Available online at www.eccomasproceedia.org
Eccomas Proceedia COMPDYN (2021) §99-912

COMPDYN 2021
ECCO MAS 8" ECCOMAS Thematic Conference on

Computational Methods in Structural Dynamics and Earthquake Engineering

H M. Papadrakakis, M. Fragiadakis (eds.)
P rD EEEdI a Streamed from Athens, Greece, 28 - 30 June 2021

LOCAL EFFECTS DUE TO THE SEISMIC INTERACTION BETWEEN
INNVATIVE DUCTILE MASONRY INFILLS AND RC ELEMENTS

Riccardo R. Milanesi!, Valentino Bolis?, Simone Pelucco?, Paolo Morandi’,
Guido Magenes', Marco Preti’

"'University of Pavia, D.I.C.Ar.
via Ferrata 3, 27100, Pavia (PV), Italy

riccardo.milanesi@unipv.it , guido.magenes@unipv.it

2 University of Brescia, D.I.C.A.T.A.M.
via Branze 43, 25123, Brescia (BS), Italy

valentino.bolis@unibs.it , s.pelucco@unibs.it , marco.preti@unibs.it

3 Bucentre
via Ferrata 1, 27100, Pavia (PV), Italy

paolo.morandi@eucentre.it

Abstract

The seismic vulnerability of rigidly attached masonry infills has been repeatedly highlighted
through post-event surveys, experimental and numerical studies. Although many innovative so-
lutions have been proposed, especially in the last decades, many aspects of these systems are
object of ongoing or future studies. The ductile infills with sliding joints have been currently
investigated by different researchers starting from experimental tests and using the test out-
comes to calibrate and create finite element models with the aim to perform parametric analysis
and define the local and global interaction with the structure. Moreover, the innovative infills
with sliding joints have shown a completely different in-plane behavior with respect to the non-
ductile ones. Since the creation of the diagonal strut is avoided and the shear sliding mecha-
nisms fostered in predefined sliding joints, the interaction between the masonry panel and the
RC members represents novelty with respect to the ““traditional’ rigidly attached masonry so-
lutions. Within the present paper the results of a numerical model calibrated according to in-
plane experimental tests are presented and the local interaction between the RC structural
member and the innovative ductile infill with sliding joints is discussed. The study adopts a
validated finite element model approach to an experimental campaign that has never been sim-
ulated through detailed FEMs and compares the numerical results with the experimental results
related to the local effects.
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1 INTRODUCTION

The seismic vulnerability of rigidly attached masonry infills, also called non-ductile infills,
has been repeatedly highlighted through recent post-event surveys (i.e., [1],[2],[3],[4]). Several
problems have been observed such as the in-plane/out-of-plane interaction in the seismic re-
sponse of these non-structural elements (Figure 1a), the global influence in the overall seismic
behaviour of the structure and the structural damages caused by local interaction between the
masonry panels and the structural members (Figure 1b). The seismic behaviour of non-ductile
masonry infills has been studied also experimentally and numerically into many researches that
had different goals such as, the infill/structural global interaction ([5],[6],[7]), the in-plane be-
haviour ([8],[9]), the out-of-plane response ([10],[11],[12]). The in-plane/out-of-plane interac-
tion ([13],[14],[15]), the economic evaluation of the expected annual losses ([16],[17]) and the
local interaction between the infill and the structural members ([18],[19],[20]) as, for example,
shown in Figure 2, were investigate as well.

)
Figure 1: (a) Infill damage and collapse due to in-plane and out-of-plane behaviour during the Central Italy earth-
quake 2016 ([3]), (b) Focus on the local damages on RC members due to the infill-structure local interaction ([2]).
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Figure 2: (a) Local effects on a non-ductile infill to the adjacent column ([20]); (b) Example of local pressure at
different drift on the RC columns due to the presence of a non-ductile infill made of AAC units ([20]).

The aforementioned issues have recently encouraged the research and the industry in devel-
oping innovative infills that can be generally classified into three categories: the enhanced in-
fills ([21],[22],[23],[24]), the panels uncoupled from the frame ([25],[26]) and the ductile infills
([271,128],[29]1,[30],[31]). The latter innovative infill typology, that has been recently proposed
and studied both experimentally and numerically, is object of ongoing and future studies. The
infill with sliding joints, which are investigated in this work, are classified as ductile infills. The
innovative infills with sliding joints have shown a completely different in-plane behaviour with
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respect to the non-ductile ones [32]. Since the creation of the diagonal strut is avoided and the
shear sliding mechanisms fostered in predefined sliding joints, the interaction between the ma-
sonry panel and the RC members represents a novelty with respect to the “traditional” rigidly
attached masonry solutions.

............

