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One major challenge of earthquake risk mitigation is the
assessment of existing buildings not designed with modern
codes and the development of effective strengthening
techniques. The design of new building structures is also of
paramount importance since infills are still currently
neglected (or a lot of information is missing) by most of the
seismic codes. Special attention should be paid to reinforced
concrete (RC) frame structures with masonry infill panels, as
proved by their poor performance in recent earthquakes.
Accurate modelling strategies and appropriate seismic as-
sessment methodologies for new or existing infilled build-
ings are crucial to understand their behaviour and to develop
efficient and appropriate mitigation measures to prevent
high level of damage, casualties, and economic losses. The
effect of the combined in-plane and out-of-plane behaviour
interaction of the infill masonry walls in the RC structure
seismic behaviour, the local shear interaction between the
RC frame and the masonry infill, the development of ana-
Iytical formulations that could help design engineers are still
open issues, among others, on this topic.

The focus of this Special Issue is on recent advances on
analysis methods and modelling approaches for seismic
assessment of infilled RC buildings. Some of the most sig-
nificant recent developments in the topic of computational
methods to simulate infilled RC structure seismic behaviour
and their applications in structural and seismic engineering
problems are herein presented. Furthermore, experimental

works in the field of as-built and/or retrofitted infilled RC
frames are also part of the Special Issue.

A total of 14 papers were submitted, from which a total
of 6 papers have been finally selected to integrate the present
issue, which accentuates the need, the interest, and the
importance of this topic. The topics addressed in the papers
belong to different subtopics across the seismic behaviour of
infilled RC structures, such as the seismic performance of
bare frame and infilled RC frame structures, the shaking
table test of hollow rectangular RC columns, the building
earthquake damage analysis using terrestrial laser scanning
data, the shake table response of unreinforced masonry and
reinforced concrete elements of special moment resisting
frame, and a literature review on the experimental studies
carried out on infilled RC frames focusing in particular the
seismic behaviour of the masonry infill walls.
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A numerical study was conducted to investigate the in-plane behavior of a masonry-infilled reinforced concrete (RC) frame retrofitted
with textile-reinforced mortar (TRM). A two-dimensional finite element model was developed using DIANA finite element analysis
(FEA) software to simulate the 2 : 3 scaled three-storey masonry-infilled RC frame retrofitted with TRM that was studied experimentally
in the past. The three-storey structure used in the test was with a nonseismic design and detailing, and was subjected to in-plane
displacement-control cyclic loading. The current study evaluates the capabilities of a representative numerical model to simulate the
results of the experimental test, and after the calibration of the numerical model sensitivity analysis and parametric study were performed.
In order to create an accurate numerical model, suitable constitutive models, based on the smeared crack approach, were used to
characterize the nonlinear response of concrete, masonry infill, and TRM. The calibration of the models was based on the experimental
results or inverse fitting based on optimizing the simulation of the response. The numerical model proved capable of simulating the in-
plane behavior of the retrofitted masonry-infilled RC frame with good accuracy in terms of initial stiffness, and its deterioration, shear
capacity, and cracking patterns. The calibrated model was then used to perform sensitivity analysis in order to examine the influence of
infill-frame interface properties (tangential and normal stiffness) on the behavior of the retrofitted infilled frame. The numerical results
showed that the gap opening is influenced significantly by the stiffness of the interface. In addition, a parametric study was performed in
order to evaluate the importance of the full-bond condition between the TRM and the masonry-infilled RC frame. The numerical results
indicate that the composite action between the TRM and the masonry-infilled RC frame improves the global stiffness and lateral
resistance of the infilled frame, and it reduces the gap opening between the masonry infill and the RC frame.

1. Introduction

Masonry-infilled RC frame structures are widely dispersed
around the world, and most of them are located in the
seismic region while they were built before the development
of new seismic design codes. Therefore, seismic retrofitting
of existing masonry structures is nowadays a challenging
engineering problem, since the most significant seismic risk
in the world today is associated with existing buildings.
Several rehabilitation techniques have been developed over
the years [1, 2] in order to improve the performance of
masonry-infilled RC frame structures. Masonry infills are
usually treated as a nonstructural element, and their

interaction with the bounding frame is ignored in the design.
This interaction may or may not be beneficial to the per-
formance of the structure [3, 4]. For instance, the existence
of masonry infill in an RC frame can increase the strength,
stiffness, and lateral capacity of the building [5-7]. On the
contrary, the existence of masonry infill can introduce brittle
shear failure mechanisms associated with the wall-frame
interaction [8]. The irregularities of infill in plan and ele-
vation cause different types of failure mechanisms due to
large concentration demand in a few members of the
structure. The most typical failure mechanisms are the soft-
storey mechanism [9] where the stiffness at the lower floor is
smaller than the stiffness at the storey above, the short-
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column mechanism [10] where the infill wall in the RC frame
is shorter than the column height, and plan torsion effect
where the infills are located in the plan asymmetrically
[11, 12]. The failure mechanism and the load resistance of the
masonry-infilled RC frame depend on a number of pa-
rameters such as geometry of the wall (height/width ratio
and openings), geometrical plane and elevation distribution
of the infills in a structure, quality of the materials, stiffness
and ductility of the frame, type of loading, detailing, relative
infill-frame stiffness and strength, and quality of the
workmanship. In a seismic event, however, they carry in-
plane shear loads or out-of-plane flexural loads [13, 14]. Past
earthquakes showed that the out-of-plane failures are more
disastrous than the in-plane ones [15-17]. Most of the
previous studies categorized the failure modes of masonry-
infilled frames into five distinct modes such as frame failure,
sliding shear, diagonal compression, corner crushing, and
diagonal cracking failure [17].

Retrofit or repair structures built before any provision
for an earthquake is one of the most serious problems faced
by the engineers today. Several rehabilitation techniques
have been developed over the years so that the masonry-
infilled frame structures can be enhanced to satisfy modern
seismic design codes [1, 2]. Amongst them, fiber-reinforced
polymers (FRP) [18-22] have received extensive attention in
the recent years due to their high mechanical strength and
ease of application. The use of ductile fiber-reinforced ce-
mentitious matrix composites (FRCM) [23, 24] has recently
received attention as a sustainable, and more compatible
solution for retrofitting concrete structures compared to the
traditional method of concrete jacketing. Owing to the need
for introducing innovative materials, more recently, the
research community has focused on the use of textile-
reinforced mortar (TRM) for retrofitting the masonry and
cultural heritage structures. TRM is a composite material
consistingof inorganic matrix (lime-based or cement-based)
and the fiber reinforcing textile. The variety of fibers and
mortar type leads to a wide range of possible mechanical
properties for the TRM. The use of the inorganic matrix
instead of epoxy resins as in the case of FRPs overcomes
some of their drawbacks [25, 26]. The information regarding
the effectiveness of TRM in retrofitting masonry infills under
static monotonic and cyclic loading is still very limited
[27-33]. Papanicolaou et al. [34, 35] concluded that TRM
jacketing is an extremely promising solution for retrofitting
masonry walls subjected to either out-of-plane or in-plane
loading. Particularly, it was stated that TRM confining
jackets provide an increase in compressive strength and
deformation capacity of the masonry wall. Bernat et al.
[36, 37] carried out a study aiming at investigating the in-
fluence of three different types of mortar, two different types
of fiber (glass and carbon grids), and the possible benefit of
using anchors to improve the connection between the walls
and the external reinforcement on the performance of
masonry walls retrofitted with the TRM. The results showed
that the application of TRM provides 100% increase in the
initial load-bearing capacity of the wall under an eccentric
axial load. Moreover, a stiffer and more homogeneous be-
havior is noticed when TRM is applied. Later, Koutas et al.
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[31, 32] performed an experimental and numerical study to
investigate the behavior of TRM-retrofitted masonry-infilled
RC frames under cyclic loading. The study showed that in
the retrofitted specimen, an approximately 56% increase in
the lateral strength, accompanied by a 52% higher defor-
mation capacity at the top of the structure at the ultimate
strength state compared to the unretrofitted one. In addi-
tion, the retrofitted specimen dissipated 22.5% more energy
compared to the unretrofitted one, for the same loading
history. Recently, Akhoundi et al. [38] studied the perfor-
mance of TRM-retrofitted masonry-infilled RC frames using
two half-scale specimens subjected to in-plane cyclic load-
ing. A similar application of the TRM retrofitting technique
to that of Koutas et al. [31, 32] was used. Based on their
results, retrofitting of masonry infills and connecting them
to the RC frame by simply extending the retrofitting layers to
the faces of the columns and the beam yielded an increase in
lateral stiffness and ultimate strength of about 40%. Koutas
et al. [26] presented an overview of studies which used the
TRM for flexural and shear confinement of RC structures
and for seismic retrofitting of masonry structures, while the
key parameters of each study were examined. The authors
concluded that the TRM technique was highly effective in
increasing load-carrying capacity and the stiffness of col-
umns, beams, and the infill walls.

Numerical studies aiming for predicting the behavior of
retrofitted masonry infill wall are limited and most of them
used the macromodelling approach and focused on the
simulation of the behaviour of TRM-retrofitted masonry
infill wall under monotonic loading. Koutas et al. [32]
proposed a macromodel using a single strut to represent the
infill panel to capture the in-plane response of masonry-
infilled RC frame retrofitted with TRM. Other studies also
proposed macromodelling techniques to study the effec-
tiveness of the TRM retrofitting method on the behavior of
the masonry infill wall under monotonic loading [39, 40]. On
the contrary, several numerical studies were conducted to
investigate the effectiveness of FRP on the in-plane and out-
of-plane behavior of the masonry-infilled RC frame [41, 42].
In addition, detailed micromodels have been developed to
simulate the behavior of TRM-retrofitted masonry walls,
using a microscopic smeared crack approach for modelling
the masonry wall, while pushover analyses were performed
for these models [39, 43, 44]. Only one study can be found in
the literature concerning detailed numerical modelling of
retrofitted masonry wall at a structural level, which focuses on
the static monotonic nonlinear response of the TRM-ma-
sonry infill [45]. It is important to note that a number of
numerical studies using a macromodelling approach have
been performed in order to investigate the influence of
masonry infills (with and without openings) on the structural
capacity of the RC frame structure [46-48]. Numerical
modelling of masonry-infilled structures retrofitted with
TRM is a complex task due to the combination of many
materials governed by very different constitutive relation-
ships resulting in a complex response but comprises a vital
step towards understanding the parameters that influence the
performance of retrofitted structures and evaluating the ef-
fectiveness of this technique in greater depth.
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Focusing on the numerical modelling of masonry-
infilled frame structures retrofitted with TRM, initially, an
efficient technique for modelling the behavior of masonry
infill is chosen, followed by the determination of adequate
constitutive models for each component of the structural
system. In the literature, different modelling techniques that
simulate the behavior of the infill wall can be found and can
divided into three categories [49, 50] as follows: detailed or
simplified micromodelling approach, where the bricks,
mortar, and the interface between them are modelled sep-
arately by continuum elements or the bricks are modeled by
continumm elements and the interaction between brick
units and mortar with interface elements with an effective
thickness [51-53], macromodelling where the bricks and
mortar are modeled by a continumm element or the infill
wall is represented by a diagonal equivalent strut (or mul-
tiple diagonal) element which is described by a constitutive
nonlinear monotonic or cyclic law [54-59], and meso-
modelling which combines the advantages of the above-
mentioned models such as computational efficiency of the
macromodel and numerical accuracy of micromodels [50].
In the mesomodelling approach, the masonry infill walls are
modelled using continuous elements and the interaction
between brick units and mortar is taken into account, the
possible failure in tension and shear [60].

