Figure 1a) facilitating
improved resistance.

2.2 Simplified 2D-macro element

This modeling approach uses 2D macro-elements that are developed by Calio and Panto [8],
sub-sequently implemented in OpenSees [16] by Panto and Rossi [19]. Horizontal rubber joints
divides the masonry infilled frames to a series of sub-panels as shown in Figure 2a.
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The macro-element mechanical scheme of the model comprising of one articulated quadri-
lateral, one 1D diagonal link, and 8 numbers of 2D zero-length links as presented in Figure 2b.
The 2D links connects macro-elements to the frame components [19]. The infill-frame external
face has rigid offsets for geometrically consistent simulations. Each macro element can be de-
scribed by twenty degrees of freedoms (DoFs). Out of which, sixteen are associated with the
normal and shear displacement of perimetral 2D links and remaining four are associated with
the internal panels for describing in-plane shear.
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Figure 2. (a) Infilled frame with macro-elements and (b) macro-element mechanical scheme [20]

To describe the sub-panel separated by the rubber joints, the same macro-element [19] is
used where the compressive/tensile response of the masonry sub-panels as well as flexible joints
are simulated by using the normal behavior of the 2D contact links. The 2D contact links are
also capable of simulating the shear sliding whereas the 2D diagonal links simulate the diagonal
shear behavior of the masonry subpanels. It is important to note that, the representation of the
shear behavior of the 2D links is identical to the approach of the mesoscale model.

3 CASE STUDY: INSYSME PROJECT

The experimental test carried out on a traditional infilled frame and a modified infilled frame
with mortar-rubber-mortar joints tested within INSYSME project [7]. Hollow clay blocks of
type-D (Figure 3) are used in the infill panel. 10 mm thick bed mortars are used while head
mortar joint is absent. However, the transfer of stresses from bricks to bricks are perfomed by
interlocking mechanism. Figure 3 also provides the details of frame geometry, rebar details and
the dimentions of the masonry unit. Further details can be found in Verlato [17]. All test frames
(bare, traditional infilled and modified infilled) tested under INSYSME project [7] considers
200 kN acting veritcally on the top of each column, followed by monotonic in-plane loads ap-
plied at the top of the beam (Figure 3). A calibration study is carried out in this section using
the two above discussed modelling strategies (macro-element model and mesoscale model).
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Figure 3 Traditional infilled frame geometric details (dimensions in mm)

The important mechanical strength properties of concrete, rebar, brick units and the masonry
infill are reported in Table 1. Similarly, the mortar joints representing the masonry-masonry,
and masonry-frame interaction properties are presented in Table 2. Table 1 and Table 2 are
based on the experimental test results carried out at INSYSME [7] and numerical models of

Verlato [17].

Mechanical proper- Con- Steel rein- Brick units : Ma§0nry mﬁu
. Parallelto  Perpendicular  Verti-  Hori-
ties crete forcement
holes to holes cal zontal
Elasticity modulus £, 180000 7147 3693 6158 1904
(MPa)
Poisson Ratio v (-) 0.15 0.3 - - 0.4 0.4
Compressive
strength, /. (MPa) 40 - 12900 4250 7.63 1.40
Yielding stress (MPa) - 535 - - - -
Tensile strength, f, 5 o) - 0.33 0.22 052 0.1
(MPa)

Table 1. Mechanical properties of RC frame, brick, and masonry infill [17].

Mortar Interaction Properties

Bed mortar Head mortar

k" per unit area (N/mm?®)
k", k" per unit area (N/mm®)

Tensile strength f, (MPa)

Cohesion ¢ (MPa)
Friction coefficient, 1/ (-)

Fracture energy in tension, G; (MPa.mm)

Fracture energy in shear, G;-] (MPa.mm)

200 200
100 -

0.346 -

0.485 -
1.13 0.8

0.005 -
0.05 -

Table 2. Properties of the contact interfaces describing the mortar joints in the mesoscale model [17].
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3.1 Traditional infilled frame

Figure 4a shows the contour plot of peak compressive stress developed in the RC infilled
frame recorded at a displacement of 28 mm, obtained using the 3D mesoscale modeling ap-
proach. The highest stress concentrations of compressive strength are seen at the top-left corner
and at the bottom-right corner due to the attainment of peak compressive strength of the ma-
sonry units (Table 1). Similarly, the plastic strain distribution representing the cracking of brick
units are shown in Figure 4b for a 1% drift level (i.e., 28mm). The masonry cracks are found to
be localised in the form of diagonal bands with an angle of 60° with horizontal as seen in Figure
4b.
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Figure 4 (a) Peak compressive stress (b) Plastic strain distribution at 28 mm [21].

Figure 5 illustrates the comparisons of the load-displacement curves obtained experimentally
and the numerical mesoscale model of the traditional RC infilled frame. Though the mesoscale
model analysis aborted after reaching a displacement of 28 mm due to convergence issues and
could not describe the softening stage, still, elastic behaviour is well validated with the experi-
mental response. In the meantime, macro-model could be able to describe both initial and the
post-peak behaviour with considerable accuracy. Plotted in the same figure is the curve obtained
using the DMEM approach, using four macro-elements for describing the subpanels and forced-
based non-linear finite elements with cross-sections discretised into fibres for describing the
RC components. The properties of the macro-model are consistent with mechanical character-
isation test results and with those employed for the 3D model.