(a) (b)
Figure 3: (a) Details of the innovative masonry infill with sliding joints: 1. C-shape units; 2. mortar bed-joints; 3.
(b) sliding joints; 4. clay units; 5. interface joints; 6. shear keys; 7. plaster ([28],[29]); (b) Idealization of the com-
pressed strut in the case of ductile infill with sliding joints ([28]).

Within the present paper the results of a numerical model calibrated according to in-plane
experimental tests are presented and the local interaction between the reinforced concrete struc-
tural member and the innovative ductile infill with sliding joints is discussed. The study adopts
a validated finite element model approach ([33]) extended to an experimental campaign ([28])
that has never been simulated through detailed FEMs and compares the numerical results with
the experimental ones related to the local effects.

2 SPECIMEN DESCRIPTION AND INSTRUMENTATION

At the Department of Civil Engineering and Architecture and at the Eucentre Foundation,
within the European FP7 “INSYSME” project, a ductile seismic resistant masonry infill with
sliding-joints ([28] and [29]) with original details has been conceived, based on the conceptual
design proposed in Preti ef al. [34]. The engineered system reduces the interaction between the
structure and the infill in the in-plane direction by facilitating the shear-sliding damage in spe-
cific previously designed elements corresponding to the sliding joints. The infill is subdivided
into four horizontal subpanels that can mutually slide through properly conformed sliding joints.
Moreover, the interface between the masonry subpanels and the reinforced concrete is filled
with a deformable mortar to decrease the stress concentration. The unreinforced masonry used
in the subpanels of the infill is realized with vertically perforated lightweight clay units and
general-purpose 1 cm thick mortar bed- and head-joints.

The reference experimental campaign has included test on characterization on every material
(concrete, reinforcement, mortar, clay units and masonry), in-plane pseudo-static cyclic tests
(called IPL) on fully and partially infilled (with a central opening) full scale one-storey one-bay
reinforced concrete frames. The infill without opening has been tested also at “high-velocity”
(called IPH) to study the behaviour of the sliding joints subjected to dynamic actions. Subse-
quently, the same specimens have been tested dynamically out-of-plane on a shaking table to
investigate the out-of-plane response. Finally, a dynamic test on a shaking table on a prototype
2-storeys 5-bays building has been carried out. The in-plane response is presented by Morandi
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et al. [28], the out-of-plane experimental behaviour is discussed in Milanesi ef al. [29], whereas
the building test is presented in Manzini et al. [35].

The full infill, named TSJ1, had a length of 4.22 m and a height of 2.95 m, and the reinforced
concrete members have a square section with base/height of 35 cm (Figure 4). The specimen
design, that aimed to represent a part of a realistic full-scale reinforced frame structure, is de-
tailed in other works ([9] and [28]).

The experimental displacements and deformations occurred during the in-plane tests have
been measured through 45 displacement transducers (linear potentiometers) (Figure 5a). The
ones numerated between 30 and 44 are located at the panel/column interface to measure the
compression of the deformable mortar joint or the detachment of the subpanel with the rein-
forced concrete column (Figure 5b). Each subpanel has 2 potentiometers for each masonry/col-
umn interface, being one at the top and the other at the bottom of the subpanel.

1670

= g
(a) (b)
Figure 5: (a) Sketch of the linear potentiometer installed in the specimen during the in-plane cyclic test; (b) Detail
of the potentiometer 34 and 35 installed to monitor the subpanel/column local interaction.

3 EXPERIMENTAL RESULTS

The force-displacement hysteretic curves and the corresponding envelopes for each cycle of
the fully infilled configuration (TSJ1) are reported in Figure 6a, whereas the results of the bare
frame specimen (called TNT) are shown in Figure 6b. The TNT specimen has been taken as
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reference for a proper evaluation of the infill contribution and it has been tested in a previous
experimental campaign ([9]).
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Figure 6: Experimental force-displacement cyclic and envelopes curves of (a) specimen TSJ1, fully infilled and
(b) bare frame.

The damage related to the in-plane tests, which is detailed in Morandi ef al. [28], can be
summarized to horizontal cracks corresponding to the sliding mechanism of the sliding joints
starting from low levels of drift (from 0.20%), sub-horizontal flexural and light diagonal cracks
in the upper and bottom part of the reinforced concrete columns due to the in-plane deformation
of the structural frame (at about 1.00-1.25%), detachment of small area of plaster in corner of
the subpanels (2.00%) and spalling of the concrete cover at the bottom of the columns (3.00%).
At the subpanel/column interface, the occurrence of the sliding mechanism in the engineered
sliding joints has created a contact area and a detached portion for every subpanel due to the
deformation of the reinforced concrete frame respect to the infill (Figure 7).

Figure 7: Focus of the masonry/column interface joint at the max imposed in-plane drift of 3.00%.