This paper presents a numerical model that represents
the in-plane behavior of a three-storey TRM-retrofitted
masonry-infilled RC frame under cyclic loading, following
the mesomodelling approach to simulate the masonry infill
wall. A two-dimensional FE model was developed in the
DIANA FEA software, and a eigenvalue analysis, followed by
a nonlinear displacement-based cyclic analysis was per-
formed to simulate the experimental test conducted by
Koutas et al. [31]. The three-storey structure used in the
experimental test was with a nonseismic design and detailing
and it was subjected to in-plane cyclic loading. The current
study evaluates the capabilities of a representative numerical
model to simulate the results of the experimental test and
investigates some of the parameters that are able to affect the
behavior of masonry-infilled RC frames retrofitted with
TRM through sensitivity analysis and parametric study. In
order to create an accurate numerical model, suitable
constitutive models, based on the smeared crack approach,
were used to characterize the nonlinear response of concrete,
masonry infill, and TRM. The calibration of the models was
based on the experimental results or inverse fitting based on
optimizing the simulation of the response. The numerical
model proved to be capable of simulating the in-plane be-
havior of the retrofitted masonry-infilled RC frame with
good accuracy in terms of initial stiffness, and its deterio-
ration, shear capacity, and cracking patterns. Sensitivity
analysis was performed in order to examine the influence of
infill-frame interface properties (tangential and normal
stiffness) on the behaviour of the retrofitted infilled frame.
The numerical results showed that the gap opening is
influenced significantly by the stiffness of the infill-frame
interface. In addition, a parametric study was performed in
order to evaluate the importance of the full-bond condition
between the TRM and the masonry-infilled RC frame. The

numerical results indicate that composite action between the
TRM and the masonry-infilled RC frame improves the
global stiffness and lateral resistance of the infilled frame,
and it reduces the gap opening between the masonry infill
and the RC frame.

2. Brief Review of the Experimental Test

Koutas et al. [31] performed an experimental study to in-
vestigate the effectiveness of the TRM technique for retro-
fitting a 2: 3 scaled three-storey masonry-infilled RC frame
with nonseismic design and detailing under in-plane cyclic
loading. Two masonry-infilled frames were designed and
built with and without TRM. In this section, a short de-
scription of the experimental case study is presented for the
benefit of the reader. Full details about the case study can be
found in Koutas et al. [31].

Figure 1(a) shows the geometry of the masonry-infilled
RC frame specimen. The C16/20 class of concrete (according
to Eurocode (2)) was used for columns (rectangular cross
section) and for beams (T-section). The modulus of elasticity
and the compressive strength of concrete were 24.1 GPa and
27.8 MPa, respectively. The longitudinal ribbed reinforce-
ment had 12mm diameter and mean yield stress equal to
550 MPa, while smooth steel stirrups with a mean value of
yield stress equal to 270 MPa were used as transverse re-
inforcement for all concrete members. Perforated, fired clay
bricks were used for the construction of masonry infill, while
the perforation of the brick was running parallel to the unit’s
length in the x-direction. The modulus of elasticity of the
masonry infill wall perpendicular to the bed joints and the
compressive strength were equal to 3.37 GPa and 5.1 MPa,
respectively. The mean value of the shear modulus was
1.38 GPa, while the value of diagonal cracking strength of
masonry infill ranges from 0.30 to 0.8 MPa. As shown in
Figure 1(a), the masonry infill wall was supported rigidly by
the foundation RC beam plate at the bottom of the frame. In
addition, Figure 1(b) presents the TRM strengthening
scheme for the retrofitted specimen. Glass TRM externally
bonded on the face of the masonry wall was used (due to its
limited width, the textile was applied with an overlap of
about 300 mm along the entire length of each bay, near the
bottom part of each storey), and six and eight anchors (the
straight part of it was inserted into predrilled holes filled with
injected epoxy resin and the fanned parts are bonded by
hand pressure on the top of the first TRM layer) were placed
along the beam-infill interface of the first and the second
floors, respectively, as shown in Figure 1(b). At the ends of
RC columns, carbon TRM was used. Commercial fiber-
reinforced cement-based mortar was used for TRM with
compressive and flexural strength equal to 18.9 and 4.3 MPa,
respectively. In addition, the modulus of elasticity of carbon
and glass textile was 225 GPa and 73 GPa, respectively, while
their tensile strength per running meter was equal to 157 kN/
m and 115kN/m, respectively.

In order to provide full clamping between the foun-
dation beam and the laboratory floor, prestressing rods
were placed, as shown in Figure 1(c). The specimen was
subjected to a sequence of quasistatic cycles of a
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F1GURE 1: (a) Geometry of the masonry-infilled RC frame and (b) the strengthening scheme: textile anchors of the first and the second
storeys and the TRM layer on the faces of masonry infill at the first, second, and third storeys. (c) Test setup. [31].

predefined force pattern. A history of imposed cycles of
displacements was defined to be applied at the top, while
maintaining an inverted triangular distribution of forces
to the three levels until failure occurred. The displacement
history for all storeys is shown in Figure 2. Permanent
load is considered in the test by applying a vertical load of
80 kN per storey, concurrent to the lateral loading action.
The experimental results showed that for the retrofitted
specimen, the maximum base-shear force was attained
during the fourth cycle of loading. After this cycle of
loading, the lateral strength was decreasing due to com-
plete debonding of the TRM from the beam surface on the
backside of the first storey. In addition, the six TRM
anchors placed at the top of the front side of the first storey
were completely debonded during the sixth cycle of
loading due to local crushing of the masonry infill at the
two upper ends of the columns at the first storey.

3. Finite Element Modelling of TRM Masonry-
Infilled RC Frame

A two-dimensional numerical model was developed to
simulate the nonlinear behavior of the TRM-retrofitted
masonry-infilled RC frame described above. The DIANA
FEA software Version 10.2 was used for the purpose of this
study. The following sections describe the element type, size
of meshing, boundary conditions, and loading sequence that
were used in this numerical model. In addition, the ap-
propriate constitutive material models which were selected
to characterize the nonlinear response of concrete, masonry
infill, and TRM are also presented. DIANA FEA was selected
for modelling this structural system since it provides the
elements and constitutive models needed for the TRM
composite material, concrete, reinforcement, and masonry
infill [61].

3.1. Geometry, Mesh, Boundary Constraints, and Loading
Scheme. The geometry of the TRM-retrofitted masonry-

infilled RC frame model was similar as possible to the ex-
perimental one, as shown in Figure 2. A regular squared
mesh [62] with the discretization as indicated in Figure 2 was
used. Three different types of elements were used in this
numerical model: (1) eight-node quadrilateral isoperimetric
plane-stress elements (CQ16M) for simulating the concrete
frame, masonry infill wall, and TRM composite material; (2)
the steel reinforcement was modelled with two-node bar
elements, and they were connected to the eight-node con-
crete elements at the two external nodes; (3) three-point line
interface element (CL12I) was used in order to simulate the
gap opening and sliding at the infill-frame interface.

The interaction between masonry infill and bounding
frame was modelled using the line interface element in order
to take into account the gap opening and the sliding along
the interface which was observed in the experiment. In
addition, in this numerical model, the glass and carbon TRM
were perfectly bonded to the masonry infill wall and to
concrete elements, respectively, since in the experimental
test, no debonding of the TRM surface from the masonry
and the RC frame was observed. The bond condition pro-
vided by the existence of anchors at the top and bottom sides
of the first and the second floor beams (Figure 2), was also
accounted in the numerical model. In the experimental case
study, textile-based anchors were used to provide a com-
posite action of the TRM with masonry-infilled RC frame at
the first and the second floors, as shown in Figure 2. More
specifically, the anchors at the top and bottom sides of the
first and the second floors did not fail during the experiment,
therefore, composite action of the TRM at the beam-infill
interfaces can be considered, so this connection is modelled
assuming full bond connection between the layer of the
TRM of the wall and concrete elements of the beam (full
bond). In the case where the anchors failed (no composite
action is provided), this connection is modelled with no
bond between the TRM layer of the wall and the concrete
elements of the beam (no bond).

In addition, the strong foundation RC-beam plate that was
used at the bottom of the frame in the experiment was



Advances in Civil Engineering

Dead load
190kN/m

330mny

2 layers-carbon TRM
Thickness = 12mm

HEE|

5
100 | Prescribed displacement third floo
60
20
¥ 200 20 40 120\ 140 \ 160
-100 Number of steps

1 layer-glass TRM
Thickness = 15mm

80
. 20 Prescribed displacement sec7Y1 flo
Y] o
= PO %0 0/ 109/ 126\/140 0

-80 Number of steps

1 layer-glass TRM
Thickness = 15mm

T
AICEETE

oo S

113.5mm

HH'IHTIT'ITHIUJI_H

[ [T1]]

3 layers-carbon TRM
Thickness = 18 mm

=

M 50 Prescribed displacement first floor
\ 20
“109 20 40

-40
_70 Number of steps

ININARENI

2 layers-glass TRM
Thickness = 25mm

FIGURE 2: Geometry and mesh details of the FE model.

simulated by restraining all nodes at the base of the first floor of
the masonry infill by preventing any translation in the x- and y-
directions.

Two types of loads, representing the vertical compres-
sion and horizontal cyclic load, have been applied on the
model. The dead load of the structure was simulated with a
constant axial load equal to 0.174 kN/mm on the top of each
column. In addition, for the horizontal cyclic loading,
prescribed deformation load at the top of each floor was
applied to simulate as closely as possible the experimental
loading as shown in Figure 2.

3.2. Material Models. Four constitutive models are considered
in this numerical model to reproduce the nonlinear behaviour
of (1) concrete, (2) steel reinforcement, (3) masonry infill, and
(4) TRM composite material. In addition, the interface between
the masonry infill and the RC frame is modelled as described
below. In this study, most of the material properties are taken
from the experimental case study as described in Section 2 of
this paper, and other properties were taken from the literature
as described in the following paragraphs. The numerical results
were compared to the experimental results, and some material
properties were adjusted to enhance the accuracy of the
simulation results.

The Total Strain Crack model was adopted for the
concrete since this model can simulate in detail the non-
linear response of concrete with a limited number of pa-
rameters. Nevertheless, concrete members are expected to
undergo low nonlinear deformations and the use of a more

complicated model was not deemed necessary. Figure 3
presents the Total Strain Crack model in terms of stress-
strain for one cycle of loading and unloading (tension and
compression) [43]. Limited parameters are required for the
Total Strain Crack model such as Young modulus, tensile
(2.15MPa), and compressive strength (27.2 MPa) based on
the Maekawa-Fukuura model [63, 64]. The fracture energy
(Gp) (N/mm) was determined based on the expression that
was included in the fib model code [65] as follows:

Gp=73% folf, (1)
where f . is the compressive strength of the concrete in MPa.
The fracture energy in tension is equal to 130 N/m. In addition,
the modulus of elasticity was reduced to 9.1 GPa since the Total
Strain Crack model does not take into account the reduction in
stiffness due to the early cracking of the concrete section. In
order to define cracking orientation in this numerical model, the
rotating crack model is used [66].