To give an idea of the computational cost savings achieved with the second modelling ap-
proach, the numerical simulation was carried out using a computer with 16 GB RAM, intel i5-
8500 processor and windows OS (64-bit). It was observed that, the 3D mesoscale model devel-
oped for the traditional infilled frame, with a total number of 12812 nodes, took approximately
24 hours to reach 28 mm displacement, whereas the DMEM with 12 nodes took only 6.8 sec-
onds to reach the same level of displacement. It can also be noted that both experimental and
macro-model results depicted a softening branch beyond 25 mm of lateral displacement due to
cracking/crushing of bricks with a peak force between 450 kN and 510 kN.
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Figure 5 Experimental and numerical load-displacement of traditional and modified infilled frame [21].

3.2 Infilled frame with rubber joints

The interaction parameters in the 3D mesoscale model of infilled frame with rubber joints
describing the horizontal and vertical mortar-rubber interface are presented in Table 3. It is to
be noted that, the mechanical properties of mortar-rubber-mortar joint are controlled only by
the rubber joint compliance and doesn’t get affected by the thickness of the mortar layers.

Interaction properties Hor. joint  Ver. joint
k" per unit area (N/mm?) 11.7 1
k™, k" per unit area (N/mm?®) 0.033 0
f; (MPa) 0.15 0
¢ (MPa) 0.05 0
“ ) 0.36 0.31
G, (MPa-mm) 0.005 -
G, (MPa-mm) 0.04 -

Table 3. Mortar-rubber joint interaction properties used in the mesoscale model [17].

Figure 6a shows the contour plot of peak compressive stress recorded at 55 mm (i.e., 2%
inter-story drift). The introduction of low-stiffness vertical rubber joints can significantly re-
duce the overall stiffness of the infilled frame causing better performance as compared to the
traditional infill (see Figure 4 for traditional infill). Reduction in the stresses in the masonry
units (bricks) are also observed. Overall, most of the lateral deformations are localised at the
rubber joints in terms of rubber shear flexibility. The present numerical model successfully
simulated the cracks that are also observed experimentally [17]. The plastic strain contours
showing the cracking failure of the bricks are presented in Figure 6b for the same horizontal
displacement (2% drift limit). The rubber joint solutions are found to be significantly enhancing
the performance of infilled frame as compared to the traditional infill by lowering the cracking
of the infill at higher drift limits and opening a gap at the subpanel-frame interface. Figure 6¢
presents the deformed shape of the modified infill with rubber joints using DMEM approach,
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featuring the sliding between the subpanels with respect to horizontal sliding joints, and for-
mation of diagonal struts in each subpanel. In Figure 6¢ only the perimeter 2D links in com-

pression are shown.
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Figure 6 (a) Peak compressive stress contour (b) Plastic strain distribution of modified infill (c¢) OpenSees model
deformation (at 55mm) [21]

Figure 7 shows the force-displacement curve of the infilled frame system with rubber joints.
The introduction rubber joints improve the performance of the infill system, as observed in
Figure 4. Both numerical approaches adopted in the present study (3-D mesoscale model and
the 2-D macro-model) are efficient in predicting accurate global force-deflection responses
identical to experimental observations. Apart from the mesoscale model providing some local
drops of force between 12 to 20 mm, the global response is monotonically increasing up to
maximum displacement. The simplified DMEM approach with few seconds of analysis predicts
the same load-displacement response as compared to the computationally expensive 3-D meso-
model. In fact, the 3D model with a total of 12812 nodes took 85 hours to reach 55 mm dis-
placement and the same displacement is achieved in 24 seconds with the DMEM (with 30

nodes).
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Figure 7. Force-displacement behaviour of the bare frame, traditional infill, and modified infill [21].

4 CONCLUSIONS

This study illustrates the development of two alternative modeling strategies for simulating
the traditional infilled RC frame as well as the modified infilled frame subjected to in-plane
loading. The first approach is based on a 3-D mesoscale modeling approach which is quite
computationally expensive but is extremely useful in providing an insight into the local behav-
ior of the components of the system, like the joints and the brick units. The second approach is
a more computationally efficient 2-D model, which is characterized by very few degrees of
freedom thanks to the use of macro-models for describing the infill panels with rubber joints.

The two-modeling strategy are applied to a case study consisting of an RC frame with tradi-
tional infill wall and with an infill wall with rubber joints. Based on the study presented in this
paper, the following conclusions can be drawn:

e The compliance of the RC infilled frame system can be significantly improved by introduc-
ing horizontal and vertical rubber joints resulting reduced damage to the infill and the frame.

e Both the modeling strategies provide an accurate assessment of the global force-displace-
ment response of the system.

e The macro-modeling approach (DMEM) is computationally more efficient, as this can be
up to 12,000 times faster than 3-D meso-scale approach depending on the targeted drift
limits to achieve.

The present study can contribute to investigate the optimal design combinations by consid-
ering the strength, dissipation energy and deformability of the joints. This has potential in en-
hancing the seismic performance of various types of infilled frames. This research can be
further extended to study the combined in-pane and out-of-plane behaviour of infilled frame.
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