As aforementioned, the experimental campaign has included also a comprehensive mechan-
ical characterization of the materials. The masonry has been therefore characterized through
vertical, horizontal, and diagonal compressive strength tests, flexural pure bending tests, and
tests on triplets to determine the initial shear resistance and the friction coefficient of the mortar
bed-joints and the sliding joints. All tests of characterization on masonry have been conducted
on specimens with and without plaster in order to evaluate its influence for each resistance. In
the present work only the horizontal compressive resistance of the masonry (Figure 8a) and the
shear tests on masonry triplets to characterize the cohesion and the friction coefficient of the
mortar bed-joints and the sliding joints (Figure 8b) have been consider.

Figure 8c reports the results of the triplet tests on masonry for the sliding joints, for the
mortar bed-joint with and without plaster. The stress-strain curve obtained from the horizontal
compressive tests is reported in Figure 12b.
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Furthermore, the deformable interface mortar (called “deformable mortar” in the following)
placed between the masonry subpanels and the structural member has been characterized in
several ways: by testing mortar prisms in compression (Figure 9a), mortar pads (Figure 9b) to
investigate the influence of the dimension and by the replicating the whole interface region also
including the steel omega element and the C-shape clay unit (Figure 9c). The results, that are
reported in Figure 13a, highlight the lack of a common curve and the necessity to make some
assumption regarding the compressive behaviour of this material.
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Figure 8: Picture of the tests of characterization to determine the (a) horizontal resistance of the masonry, (b)
friction coefficient of the sliding joints. (c) Results of the initial shear resistance of the masonry triplets.

(b)
Figure 9: Picture of the tests of characterization for the deformable mortar at the panel/frame interface (a) test on
mortar prism; (b) test on mortar pad; (c) replication of the whole contact system.

4 MODELING DESCRIPTION

The modelling technique here adopted to interpret the test response is based on the approach
proposed in several studies ([36][37],[38]) and specified for sliding joint infill in Bolis et al.
([33]). The specific configuration of the infill with sliding joints and the layer of deformable
mortar interposed at the frame to masonry interface, is modelled with interface and smeared-
crack elements, respectively. For the specific specimen under consideration here, the deforma-
ble mortar is modelled assuming a simplified linear response calibrated on the mechanical char-
acterization tests.

The model is a two-dimensional plane-stress finite element model implemented using the
FEAP ([39]) environment.

The modelling scheme of reinforced concrete columns, beam members and masonry infill
([38]) are reported in Figure 10. The sliding joints are modelled using interface elements; the
lateral deformable mortar joints are simulated using a smeared-crack element directly con-
nected to the nearest reinforced concrete member on one side and through an interface element
to the adjoining masonry subpanel. Unlike the model proposed in Bolis et al. ([33]) the base
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joint is modelled like the horizontal mortar joints and the top deformable mortar joint between
the masonry infill and the beam is modelled like the lateral vertical joints (Figure 11).
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Figure 10: Finite element discretization reprinted from Stavridis and Shing ([38]).
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Figure 11: (a) Infill frame mesh and detail of the sliding and contact joints; (b) detail of the contact joint modeling

4.1 Parameter calibration

The model parameters are calibrated as proposed in Stavridis and Shing ([38]) and Bolis et
al. ([33]), referring to experimental tests performed on subassembly and to literature references.
The main parameters are reported in Table 1 and Table 2.

SMEARED-CRACK ELEMENTS

Material

E [MPa] G [MPa] v [-] t [mm] f. [MPa] f; [MPa]
Concrete 25000 10417 0.20 350 37 1
Masonry 2600 1150 0.13 250 2.9 0.6
Deformable Mortar top 5 2 0.38 100 10.0 2.0
Deformable Mortar lateral 8 2.9 0.38 250 10.0 2.0

Table 1: Main parameters adopted for the smeared-crack elements.

The comparison between the numerical and experimental results of the main calibration tests
are reported in the following Figure 12 and Figure 13.
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Lateral and top deformable mortar joints are modelled using smeared-crack elements cali-
brated to have an elastic behaviour in the range of deformation of interest. The elastic modulus
of the lateral deformable mortar is calibrated to obtain a stress strain curve secant to the exper-
imental on in the range of strain of 15-20%, which corresponds to the peak strain level measured
in the experiment on the infilled frame structure at drift level of about 2.0%. In Figure 13a is
reported the comparison between the assumed elastic curve and the experimental stress-strain
ones obtained in the characterization tests. A similar approach is adopted for the top deformable
mortar, accounting for a lower strain demand during the test.

The interface elements representing the sliding joints are calibrated fitting the residual yield
surface to the experimental results. The initial yield surface is obtained by shifting upward the
residual one calibrated to the test of the only sliding joint to consider the effect of the reduced
plaster thickness at the sliding joint location.