The Menegotto-Pinto model was selected for simulating
the nonlinear behaviour of steel bar reinforcement since this
model is available for embedded reinforcements including
the cyclic behavior of steel bar reinforcement [67]. More
details regarding the Menegotto-Pinto model are presented
in Filippou et al. [68]. The parameters adopted for this model
are the modulus of elasticity (207 GPa) and the yield tensile
stress for longitudinal reinforcement and stirrups equal to
549 MPa and 295 MPa, respectively.

The infill wall material was modelled using the Engi-
neering Masonry model to simulate the nonlinear behavior
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of the masonry infill at mesolevel [69]. The Engineering
Masonry model is a smeared failure model comprising a total
strain-based continuum model that covers tensile, shear, and
compression failure modes as shown in Figure 4. The Total
Strain Crack model can be also used for modelling the masonry
infill at the mesolevel since this model is used for capturing of
failure of brittle materials such as masonry infill and concrete.
According to Rots et al. [69], the Total Strain Crack model
underestimated the stiffness degradation and energy dissipa-
tion of the masonry infill under cyclic loading compared to the
Engineering Masonry model although the first one requires a
small number of material properties. In addition, the Total
Strain Crack model cannot simulate adequately the shear
failure of the masonry infill [69]. On the contrary, the Engi-
neering Masonry model is a material model that can simulate
the behavior of the masonry infill under cyclic loading with
good accuracy in terms of stiffness, energy dissipation, cracking
orientation, and shear failure (Figure 4(c)). The Engineering
Masonry model includes the standard Coulomb friction failure
criterion for the shear failure mechanism. In addition, in this
model, the unloading behaviour of the masonry infill is de-
scribed with the assumption of linear unloading for com-
pressive stresses with initial elastic stiffness (Figure 4(a)). The
parameters adopted for the Engineering Masonry model are
taken from the literature as previously mentioned since this
material model requires a large number of material properties,
and most of them were not provided by the experimental case
study. The parameters adopted for the Engineering Masonry
model are given in Table 1. The modulus of elasticity in the
direction normal to bed joints (y-direction) was obtained from
the experimental test. Where other information was not
available for Young’s modulus in the direction parallel to the
bed joints, it was estimated according to the ratio between
Young’s modulus in the x-direction and Young’s modulus in
the y-direction which ranging from 1.5 to 2, this ratio is often
found for masonry units [70, 71]. The tensile strength of the
joint is still a subject of research, and therefore the tensile
behavior parameters have been assumed according to the
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information provided by the respective experimental testing
reports or related references. The tensile strength normal to the
bed joints ranging from 0.1 to 1 MPa for different brick unit-
mortar combination [72-74]. The residual tensile strength was
calculated as 40% of the tensile strength, while the tensile
strength normal to the bed joint is equal to 0.5 MPa according
to Lourengo and Rots [70, 71]. In the experimental case study,
the value of the fracture energy in compression and tension was
not provided. The value of the fracture energy can be obtained
from the literature for similar types of masonry walls [72, 75].
In this study, the compressive fracture energy (G;.) and the
tensile fracture energy (Gg) (N/mm) have been determined
according to the following formulation (equations (2) and (3),
respectively), as proposed by Rots [69]:

Gy = 15 +0.43 f - 0.0036 7, (2)

Gq = 0.025(2f,)", (3)

where fis the compressive strength of the masonry in MPa
and f, is the tensile strength of the masonry normal to the
bed joint in MPa. Reviewing the literature, it can be con-
cluded that the cohesion ranges from 0.2-1.2 MPa for dif-
ferent brick unit-mortar combination. In this study, the
cohesion was obtained 1.5 times greater than the tensile
strength according to the relation proposed by Cur [76].
Following the Mohr-Coulomb failure criterion and con-
sidering the value of the shear strength of the masonry infill
as was obtained from the experimental results (Section 2 of
this paper), the friction angle (¢) is equal to 20 degrees. In
the Engineering Masonry model, the cohesion, ¢, and the
friction angle are specified as shown in Table 1. These values
are then used to calculate the shear fracture energy according
to equations included in DIANA FEA.

The gap opening and sliding occured due to interaction
between the frame and the masonry infill significantly influence
the overall behavior of the masonry-infilled RC frame as de-
scribed by Filippou et al. [68]. Therefore, in order to model the
interaction between the masonry infill wall and the bounding
RC frame, an interface gap, plasticity-based model was used as
proposed by Lourenco and Rots [77]. A tension cutoff tensile
failure criterion (mode I), a Coulomb friction shear failure
criterion (mode II), and a gap mode compressive failure cri-
terion are included in this model as shown in Figure 5. The
interface is controlled by tension, shear (Coulomb friction), and
crushing failure. One drawback regarding the use of an interface
model is the lack of material properties since no experimental
test was available regarding the direct measurement of the
required parameters for this model. However, data regarding
the gap opening and sliding at the interface which were obtained
from the experimental test conducted by Koutas et al. [31] can
be used for calibrating the required parameters for this model.
Therefore, in this study, it was decided to define the required
material properties of the interface model using recommen-
dations (equations) available in the literature and at the same
time to fit the global and local numerical results to the results
obtained from the experimental case study. The mechanical
properties of the interface between the masonry infill and the
RC frame depend on infill wall-frame relative stiffness and infill
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TaBLE 1: Material properties of the engineering masonry model.

Modulus of elasticity—x-direction (GPa) 7

Modulus of elasticity—y-direction (GPa) 3.37
Shear modulus (GPa) 1.38
Mass density (kg/m?) 800

Cracking: head joint failure
Tensile strength normal to the bed joint (MPa) 0.5
Residual tensile strength (MPa) 0.2
Fracture energy in tension (N/mm) 0.05
Crushing parameters
Compressive strength (MPa) 5.1
Fracture energy (N/mm) 40
Compressive unloading factor 0.2
Shear failure parameters

Cohesion (MPa) 0.71
Friction angle (degree) 20

wall-frame friction and bond strength. In this study, a rec-
ommendation by DIANA FEA, which is based on the equations
proposed by Lourenco et al. [78], is used for calculating the
value of the normal stress (equation (4)) and shear stiffness
(equation (5)) as follows:

K,y = (100 — 1000)

X
; (4)
lelement

K normal

Ktangential = m’

(5)
where Ex is the Young’s modulus of masonry infill parallel to
the bed joint in GPa and I . ,cn is the length of the masonry
infill plane-stress element in mm. The above recommen-
dation shows that the normal and shear stiffness of the
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FiGURE 5: Coulomb friction interface model [77].

interface depend on the modulus of elasticity of the masonry
infill in each direction. The cohesion (c) (MPa) associated
with the Coulomb friction interface model has been de-
termined based on the relation (equation (6)) proposed by
Sarhosis et al. [79] as follows:

¢ =0.1065f, +0.531, (6)

where f_ is the compressive strength of the masonry infill in
MPa. The interface friction angle associated with the Cou-
lomb friction model ranges from 20 to 50 degrees [76, 78]. In
addition, it is difficult to relate the tensile strength of the
interface with other parameters of the interface, and
therefore it was decided to define the tensile strength of the
interface by fitting the numerical results to the results ob-
tained from the experimental case study. The interface
Coulomb friction model is defined in DIANA FEA using the
parameters as shown in Table 2.



For the simulation of the TRM composite material, the
Total Strain Crack model with the Fiber-Reinforced Con-
crete model for tensile behavior [65] was chosen as well as
the fib model code 2010 model for its compressive behavior.
This Total Strain Crack model requires parameters for the
tensile and compressive behavior of the composite material.
Therefore, the required input parameters were obtained
from the TRM-coupon tests conducted by Koutas et al. [31].
The Fiber-Reinforced Concrete model was specified as a
function of the strains where the cracking of composite is
initiated at the strain where its tensile strength is reached. In
addition, the maximum compressive and ultimate strains
were obtained from the fib model code [65]. The parameters
adopted in the DIANA FEA software for the TRM model are
given in Table 3.

Numerical monotonic and cyclic tensile tests were per-
formed in order to validate the nonlinear response of the
TRM composite material. The validation was performed by
comparing the numerical results with those obtained from
monotonic tensile TRM-coupon tests conducted by Koutas
et al. [31] and taking into account the results obtained by
cyclic available experimental tests [80, 81]. Koutas et al. [31]
performed in total six coupon tests of two layers of glass-TRM
under uniaxial tensile load. Considering the macromodelling
approach, the TRM composite material is modelled with the
assumption of having a homogenized layer of mortar and
textile using the quadrilateral isoperimetric plane-stress ele-
ment since the current study is not intended to reproduce the
TRM behaviour in a very detailed way but to describe its
structural response in a simple and sufficiently accurate
manner. The two layers of glass TRM were characterized
through a numerical tension test with a nominal size of
500 %100 x 10 mm subjected to uniaxial and cyclic tension
loading. The main focus of the numerical modelling of this
composite is on the validation of its tensile response using the
selected constitutive model with particular attention to the
cyclic behavior of the composite material. The numerical
stress-strain curves are shown and compared with the en-
velope of the experimental results [31] in Figure 6(a) while
Figure 6(b) shows the numerical results obtained for the cyclic
test of two layers of glass TRM in terms of stress-strain.

The numerical results show good agreement with the
experiment data in terms of peak and ultimate stress and strain,
stiffness, and postcracking behavior. Previous studies con-
cluded that the TRM nonlinear stress-strain curve is divided
into three states: State I (the uncracked matrix), State II (the
crack formation), and State III (the crack stabilization and
failure) [82-88] as shown in Figure 6(b). Experimental studies
conducted by Jesse and Keer [80, 81] showed that as the
loading/unloading continues, the modulus of elasticity of the
composite material decreases in State III. Therefore, high re-
sidual strain is obtained after the failure of the mortar (State
III). The numerical results using the Total Strain Crack model
with the Fiber-Reinforced Concrete model show that no re-
sidual strain is adopted in State III. As shown in Figure 6(b),
which illustrates the loading and unloading of the above-
mentioned numerical TRM-coupon test, the unloading branch
of the curve at State III directs towards zero residual strain.
Therefore, the selected constitutive model for TRM is not
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TABLE 2: Material properties of the interface Coulomb friction
model.

y-direction x-direction

Normal stiffness (kN) 6000 N/mm? 3000 N/mm?
Shear stiffness (ks) 60 N/mm? 30 N/mm?
Friction angle (¢) 30 degree 30 degree

Dilatancy () 0 0
Model for gap appearance Brittle Brittle
Tensile strength le-10N/mm?®>  le-10N/mm?

TaBLE 3: Material properties of total strain crack model for glass
and carbon TRM.

Glass TRM Carbon TRM
Elastic modulus (GPa) 30.00 34.00
Poison ratio 0.2 0.2
Mass density (kg/m?) 2400 2400

Total crack strain model
Tensile behavior

Crack orientation rotating
Fib fiber-reinforced concrete

Tensile strength (MPa) 2.72 5.57
Tensile stress point I (MPa) 2.72 5.57
Strain at point I (%) 0.009 0.017
Tensile stress point J (MPa) 2.72 5.57
Tensile strain point J (%) 0.21 0.1
Tensile stress point k (MPa) 12 15
Tensile strain point K (%) 1.5 0.7
Ultimate strain (%) 1.5 0.7

Crack band width Rotating
Fib model code for concrete

Compressive behavior structure 2010

Compressive strength (MPa) 18 18
Strain at maximum stress (%) 0.21 0.21
Strain at ultimate stress (%) 0.35 0.35

simulating exactly the cyclic behavior of TRM; however, in this
case study, the behavior of TRM at State III does not influence
the behavior of the masonry-infilled RC frame retrofitted with
TRM because this type of masonry-infilled structure cannot
reach a high value of strains, i.e., behavior is limited to early
stage of loading of TRM (State II), thus very limited residual
strain is anticipated. It can be concluded that there is still a lack
of information on a suitable constitutive model for simulating
the cyclic nonlinear response of the TRM composite. The large
variety of mortars and fiber textile used in real application has
made the characterization and constitutive modelling
challenging.

4. Simulation of the Response of a Masonry-
Infilled RC Frame Retrofitted with TRM

In this section, the calibration of the numerical model is
presented, by comparing the numerical results of the eigen-
value and nonlinear cyclic analysis with experimental ones.
Nonlinear cyclic analysis was performed (displacement control
analysis) with the secant iteration scheme and the automatic
incrementation procedure, in which both the number of steps
and the corresponding step size are automatically computed.
The energy-based convergence criterion was applied with the
standard tolerance value (0.0001).
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FIGURE 6: (a) Comparison of the results between the numerical model using the total strain crack model with the fiber-reinforced concrete
model (fib) and the experimental test and (b) numerical results for the cyclic behavior of two layers of glass TRM in terms of stress-strain.

The fundamental period of the bare frame and for the
masonry-infilled RC frame with and without TRM is pre-
sented in Table 4, and they are in good agreement with the
experimental ones.

The comparison between the experimental (black line)
and numerical (red line) results concerning the global
performance of the TRM-retrofitted masonry-infilled RC
frame subjected to cyclic loading is presented in Figures 7
and 8. Figure 7(a) shows the base shear versus top floor
displacement, and Figures 7(b) and 7(c) show the base shear
in relation to the load step and the top storey displacement
versus the load step, respectively.

Figures 8(a) and 8(b) illustrate a comparison between
experimental and numerical results for the TRM ma-
sonry-infilled RC frame in terms of global stiffness and
hysteric energy, respectively. The secant stiffness degra-
dation is expressed by the following equation:

, (7)

where j=i+1, |V .| is the absolute value of the positive
and negative peak base shear values of the i" cycle, and
|£Xmax,i| is the absolute value of the displacement corre-
sponding to the positive and negative peak base shear values
of the ih cycle.

The energy dissipated at each cycle of loading is obtained
by calculating the area enclosed by the loop in the base shear
versus the top floor displacement diagram. The dissipated
energy is associated with the propagation of damage through
the wall (crack opening) and with the increase of the lateral
capacity which leads to a higher area inside the hysteric loop.

TaBLE 4: Comparison of experimental and numerical fundamental
periods.

Masonry- TRM strengthened
Fundamental Bare . .
. infilled RC  masonry-infilled RC
period (seconds) frame
frame frame
Experiment 0.24 0.06 0.047
Model 0.23 0.062 0.049

For easy calculations, the evolution of the dissipated energy
is expressed by the following equation:

S; =8, +0.5% (Vb),. + Vi ) * (Xb,i = Xpio ) (8)

where (V,;,V,,; ) is the base shear in two consecutive
points of the response and (X, ;, X;,; | ) is the corresponding
displacement.

Numerical results and experimental data of the TRM-
masonry-infilled RC frame have been compared (Figures 7
and 8) and are in good agreement with the experimental
ones regarding initial stiffness, stiffness degradation, max-
imum shear force, and energy dissipation in each cycle of
loading. Based on the results from Figures 7(c) and 8(b), the
shear force capacity and the energy dissipation for the last
cycle of unloading are overestimated by 15% and 16%, re-
spectively. The energy dissipated at the last cycle of loading
and unloading obtained by calculating the area enclosed by
the loop in the base shear versus the top floor displacement
diagram is overestimated by about 20% (Figure 6(a)). This
might depend on the analysis convergence and on the
nonlinearities that were introduced in the last cycle of loading
during the experiment (soft-storey failure of the ground floor
wall). In addition, no discrepancy appears for the first three
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cycles of loading between numerical and experimental results
in terms of base shear, stiffness, and hysteric energy.

In addition, the comparison between the experimental
and numerical results in terms of crack patterns is presented
in Figure 9. Figures 9(a) and 9(b) show the cracking that
occurred at the first storey east column and at the retrofitted
masonry infill of the first storey, respectively, in the ex-
perimental case study at the end of the test. Figure 9(c) shows
the crack patterns in the numerical model on external face of
TRM at the masonry infill at the first floor at the end of the
test. It is important to mention that the TRM plane-stress
elements overlay the masonry plane-stress elements, and
therefore the crack propagation of masonry cannot be
graphically presented.

In the TRM-retrofitted masonry-infilled RC frame model,
flexural and tensile cracks occurred on external face of TRM
both in the diagonal and horizontal directions at the first floor
where these cracks have the same location as observed in the
experiment. In addition, in the numerical model, shear and

tensile cracks appear at the top of the first storey east column,
which resembles the rupture of the TRM at the experimental
study. It can be concluded that the crack pattern is well
reproduced by a numerical model since the same damage is
observed in the experiment upon test completion. It is ob-
served that the proposed numerical model is capable of
detecting the major features of the real behavior of the TRM-
retrofitted masonry-infilled RC frame. The crack propagation
and the global performance of retrofitted masonry-infilled RC
frame in terms of base shear, stiffness, and energy are well
reproduced by the numerical model. The discrepancy between
numerical and experimental results is due to the nonline-
arities that are introduced in the last cycle during the ex-
periment (soft-storey failure of the ground floor wall).

5. Sensitivity Analysis and Parametric Study

After the calibration of the numerical model, sensitivity analysis
is performed in order to examine how the stiffness properties
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(tangential and normal) of the infill-frame interface element
affect the behavior of the retrofitted infilled frame. In addition,
numerical experiments through a parametric study are per-
formed to evaluate how important is the full-bond condition
between the TRM and the masonry-infilled RC frame.

5.1. Effect of Stiffness Properties (Normal and Tangential) of the
Infill-Frame Interface on the Behavior of TRM Masonry-
Infilled RC Frame. As mentioned in Section 3.2, the in-
terface between the masonry infill and the frame is mod-
elled with an interface element which has zero thickness,
and a plasticity-based model is adopted for modelling the
interface as shown in Figure 5. Sensitivity analysis was
performed in order to examine how the stiffness properties
(tangential and normal) of the infill-frame interface ele-
ment affect the behaviour of the retrofitted infilled frame.
The required normal and shear (tangential) stiffness of the
interface are estimated using the equations (4) and (5),
respectively, as mentioned in Section 3.2. Therefore, fol-
lowing these approximations, three different analyses were
performed in this sensitivity analysis as shown in Table 5.

The comparison between the numerical results from the
three analyses concerning the global and local performance
of the TRM-retrofitted masonry-infilled RC frame subjected
to cyclic loading is presented in Figures 10 and 11,
respectively.

From Figures 10 and 11, it is observed that by in-
creasing the normal and tangential stiffness of the interface,
the average gap opening decreases while the energy dis-
sipation and the global stiffness increase. In the case where

the tangential stiffness is 10 times higher (Case 1) than the
tangential stiffness used in the calibrated model (Case 0),
the gap opening between the masonry infill and the beam
decreases about two times while the stiffness and energy
dissipation increase by about 50-87% and 20-40%, re-
spectively. In addition, comparing the results from Case 2
with those obtained from Case 1 (where the normal
stiffness in Case 2 is ten times higher than in Case 1), the
average gap opening between the masonry infill with the
beam and with the column decreases about 7-9 times while
the stiffness and the energy dissipation increase by about
5% and 10%, respectively. Therefore, as the normal and
shear stiffness increase (Case 2 and Case 3), the gap
opening tends to zero, causing almost a monolithic be-
havior of the masonry-infilled RC frame. Furthermore,
comparing the results from Case 2 and Case 3 (where the
normal and shear stiffness are ten and hundred times
higher than the normal and shear stiffness used in Case 0,
respectively), with that obtained from Case 0 it seems that
the stiffness and the energy dissipation increase by
70-100% and 45-75%, respectively, in the last cycles of the
test. Comparing the results obtained from Case 2 and with
that obtained from Case 3, the average gap opening be-
tween the masonry infill and the RC frame (beam and
column) is almost the same. Therefore, in the case where
the infill-frame interface stiffness is high, then a small gap
opening will occur.

From the sensitivity analysis, it is concluded that the
nonlinear response of the masonry-infilled RC frame retrofitted
with TRM is sensitive to the normal and shear stiffness of the
infill-frame interface because the interaction between the frame
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experimental study, and (c) crack patterns in the numerical model in the masonry infill in the first floor at the end of the test.

TaBLE 5: Number of trials for normal and tangential stiffness of the interface.

Name of analysis K, ormal (KN /mm?) Kiangetial (KN /mm?) K, ormal (KN /mm?) Kiangetial (KN /mm?)
Interface between masonry infill and column Interface between masonry infill and beam
(y-direction) (x-direction)
Case 0 (calibrated model) 3.03 0.030 6.167 0.06167
Case 1 3.03 0.30 6.167 0.6167
Case 2 30.03 0.30 61.67 0.617
Case 3 30.03 3.03 61.67 6.67

and the infilled panel is considered as the major cause of the  infill and the RC frame because they can control the gap
nonlinear behaviour of this type of structure [89-96]. Therefore, ~ opening and the sliding of adjacent elements in the model.
the infill-to-frame interaction depends on infill-frame relative

stiffness since this relative stiffness (normal and tangential

stiffness properties of the interface) describes the stress defor- ~ 5.2. Effect of Bonding of TRM on the Behavior of TRM Ma-
mation characteristics of the interface between the masonry  sonry-Infilled RC Frame. In this section, numerical experi-
infill and the RC frame. Although the normal and tangential ~ ments are performed using the calibrated model in order to
stiffness properties of the infill-frame interface model do not  evaluate the importance of full-bond condition between the
represent actual masonry infill parameters, they are required ~ TRM and the masonry-infilled RC frame on global and local
parameters for simulating the interface between the masonry ~ response of the retrofitted infilled frame under cyclic
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F1GUre 10: Comparison between numerical model results using different values in the stiffness of the interface for the TRM masonry-infilled
frame in terms of the (a) global lateral stiffness per cycle and (b) cumulative global hysteretic energy per half cycle.

loading. A parametric investigation of the response of the
calibrated model is undertaken in order to assess the ef-
fectiveness of considering full bond condition between the
retrofitted wall and the surrounding frame. Two different
configurations of connection were examined in order to
evaluate the importance of the full-bond condition between
the TRM and the masonry-infilled RC frame that the an-
chors provide: (1) full bond, where the glass TRM layer of the

wall is fully bonded (Section 3.1) to the beam at the first and
the second floors, and (2) no bond (Section 3.1), where the
glass TRM of the wall is not fully bonded to the beams at the
first and the second floors.