Material INTERFACE ELEMENTS

ateria so[MPa]  po[-] W [-] ro[MPa]  r.[MPa]  t[mm]
Bed joints 0.45 0.88 0.75 0.005 0.005 250
Brick head joints 0.70 1.00 0.80 0.28 0.21 250
Mortar vertical joints 0.90 0.862 0.75 0.005 0.005 250
Concrete joints 1.00 0.90 0.70 0.25 0.20 350
Lateral joints 0.05 0.50 0.45 0.10 0.10 250
Top joint 0.05 0.25 0.20 0.10 0.10 250
Sliding joints 0.15 0.361 0.361 0.02 0.02 250

Table 2: Main parameters adopted for the interface elements.
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Figure 12: (a) Numerical and experimental results for bare frame; (b) Comparison of experimental test of charac-
terization and numerical simulation of the stress-strain response of the masonry in the horizontal direction.
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Figure 13: (a) Comparison of the stress-strain experimental response of deformable mortar test and the elastic
model adopted in the numerical model; (b) Comparison of the shear stress—compressive stress experimental re-
sponse and the numerical model adopted.

5 NUMERICAL AND EXPERIMENTAL RESULTS COMPARISON

5.1 Global behavior

In Figure 14 the monotonical hysteresis is reported in terms of force applied at the top of the
frame versus the displacement for both positive and negative in-plane loading, for experimental
and numerical results. The experimental curve considered is the envelope of positive (push) and
negative (pull) displacements of the cyclic tests conducted. Given the symmetry of the model
the same numerical behaviour is considered for each load direction.

In both direction of loading the initial stiffness is well captured, whereas the initial peak of
resistance is slightly underestimated, probably due to the uncertainties in the evaluation of the
reduced thickness of the plaster over the sliding joints. As the drift increases, the horizontal
joints start sliding and the behaviour exhibits a stiffness decay. The peak resistance reached in
the simulation is slightly higher than the experimental ones, with an overestimation lower than
10% and more evident in the positive direction.

The quality of the numerical simulation can be better evaluated by focusing on the local
response of the masonry/column deformable mortar joints shown in Figure 15.

Hysteresis

Base shear [kN]

-80 -60 -40 -20 0 20 40 60 80
Displacement [cm]

Figure 14: Experimental and numerical hysteresis.

5.2 Local behavior

The comparison between experimental and numerical local deformation of the lateral joints
along the frame height is herein presented. Given that the masonry is two order of magnitude
stiffer than the deformable mortar, therefore, the local experimental deformations are estimated
assuming that the displacement read by the potentiometer is localized in the deformable mortar
joint only. The ratio between the displacement output and the thickness of the interface mortar
joint, equal to 25 mm, has been assumed as the experimental strain of the deformable material.
Since there are two potentiometers for each subpanel, the deformation profile of each of them
is obtained considering the line interpolating the two values.
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Numerically, the deformation profile is obtained directly from the difference of displacement
between the masonry node and the concrete node near the lateral joints (alignment “a” and “b”
in Figure 11).

It is important noting that the profile given represents the average strain in the lateral joint
and it is not the specific deformation of the mortar. However, it can be assumed as an acceptable
estimation of the compression strain level.

For all drift level the compression area is well captured. At 2.00% of drift the maximum
compressive strain is approximately equal to 20%, confirming the strain level considered for
the deformable mortar elastic modulus calibration.
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Figure 15: Lateral joint deformation for each column at different levels of drifts.

6 CONCLUSIONS

The recent outcomes from different post-seismic inspections and experimental and numeri-
cal studies on infills have identified many issues on non-ductile rigidly attached masonry infills.
Three categories of innovative solutions have been proposed to improve the seismic response
of these non-structural elements, being the ductile infills with sliding or deformable joints the
latest respect to the others that aim to enhance the masonry and to uncouple the panel from the
structure. The innovative ductile infill system with sliding joints is object of ongoing and future
investigation to improve the knowledge about this new infill typology.

The experimental tests summarized in the present work ([28]) have been integrated with a
detailed finite element model that has been previously adopted for a similar infill ([27],[33]).
The model is a two-dimensional plane-stress finite element model implemented using the FEAP
([39]) environment. The results of the numerical simulation of the experimental in-plane test
on the fully infilled solution has shown the capability of the model to capture both the overall
behaviour and the local deformation located in the deformable mortar at the masonry/column
interface. Moreover, one future development of the present study will be the computation of
the local forces that occur in every subpanel/column contact area starting from the strain plots
of the interface deformable mortar discussed herein.

Finally, the experimental evidence and the numerical results highlight the different in-plane
behaviour of the infill typology and their new local interaction with the structure respect to non-
ductile “traditional” systems, therefore new design provisions for the shear verification of the
structural members could represent another future development of the present study.
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