The numerical results of the two different configurations
(full bond and no bond) are compared with the results obtained
from the calibrated model in terms of stiffness and energy
dissipation as shown in Figures 12(a) and 12(b), respectively.
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F1GUre 11: Comparison between numerical model results using different values in the stiffness of the interface for the TRM masonry-infilled
frame in terms of gap opening between the masonry infill and (a) the beam and (b) the column.

The results show that in the case where the full-bond condition
is considered, the global stiffness and the hysteric energy in-
crease by about 15% at the first three cycles of loading com-
pared to the corresponding ones obtained from the calibrated
numerical model. In addition, at the maximum lateral capacity
(fourth cycle of loading), the energy and the stiffness of the
structure as obtained from the full-bond case increase equal to

35% compared to those obtained from the calibrated numerical
model. Therefore, composite action of the TRM jacket at the
beam-infilled interfaces (full bond) contributes to provide a
substantial gain in the shear capacity and the hysteric energy of
the TRM masonry-infilled RC frame. In the case of no bond,
reduction of the stiffness (15%) is observed compared to the
stiffness obtained from the full-bond case at the fourth and fifth
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cycles of loading, while the energy after the third cycle of
loading decreases by 30% compared to that obtained from the
full-bond case. The numerical results show that improving the
bond condition between the TRM layer and masonry-infilled
frame, especially at the beam-infilled interface would enhance
the performance of this structural system.

In order to investigate the effect of bond condition
between the TRM and the masonry-infilled RC frame on
the behaviour of the retrofitted infilled frame structure,
the local results are presented in terms of gap opening
between the infill wall and the beam (Figure 13). The infill-
frame separation occurred at the very early stages of
loading in the experiment and in the numerical model.
The corresponding gap at the left side of the interface
between the masonry wall and the bottom side of the beam
at the first floor is 1.2 mm in the no bond case, 0.6 mm in
the calibrated model (Section 3.2), and 0.2 mm in the case

of full-bond. From Figure 13, it can be concluded that
composite action of the TRM layer at the beam-infilled
interfaces (full bond) contributes to influence the inter-
action of masonry infill with the beam since the gap
opening decreases. More specifically, the results show that
when full-bond condition is considered, the gap opening
decreases about two times compared to that obtained
from the calibrated numerical model. In addition, in the
no bond case, the gap opening increases about three times
compared to that obtained from the full-bond case.

From the experimental study performed by Koutas et al.
[31] and from the current parametric study, it can be
concluded that improved bond condition between the TRM
and the masonry-infilled frame contributes to improvethe
performance of the retrofitted infilled frame. Further nu-
merical and experimental studies must be performed to find
the optimal retrofit strategies using textile-based anchors
including the investigation of adequate anchorage of the
TRM jacket around the perimeter of the masonry (bond
length, different types of the textile, different angle of an-
chors, and different application of the anchorage). In ad-
dition, further studies are needed in order to explore other
types of connectors that should be used in the TRM-ret-
rofitted masonry-infilled RC frame.

6. Conclusion

A numerical model that simulates the in-plane nonlinear
behavior of a masonry-infilled RC frame retrofitted with
TRM under cyclic loading using the DIANA FEA software is
presented in this paper. The test was conducted on a 2:3
scale three-storey infilled frame structure with nonseismic
design and detailing, subjected to in-plane cyclic loading
through the displacement control load. In this study, consti-
tutive models based on the smeared crack approach for each
component of the structural system were selected and
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calibrated based on the experimental results or inverse fitting
with clear identification and justification. It is important to note
that the anchors are not modelled in this numerical study so
their failure is not predicted. The bond condition that the
anchors provide between the masonry infill and the frame is
taken into account in the model.

The numerical model was capable of simulating the in-
plane nonlinear behavior of the TRM-retrofitted masonry-
infilled RC frame with good accuracy in terms of initial
stiffness and its deterioration, and shear capacity. In par-
ticular, the energy absorption and maximum shear force
capacity in the last cycle of loading are overestimated
compared to experimental results, due to high nonlinearities
that are introduced in the last cycle of loading in the ex-
periment (soft-storey failure of the ground floor wall). The
crack patterns observed numerically show good agreement
with the ones observed at the end of the experiment, con-
cerning the location and propagation of the cracks.

After the calibration of the numerical model, sensi-
tivity analysis was performed in order to examine the
influence of infill-frame interface properties (tangential
and normal stiffness) on the behaviour of the retrofitted
infilled frame under cyclic loading. In addition, a
parametric study was performed in order to evaluate the
importance of the full-bond condition between the TRM
and the masonry-infilled RC frame. From the sensitivity
analysis, it can be concluded that the nonlinear response
of the masonry-infilled RC frame retrofitted with TRM is
sensitive to the normal and shear stiffness of the infill-
frame interface, and these parameters are essential for
simulating the infill-frame interface since they are able to
control the gap opening and the sliding of adjacent el-
ements in the model. The results from the parametric
study showed that the composite action of the TRM
jacket at the beam-infill interface (full bond) contributes
to increase the load capacity and the hysteric energy of
the TRM masonry-infilled RC frame, and to reduce the
gap opening between the masonry infill and the RC
frame. The numerical results show that improving the
bond condition between the TRM and the interface
between the masonry infill and the RC frame the per-
formance of this structural system is improved. Further
numerical and experimental studies are needed to find
the optimal retrofitting strategies using the TRM com-
posite material in a large-scale structure and to find an
adequate configuration of textile-based anchors. This will
expand the results’ database and will allow the devel-
opment of design guidelines for a new strengthening
technique on masonry-infilled RC frames using TRM.
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The extension of the damages observed after the last major earthquakes shows that the seismic risk mitigation of infilled reinforced
concrete structures is a paramount topic in seismic prone regions. In the assessment of existing structures and the design of new
ones, the infill walls are considered as nonstructural elements by most of the seismic codes and, generally, comprehensive
provisions for practitioners are missing. However, nowadays, it is well recognized by the community the importance of the infills
in the seismic behaviour of the reinforced concrete structures. Accurate modelling strategies and appropriate seismic assessment
methodologies are crucial to understand the behaviour of existing buildings and to develop efficient and appropriate mitigation
measures to prevent high level of damages, casualties, and economic losses. The development of effective strengthening solutions
to improve the infill seismic behaviour and proper analytical formulations that could help design engineers are still open issues,
among others, on this topic. The main aim of this paper is to provide a state-of-the-art review concerning the typologies of
damages observed in the last earthquakes where the causes and possible solutions are discussed. After that, a review of in-plane
and out-of-plane testing campaigns from the literature on infilled reinforced concrete frames are presented as well as their relevant
findings. The most common strengthening solutions to improve the seismic behaviour are presented, and some examples are

discussed. Finally, a brief summary of the modelling strategies available in the literature is presented.

1. Introduction

The seismic vulnerability assessment of existing buildings
that were not designed according to the recent and modern
codes and the development of effective strengthening
techniques are, nowadays, a paramount topic in the seismic
engineering field. Over the last few years, it is visible a great
interest regarding the study of the masonry infill walls and
their influence in the response of reinforced concrete (RC)
buildings when subjected to earthquakes, proved by the
number of numerical and experimental studies available in
the literature [1-4]. Their presence can be favorable or not
for the seismic performance of the building, depending on
several phenomena such as their plan and height distribu-
tion, existence or not of connection to the surrounding
frame, boundary conditions, relative stiffness and strength

between the infill panel and the frame elements, and the
infills’ material and mechanical properties, among others.
Recent postearthquake survey damage assessment re-
ports recognized that the infill masonry (IM) walls played an
important role in the seismic response of the RC buildings
[5-7]. The infill panels’ seismic behaviour was also char-
acterized by extensive level of damages and collapses, due to
combined in-plane and out-of-plane loadings, as reported in
[8, 9]. The collapse of many infill panels was responsible for
several fatalities, direct and indirect economic losses [10, 11].
It is recognized that their in-plane (IP) behaviour affects
with their out-of-plane (OOP) performance, since extensive
damages caused by IP demands, such as the panel detach-
ment, diagonal cracking, or shear failure, increase the infill
panel OOP vulnerability [12, 13]. Different authors [1, 9, 14]
reported that the masonry infill walls’ OOP behaviour is
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strongly affected by existence or not of connection between
the panel and the reinforced concrete frame elements; ex-
istence of not of connection between leafs (in case of double-
leaf infill walls); inadequate panel support width (very
common constructive procedure adopted for thermal
bridges’ prevention); boundary conditions, panel slender-
ness, and inadequate execution of the upper bed joint; and
lastly, the existence of previous damage. The infill panels’
collapse can also result in plan and/or vertical irregularities,
which can trigger global failure mechanisms such as torsion
or soft storey.

Considering the number of experimental and numerical
studies investigating the vulnerability issues of infilled RC
frames, the missing of proper prescriptions by codes, and
based on the well common masonry infill walls’” presence in
the RC buildings in the southern European countries, it is
fundamental to carry out studies to characterize the seismic
behaviour of these panels and to develop efficient
strengthening strategies to improve their performance and
prevent their collapse when subjected to earthquakes.

The present research work aims at presenting a global
state-of-the-art review concerning the infilled RC frame
seismic behaviour. First, a damage reconnaissance report
from the last major earthquakes is presented. Observations
of the RC structure performance during strong earthquakes
represent a mean of teaching builders and engineers and
proper and improper construction of earthquake load
resisting systems. In regions that have long been inhabited,
and which are subjected to relatively frequent strong ground
shaking, design procedures have evolved, resulting in rel-
atively good performance of engineered structures [15, 16].
Although such design procedures are not universally ap-
plicable because of regional differences in construction
materials and techniques, structural engineers can learn
much by studying such procedures. Additionally, the
postearthquake damage reconnaissance highlighted the
importance of the infill walls in the seismic performance of
RC structures. Many authors pointed out that these elements
(used to be called as “nonstructural”) are very important and
are responsible for a significant part of the human, material,
and economic losses [7, 17].

Second, a deep state-of-the-art review of the experiments
carried out on infilled RC frames is presented, where the
major findings by each author are discussed. This section is
very important to associate those findings with the damages
observed in postearthquake scenarios. Finally, a brief pre-
sentation of modelling strategies of the masonry infill walls is
provided, from the macromodelling approaches to micro-
modelling approaches.

2. The Role of the Masonry Infill Walls in the
Recent Seismic Events over the World

The RC structure behaviour depends on the strength and
stiffness characteristics of the structural elements. The
structural strength is provided by each of the structural
members and by the interaction among them. Their re-
sponse is controlled by the loading redistribution capacity
that results in the failure of some members and/or in the
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possibility of those members to be not able to suffer high
levels of deformation demands until it fails. The insufficient
strength capacity or incapacity of the structural elements to
face seismic actions, which is several times higher than the
value considered in the design process and results in shear
loads higher than their strength capacity, is very common in
existing low-standard buildings. The structures should be
designed according to the seismic loading demand defined
in the codes and to have stiffness, strength, and ductility
balanced between the elements, joints, and supports. Sim-
ilarly, the strength and stiffness contribution of the infill
panels should be considered since these elements can sig-
nificantly affect the whole structural behaviour.

This section aims at presenting the major learnings and
findings concerning the typical damages from the last major
earthquake in the Mediterranean area. They are presented
and discussed, and a particular focus is dedicated to the
masonry infill wall seismic behaviour and participation in
the structural response.

2.1. Damage Typology Definition in Infilled RC Structures.
The Eurocode 8 [18] classifies the building elements as
structural or nonstructural. Concerning the structural ele-
ments, they are subdivided into primary members (SP) and
secondary members (SS). The primary members (SP) are
considered as part of the structural system that resists to the
seismic demands, modelled in the analysis for the seismic
design situation, and fully designed and detailed for
earthquake resistance. On the other hand, the secondary
elements are members which are not considered as part of
the seismic action resisting system and whose strength and
stiffness against seismic actions are neglected; they are not
required to comply with all the capacity design rules
according to Eurocode 8 [18], but are designed and detailed
to support gravity loads when subjected to the displacements
caused by the seismic design condition. Last, nonstructural
elements (NS) comprising architectural, mechanical, or
electrical elements, systems, and components, whether due
to lack of strength or to the way they are connected to the
structure, are not considered in the seismic design as load
carrying elements.

During the last major earthquakes all over the world,
different types of damages, being the most representative
ones listed above, affected the RC structures according to
several authors and postearthquake survey damage assess-
ments [5-8, 19]:

Damage Type 1: damages associated with stirrups and
hoops (inadequate quantity and detailing, regarding the
required ductility)

Damage Type 2: damages associated with detailing
(bond, anchorage, and bond splitting)

Damage Type 3: damages associated with shear and
flexural capacity of beam/column/wall elements
Damage Type 4: damages associated with the inade-
quate shear capacity of RC joints

Damage Type 5: damages associated with strong-beam
weak-column mechanism
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Damage Type 6: damages associated with short-column
mechanism

Damage Type 7: damages associated with structural
irregularities (in plan and/or in elevation: torsion,
“weak storey,” and “soft storey”)

Damage Type 8: damages associated with pounding

Damage Type 9: damages in secondary elements
(cantilevers, stair, etc.)

Damage Type 10: damages in nonstructural elements.

From the list, the first eight damages are related to
primary members (SP), the ninth is related to secondary
elements (SP), and finally, the tenth is related to non-
structural elements (SS). According to the after-earthquake
damage survey assessment, it was concluded that there is an
interaction among the last five types of damages. This in-
teraction is related to the contribution/participation of the
nonstructural elements or secondary elements in the global
response of the infilled RC structure [20]. The existence of
buildings with different (in plan or vertical) irregularities
results in different responses than those expected; part of
them are related to the disposition of the nonstructural
elements [21]. Damages observed in postearthquake field
missions highlighted that masonry infills, the main core of
this work, cannot be generally regarded as nonstructural or
secondary elements, as better discussed in Section 2.2, but
should be considered as primary members, especially if they
were built in full contact with the surrounding frame.

2.2. Most Common Damages in Masonry Infill Walls in Recent
Earthquakes. Infills represent the external skin of the RC
structures; they are generally used as interior partitions and
to separate the inner spaces for the outside with constructive
techniques that strongly depend on the construction practice
typical of each country (double- or single-leaf infill, con-
nection system between infill panel and surrounding frame,
workmanship, etc.). This aspect can introduce a significant
heterogeneity in the influence of the infills on the RC
building seismic performance. Nevertheless, some similar-
ities in the main vulnerability issues can be identified and
observed in postearthquake reconnaissance field missions,
especially if the more recent seismic events in the Medi-
terranean area are considered. The presence of infill panels
generally leads to an increase of the IP lateral stiffness and
strength, at least at low displacement demand, and a ben-
eficial increase of the dissipated energy during a ground
motion. Under higher displacement demand, infill panels,
above all traditional (slender) panels, generally reduce their
contribution to the lateral load and stiffness, thus producing
a strength drop in the global lateral response of the whole
infilled frame [22]. Some significant detrimental effects can
be induced by the infill panels, certainly affecting the damage
limitation performance level, but also potentially dangerous
for the life safety, as discussed in the following remarks.
As well known, due to horizontal action parallel to their
plane, infill panels generally exhibit a diagonal damage
pattern, as shown in Figure 1. Such damage can be more or
less diffused across the building and generally concentrated

at the lowest floors, where the relative displacement demand
is generally higher. Such kind of damage is the clear evidence
of the cooperation of infills in the seismic response of the
building, so that their typical definition of “nonstructural”
components can be considered as not appropriate. Addi-
tionally, as anticipated above, this damage, which is often
particularly severe also under quite moderate seismic
shaking, considerably affects the economic seismic losses for
RC buildings [17], in terms of repair costs, downtime, and
casualties, thus reducing the seismic resilience of the
communities in seismic prone areas.

A structural irregularity can be induced by a nonuniform
distribution of the infill panel along the height. As a matter
of fact, due to severe seismic actions, a soft-storey collapse
mechanism can be induced by the (quite common) absence
of panels at the ground floor (see, for example, Figure 2(a)).
Another kind of “irregularity” is the presence of frames with
ribbon windows that are only partially infilled: such a sit-
uation generates very squat columns, which are extremely
vulnerable to shear failures (see, for example, Figure 2(b)).
These vulnerability issues clearly assume a crucial role since
they are related to the life-safety performance level.

One of the big problems for life-safety purposes due to
the infills is their OOP collapses (or overturning), which can
be produced by the absence of proper connection systems
between the “nonstructural” panel and the RC frame, as
typical in existing buildings. In these cases, the problem
becomes also more severe due to the typical high slenderness
of the infills in existing buildings, generally realised in two
(not properly connected to each other) leafs. As a result, the
overturning of the infills is generally observed in post-
earthquake field missions, as shown in Figure 3, enhanced by
the combination between the damage due to in-plane actions
and the transverse acceleration demand during a seismic
event [6, 7].

A further issue affecting the life-safety performance level
concerns the local shear interaction between the infill panels
and the surrounding RC members. As well known, due to
horizontal actions, an infill panel locally produces a shear
action on the surrounding RC columns/beams concentrated
in a squat portion of the RC member [26]. Such an action can
lead to the shear failure of the RC structural members,
especially in existing buildings, not designed according to
capacity design principals, thus affecting the integrity and
safety level of the whole building. Some examples of local
shear interaction, from L’Aquila (Italy) 2009 [24] and Lorca
(Spain) 2011 [7] earthquakes, are reported in Figure 4.

3. Literature Review on Recent
Developments on Experimental Testing of
Infilled RC Frames

The postearthquake damage analyses reported in the pre-
vious section highlight that a comprehensive knowledge of
all the vulnerability aspects related to the seismic behaviour
of infilled framed structures, of their nonstructural com-
ponents, and of the phenomena related to the interaction
between structural and “nonstructural” elements is
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FiGure 1: Example of medium-severe in-plane damage to infills (adapted from [23]). (a) Izmit (1999). (b). L’Aquila (2009). (c) Centre Italy
(2016).

(®)

FIGURE 3: Example of out-of-plane collapses (adapted from [23-25]). (a) Izmit (1999). (b) L’Aquila (2009). (c) Centre Italy (2016).
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F1GURE 4: Example of in-plane shear interaction between infill panels and RC frames adapted from [7, 24]. (a) L’Aquila (2009). (b) L’Aquila

(2009). (c) Lorca (2011).

necessary. To this aim, the experimental testing allows
understanding and characterizing the structural behaviour
of given elements under different loading conditions
reproducing the damage due to real earthquakes in lab. This
is a key point to achieve the knowledge that is necessary to
improve the codes with the capability of designing safer
structures and with lower risk. Different types of experi-
ments can be found over the literature concerning the
infilled RC structures, which can be classified in in-plane
(loading acting in the infill plane) and the out-of-plane
(loading acting perpendicularly to the infill plane) testing of
masonry infill walls. Section 3.1 presents a literature review
about the in-plane (IP) tests, and Section 3.2 presents the
out-of-plane (OOP) testing review and, lastly, a revision of
strengthening techniques is presented in Section 3.3.

3.1. In-Plane Tests. Numerous tests have been performed in
the literature to study the behaviour of infilled RC frames
under in-plane actions in the last sixty years (see Table 1).
Each experimental campaign investigated the influence of
the infill panel on the lateral response of the whole frame
depending on the brick typology (e.g., hollow or solid clay
bricks, concrete or autoclaved aerated concrete (AAC)
blocks, or other material typologies), on the infill-to-frame
relative stiffness and strength, and on the presence of
openings with different opening ratios and eccentricities,
among other investigated parameters. Tested specimens
were generally one-bay one-storey scaled infilled frames
(e.g., [13, 34, 58] among many others—see Table 1). More
rarely two- or three-storey frames (e.g., [29, 64]) or full-scale
infilled frames [33, 40, 49] were tested in lab. Different
typologies of test have been performed, by means of the
application of monotonic or cyclic actions and pseudostatic
or pseudodynamic actions or, more rarely, by means of
shake table tests. Overall, about two hundred tests per-
formed on RC frames with various typologies of infills can be
collected from the literature [4, 65-67]. The main findings of
these experimental campaigns on unreinforced masonry
infills under in-plane actions are discussed in what follows.

A complete list of these campaigns can be found in Table 1
for infilled without openings (i.e., doors or windows).

For these tests, the experimentally observed failure mode
has been different depending on the main geometrical and
mechanical features of infills and frames. More in detail, the
failure modes, specifically related to the infill panel, can be
classified as follows [68]: (i) sliding shear failure, charac-
terized by the horizontal sliding along mortar bed join-
ts—typical in weak mortar infills and strong frame; (ii)
diagonal cracking failure, characterized by cracks along the
infill diagonals—typical of weak frame infilled with a strong
infill; (iii) diagonal compression failure, characterized by the
infill crushing in the centre of the panel—typical of slender
infills; and (iv) corner crushing failure, characterized by the
infill crushing in the corners—typical of weak masonry
infills and frames with weak joints and strong members.

Although the significant heterogeneity of the tests is due
to their differences in mechanical properties or material
brick units (see Table 1), some general conclusions can be
carried out.

From a phenomenological point of view, the evolution of
damage affecting the infill panel under increasing in-plane
lateral load goes from a hairline cracking along mortar bed
joints or in bricks (“Slight Damage”), to more severe diagonal
cracking and bricks crushing, often in the corners (“Moderate
Damage”), until the complete “Collapse” of the panel [69], as
shown in Figure 5. Starting from the analysis of the in-plane
collected tests, the displacement capacity thresholds of the
infills can be obtained for given Damage States (DS), from
Slight Damage to Collapse, depending on their material ty-
pology, as recognized in Del Gaudio et al. [10]. It was found
that, for infills with clay bricks, the median interstorey drift
capacity is equal to 0.08%, 0.33%, and 1.6%, respectively, at
Slight Damage level, at Moderate Damage, and at Collapse.
Infills with concrete blocks showed a higher median drift
capacity with respect to the infills with clay bricks, whereas,
generally, a smaller drift capacity characterized infills with
solid clay bricks with respect to infills with hollow clay bricks
at more severe DSs [10].
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TaBLE 1: Literature review of IP experimental tests of infill walls depending on infill material typology: subset of tests on 1-bay 1-storey

frames infilled without opening (adapted from [4]).

Author Number of tests

Masonry unit Scale factor

Aly and Mooty [27]
Akhoundi et al. [28]
Al-Chaar et al. [29]

Angel et al. [13]

Baran and Sevil [30]

Basha and Kaushik [31]
Bergami and Nuti [32]

Calvi and Bolognini [33]
Cavaleri and Di Trapani [34]
Centeno et al. [35]

Chiou and Hwang [36]
Colangelo [37]

Combescure and Pegon [38]
Gazic and Sigmund [39]
Guidi et al. [40]

Haider [41]

Hashemi and Mosalam [42]
Kakaletsis and Karayannis [26]
Khoshnoud and Marsono [43]
Kyriakides and Billington [44]
Lafuente and Molina [45]
Mansouri et al. [46]
Mehrabi et al. [47]

Misir et al. [48]

Morandi et al. [49]

Parducci and Checchi [50]
Pereira et al. [51]

Pires [52]

Schwarz et al. [53]

Sigmund and Penava [54]
Shing et al. [55]

Stylianidis [56]

Suzuki et al. [57]

Verderame et al. [58]

Waly [59]

Yuksel and Teymur [60]
Zarnic and Tomazevi¢ [61]
Zhai et al. [62]

Zovkic et al. [63]
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Solid clay unit
Hollow clay unit
Solid clay unit-solid concrete unit
Solid clay unit-solid concrete unit
Hollow clay unit
Solid fly ash unit
Hollow clay unit
Hollow clay unit
Hollow clay or concrete unit-solid calcarenite unit
Hollow concrete unit
Solid clay unit
Hollow clay unit
Hollow clay unit
Hollow clay unit-solid clay unit
Hollow clay unit
Hollow clay unit
Solid clay unit
Hollow clay unit-vitrified clay unit
Solid clay unit
Solid clay unit
Solid clay unit
Solid clay unit
Solid or hollow concrete unit
Hollow clay unit-solid AAC unit-hollow pomice unit
Hollow clay unit
Hollow clay unit
Hollow clay unit
Hollow clay unit
Solid AAC unit
Hollow clay unit
Solid clay unit
Hollow clay unit
Hollow concrete unit
Hollow clay unit
Hollow clay unit
Hollow clay unit
Semisolid clay unit
Hollow concrete unit
Hollow clay unit-solid AAC unit
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FiGure 5: Example of damage evolution (adapted form De Risi et al. (2018)). (a) Slight. (b) Moderate. (c) Collapse.

Concerning the lateral response of the infilled frame, the  the infill panel from the frame, until the born of a diagonal
analysed experimental responses for RC frames where the = compressive stress flow—often reproduced in numerical
infill is well connected to the frame, under increasing lateral ~ analyses by means of one single- or multistrut (only resisting
in-plane loading, generally showed an initial detachment of ~ to compressive) [70], as better explained in Section 4. A high
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initial stiffness until first cracking occurrence is generally
observed, depending on the in-plane stiffness (thickness and
material) of the infill panel. After the first macrocracking, a
subsequent lateral stiffness degradation generally occurred
up to the peak load. After the achievement of the maximum
in-plane load, a degrading branch can be easily recognized
until the residual strength of the frame, when the infill panel
is no more able to contribute in terms of strength and
stiffness [4]. The in-plane response and particularly the peak
load and the subsequent softening branch were found to be
dependent on the failure mode of the panel. Additionally, a
significant portion of the experimental results indicated that,
at least for one-bay one-storey frames under in-plane ac-
tions, (i) the presence of the infills can improve the lateral
strength, stiffness, ductility, and energy dissipation capacity
with respect to bare frames, and (ii) specimens with strong
infills can exhibit a higher strength, stiffness, and energy
dissipation capacity than those with weak infills [26].

Nevertheless, the estimation of the lateral load of the
infill is important to define the shear action produced by the
panel on the surrounding structural members. During the
in-plane testing on infilled frames, some tests exhibited a
shear failure in beams or columns due to their interaction
with the infill panel. The analysis of the experimental
campaigns revealed that such phenomenon, often observed
also after seismic events as described in Section 2, was more
likely for specimens with infills relatively strong with respect
to the frame [68], as typical when the former is made up of
strong concrete blocks or solid clay bricks and the latter is
representative of existing low-standard buildings. Unfor-
tunately, very few experimental studies [58, 71] are available
from the literature to reproduce the local shear interaction
between infill and frame, even less if masonry panels made of
hollow clay units (typical of light nonstructural masonry in
European and Mediterranean countries) are considered.
More experimental tests on these units should be carried out
to provide a useful support for a comparison with more or
less simplified nonlinear modelling approaches [58], from
FEM-based micromodelling to macromodelling, and the
choice/proposal of a proper modelling tool.

Additionally, few tests exist in the literature about the
study of the in-plane behaviour of infills with openings,
taking into account their possible differences in void ratio,
aspect ratio, or eccentricity (e.g., [26, 38, 54], among others).
As expected, the presence of openings leads to a reduction in
infill lateral strength and stiffness and energy dissipation
capacity, mainly depending on the opening size [26].
Nevertheless, openings with an opening percentage (i.e.,
opening area divided by the whole frame area) lower than
40% can improve the lateral strength, stiffness, and energy
dissipation capacity under in-plane actions with respect to
bare frames [4, 25]. More frequently, the presence of
openings is investigated only numerically (e.g., [2], among
others), and therefore, additional real data should be pro-
vided by further experimental campaigns to be compared
with the numerical results.

A higher number of experimental results should be still
produced also to investigate about the effect of the level of
restraint between the panel and the surrounding frame,

which can be strictly dependent on the construction practice
adopted country by country, and which can strongly affect
the in-plane response of the whole frame (as recently carried
out by [72, 73]). Lastly, quite few tests from the literature
studied the in-plane behaviour of infilled frame considering
all the above-mentioned critical issues by means of shake
table tests (as in [42]; or [74], one of the most recent study).
It should be desirable to carry out new and further data from
shake table tests to more realistically reproduce the ground
shaking for the investigation of the seismic response of
infilled frames.

3.2. Out-of-Plane Tests. Over the literature, few testing
campaigns can be found where it was carried out the study
and characterization of the OOP behaviour of infill panels in
steel or RC frames, considering or disregarding their in-
teraction with the IP loading demand [13, 33, 51, 75-86].
Part of these testing campaigns were based on shaking table
tests of single IM panels or scaled infilled RC structures
[87-94].

Dawe and Seah [76] started in 1989 the study of the OOP
seismic behaviour of masonry infill walls surrounded by a
steel frame. The authors performed eight full-scale infill
panels made with concrete blocks. The loading on the wall
was transferred with a system of airbags against a reaction
frame, uniformly inflating to impose a displacement history.
The objectives were to study the horizontal connections with
reinforcement, other with mortar interface of infill frame,
the influence of the wall’s thickness, openings, among other
parameters. Some of the conclusions were as follows: (1) the
interface’s reinforcement provided higher OOP deformation
capacity of the system, (2) interface reinforcement sustained
more OOP loading before appearance of the first crack, (3)
higher thickness allowed the limitation of OOP arch
mechanism, resulting in stronger loadings for collapse, (4)
the opening did not reduce significantly the OOP capacity,
and (5) the connections with reinforcement are introducing
stress concentrations when connectors transmit in-plane
loads. This causes premature damage to the infill, which
reduces the infill’s out-of-plane capacity. Thereafter, Fred-
eriksen [95] tested fifteen scaled infill panels surrounded by
steel frames under OOP loading using an airbag. Three types
of brick were used in their experiment, and the main ob-
jective was to study the effect of infill-to-frame boundary
condition by placing different materials in gaps between the
infill and the frame at all boundaries instead of mortar. They
concluded that the effect of bound type on the OOP strength
and cracking patter is negligible so long as the infill is in tight
contact with the bounding frame. Angel et al. [13] performed
thirteen full-scale infill walls made with concrete blocks and
with brick masonry walls. They tested the combination of IP-
OOP loading sequence. The OOP forces were applied with
an airbag system following monotonic loading protocol.
Some of the conclusions were as follows: (1) the OOP
strength was affected by the thickness of the wall and by the
compressive strength of the masonry, and (2) IP loading
increased the OOP secant stiffness. Calvi and Bolognini [33]
performed a set of tests in full-scaled RC frames infilled with



brick masonry. The tests were analysed for monotonic OOP
loading after application of cyclic IP loading to introduce
prior damage on the walls. The used systems were bare
frame, unreinforced infills, horizontally reinforced, and
reinforced with meshes. The authors concluded that the
OOP behaviour was strongly improved by the reinforcement
material.

Later, Lunn and Rizkalla [96] performed an experi-
mental campaign comprising 14 full-scale specimens, four
as-built specimens (reference specimens) and 10 strength-
ened specimens. The main aim of this study was to assess the
efficiency of different strengthening strategies to improve the
OOQOP behaviour. Varela-Rivera et al. [97] tested six confined
walls made with vertical hollow concrete blocks to assess the
effect of the boundary conditions in which the authors found
that the panels with four and three supports reached similar
maximum strength. Pereira et al. [51] carried out a testing
campaign of scaled infill panels subjected to uniform OOP
loadings applied by airbags to assess the effect of plaster and
bed joint reinforcement. From the results, the authors
concluded that the bed joint reinforcement provided higher
strength and deformation capacity to the panel; however, it
is not relevant when subjected to IP loading demands. Guidi
etal. [98] developed an experimental campaign comprised of
six panels with different thicknesses (large and thick) and
tested with textile-reinforced mortar technique to assess the
improvement of the OOP behaviour. Hak et al. [82] studied
the OOP behaviour of strong infill panels in the context of
the modern construction in the southern European coun-
tries. da Porto et al. [83] tested the efficiency of strengthening
mortars to improve the seismic behaviour of infill panels
subjected to IP and OOP loading sequence. Moreno-Herrera
et al. [99] tested the influence of the masonry unit and aspect
ratio on the OOP capacity of confined infill walls, from
which it was concluded that (1) the maximum OOP dis-
placements were larger for walls built with solid bricks; (2)
the OOP strength depends highly on the masonry com-
pressive strength; and (3) the OOP capacity decreases with
the increase of the panel aspect ratio.

Recently, Akhoundi et al. [100] tested three scaled infill
panels made with hollow clay horizontal bricks to study the
effect of the workmanship and the effect of a central opening
(window). From the results, the authors pointed out a
variation of about 30% related to the workmanship and a
reduction of the panel OOP strength and deformation ca-
pacity due to the opening.

Furtado et al. [84] studied the effect of the gravity load
and the previous damage due to prior IP test and concluded
that the gravity load modifies the cracking pattern and the
previous damage (0.5% IP drift) reduced the OOP strength
capacity of about 70% and the panel behaved as a rigid body.
Later, the authors [101] studied the effect of the panel width
support condition in which it was observed a reduction of
the panel OOP strength capacity of about 60%.

Di Domenico et al. [14] carried out an experimental
campaign comprised of three infill panels made with hollow
clay bricks, with the same geometrical properties, con-
struction materials, and workmanship. The major goal was
to assess the effect of adopting different boundary conditions
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to the confining RC frames; namely, it was tested a panel
bounded along all edges to the surrounding frame (specimen
OOP_4E), a panel detached from the confining frame at the
upper edge (specimen OOP_3E), and a panel bounded to the
confining frame only along the upper and lower edges
(specimen OOP_2E). The authors concluded that the panel
OOP_2E exhibited brittle failure and the remaining ones
some displacement capacity for arching mechanism. Con-
cerning the maximum strength, the panel with all edges
bounded (OOP_4E) reached 1.6 times higher strength and
the specimen OOP_3E reached 1.3 times higher strength
than the value obtained by the panel OOP_2E.

Ricci et al. [12] performed OOP tests in scaled infill
panels previously damaged due to quasistatic IP tests. Three
different levels of prior IP drift were adopted, namely, 0.16%
(IP+O0P_L), 0.37% (IP+OOP_M), and 0.58%
(IP + OOP_H). Additionally, the results were compared with
the one reference specimen OOP_4E (with no prior damage)
that was tested by Di Domenico et al. [14] and described in
the previous paragraph. The authors concluded that all the
specimens reached an almost bilinear response behaviour
with a pseudolinear response up to peak load and a softening
branch after the maximum load. As expected, the specimens
with medium-high in-plane damage exhibited lower
strength capacity and lower stiffness. In fact, larger IP drift
demands caused higher reduction of the panel OOP
capacity.

Later, Ricci et al. [102] investigated the influence of the
panel slenderness ratio and of the in-plane/out-of-plane
interaction on the out-of-plane strength. To this aim, the
authors tested three specimens with the slenderness ratio of
22.9 and compared with the results obtained by panels with
the lower slenderness ratio of 15.2, tested in a previous
testing campaign [12, 14]. From the results, the panels with
the slenderness ratio of 22.9 reached larger peak loads (twice
the results of the panels with slenderness ratio of 15.2). This
result indicates that panels with larger slenderness ratio
potentiate the development of arching mechanism, which
can increase the panel OOP strength capacity. However,
further experimental investigations must be developed to
reinforce the conclusions and results obtained in this testing
campaign. Finally, it was again observed the reduction of the
OOP strength capacity with larger IP drift demands.

Lastly, De Risi et al. [71] carried out an experimental
campaign on square infill walls in RC frames to investigate
about the OOP behaviour of the masonry infills and about
the IP/OOP interaction. Overall, four specimens were tested
under OOP monotonic load. Three of them were firstly
damaged due to cyclic IP actions, with different levels of
demand. The remaining one was only subjected to OOP
loading and thus was considered as reference specimen. The
main purpose of the testing campaign was to assess the
influence of the infill panel aspect ratio on the IP/OOP
interaction through the comparison between the tests per-
formed in this campaign and tests performed in the cam-
paigns carried out by Ricci [12, 14] with nominally identical
infills except that for the aspect ratio of the specimens. The
authors concluded that, from the comparison between the
square panels and the rectangular ones, it was observed that,
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at roughly same drift demand, square and rectangular infills
exhibit very different damage states, namely, the rectangular
specimens reached higher levels of damage than the square
ones. Obviously, at the same time, it was observed that, for
the same IP drift, the square panels exhibited a strength
reduction of 24% while the rectangular panel exhibited
larger degradation of about 58%. A complete list of these
campaigns can be found in Table 2 containing the variables
under study, number of tests, loading approach, and ma-
sonry unit.

Recently, Butenweg et al. [103] carried out an experi-
mental campaign of combined IP-OOP tests in full-scale RC
frames filled with high thermal insulating clay brick. The
main novelty of this experimental investigation is the si-
multaneous application of the IP and OOP loadings. From
the testing campaign, the authors pointed out that boundary
condition in the connection area between the infill panel and
the frame is a crucial point for earthquake damage of the
infill walls.

3.3. Retrofit and Strengthening Techniques. The retrofit and
improvement of infill walls seismic behaviour is a complex
subject, since it cannot be disconnected from their effect on
the overall building response. It is paramount to take this
coupled behaviour into consideration. In this context, two
main approaches can be considered, as described below: (i)
disconnection of infills from the structural system and (ii)
effective integration in the superstructure and strengthening
of the panel.

3.3.1. Disconnection of the Panel from the Structural System.
Concerning this first assumption, three different strategies
can be adopted: the use of sliding devices, energy dissipation
devices, and assuming a disconnection using gap. From the
literature, it is possible to find out that some authors tested
the use of sliding devices to reach a good seismic perfor-
mance of the panel. For example, Mohammadi et al. [104]
carried out an experimental campaign to achieve engineered
infilled frames in two stages. One of the techniques used on
Stage 1 was the use of an infill “fuse,” in which some sliding
layers were provided in the infill. In these techniques, some
elements such as small parts of the columns or horizontal
layers in infills (called “fuses”) are supposed to yield or slide
before infill cracking. Two 2/3 scaled, 3 m-long and 2 m-high
single-story single-bay infilled steel frames having an IPE-
140 standard shape were tested under cyclic lateral in-plane
loading. The specimens were used to check the efficiency of
the mentioned technique in increasing ductility. The authors
found in a previous experimental work that multilayer infill
panels, composed of layers of masonry and concrete ma-
terials, are acceptable to be used in engineered infilled
frames, as they have a better ductility in comparison with the
single-layer ones, and their strength can be adjusted by
changing the layer thickness and material [105]. The author
concluded that supplying the infills with sliding fuses had the
following advantages: (1) increasing the deformation ca-
pacity and consequently the ductility of the infilled frame;
(2) avoid necking in cyclic load-displacement behaviour for

nonfused specimens; (3) preventing the panel from the
occurrence of damage/cracking during seismic actions; and
(4) high efficiency of the sliding fuse in increasing ductility of
the infilled frames. Despite the advantages of the sliding fuse,
simple configuration of the applied sliding fuse had two
main shortcomings: (1) increasing the vulnerability of shear
failure in some column zones and (2) creating a potential
surface for OOP movement of the wall in the fuse area.

Two further testing campaigns were performed by Preti
et al. [106] focused on the development of a similar engi-
neered solution with sliding joints to reduce the infill-frame
interaction and ensure OOP stability. The authors validated
the potential of horizontal partition joints (embedded in few
masonry mortar beds and acting as sliding joints) to ensure a
ductile mechanism for the infill under IP loading; during the
tests, it was prevented the development of the typical di-
agonal strut mechanism. Two additional works developed by
Morandi et al. [107] and Verlato et al. [108] can be found in
the literature.

Some authors proposed solutions composed of energy
dissipation devices that consist of the disconnection between
the panel and the frame structure. Goodno et al. [109] pro-
posed design criteria formulated in terms of energy, which
provide optimal balance of stiffness and energy dissipation to
the structure through appropriate cladding connection.
Aliaari and Memari [110] tested a seismic IM wall isolator
from the main envelope structure (SIWIS). The solution
consisted in using subframes to be attached to the structural
frame, and the infill wall then was constructed within the
subframe. The OOP stability of the panel was provided
through the top subframe member. The authors stated that the
location of SIWIS elements showed that due to the fact of
being located at the top of the wall, the frame will first contact
the panel at that point under lateral drift and will tend to close
the gap if there were no SIWIS elements. Later, Aliaari and
Memari [111] carried out an IP test of a two-bay three-story
steel frame with three different configurations: (i) bare frame,
(i) infilled braced frame, and (iii) pinned frame equipped with
the proposed SIWIS device. The authors also tested a series of
components on three different designs for the fuse element.
From the tests, the authors pointed out that the response of
the frame with SIWIS elements was significantly affected by
the stiffness and strength properties of the SIWIS elements.

Finally, seismically active countries such as New Zea-
land, Japan, and some states in the USA adopted the practice
of separating the infill walls from their frames by including a
gap. This strategy was based on the poor seismic perfor-
mance of the infill panels in past events. Additionally, the
seismic design codes required that nonstructural elements
are not damaged during earthquakes with low magnitude
and do not affect the structural performance of the main
structure in events with large magnitude. Due to that, the
separation between the panel and the frame became the most
common practice [112]. Separation gaps allow the frame to
deflect freely without mobilizing the wall. However, this
approach can result in serious consequences when the panel
is subjected to some OOP loadings. Some approaches have
been presented by different authors aiming to be effective for
both IP and OOP loadings [107, 108, 113, 114].
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TaBLE 2: Literature review of OOP experimental tests of masonry infill walls.
Author Number of tests ~ Loading approach ~ Masonry unit Variables under study
Horizontal connections with reinforcement
Dawe and Seah [76] 8 Airbags VHCB Slende.rness
Openings
Boundary conditions
. . HCHB o
Frederiksen [95] 15 Airbags SCB Boundary conditions
. HCHB Masonry unit
Angel et al. [13] 13 Airbags VHCE IP + OOP
1P+ OOP
Calvi and Bolognini [33] 9 Airbags HCHB Bed joint reinforcement
Meshes
Lunn and Rizkalla [96] 14 Airbags CSB Strengthening strategies
Varela-Rivera et al. [97] 6 Airbags VHCB Boundary condition
Pereira et al. [51] 7 Airbags HCHB Bed joint reinforcement
Plaster
1 . Slenderness
Guidi et al. [98] 6 4 points load HCHB Strengthening strategies
Hak et al. [82] 5 4 points load VCHB Strong infills
da Porto et al. [83] 8 4 points load HCHB Strengthening mortars
VHCB
Moreno-Herrera et al. [99] 8 Airbags SCB Masonry unit
VCHB Aspect ratio
Akhoundi et al. [100] 3 Airbags HCHB Workmapsh1p
Opening
. Gravity load
Furtado et al. [84] 3 Airbags HCHB IP-OOP
. Panel width support
Furtado et al. [101] 2 Airbags HCHB Gravity load
Di Domenico et al. [14] 3 4 points load HCHB Boundary conditions
Ricci et al. [12] 3 4 points load HCHB IP-OOP
Ricci et al. [102] 3 4 points load HCHB IP-OOP
’ Slenderness
De Risi et al. [71] 4 4 points load HCHB Aspect ratio
Butenweg et al. [103] 4 Airbag VHCB IP-OOP

VHCB: vertical hollow concrete block; SB: solid brick; CSB: concrete solid brick; HCHB: hollow clay horizontal brick.

3.3.2. Effective Strengthening of the Panel. The integration of
the infill panels on the substructure and respective behaviour
improvement and reduction of the OOP vulnerability can be
achieved by using different strengthening techniques such as
fiber-reinforced polymers (FRP) [115], engineered cemen-
titious composites (ECC) [116], textile-reinforced mortars
(TRM) [33], and bed joint reinforcement [33].

The knowledge and techniques to improve the way
infilled RC buildings respond to earthquakes have been the
object of several studies and tests. However, in parallel to
these advances in the last years, and due to the concerns with
thermal comfort, new bricks and new techniques have also
been developed for buildings’ facade walls with the main
goal of reducing the cooling and heating losses. As a result of
the innovation, new types of masonry units and construction
technologies have been developed, being pushed by the
market competition. The masonry industry improved the
thermal properties of masonry units and developed new,
faster, and cheaper technologies of construction [117]. The
use of external thermal insulation composite systems
(ETICS) is now common in the external walls with energy
saving purposes. Distinct types of ties, generally from steel or

plastic and having different shapes and geometry (very
dependent on the wall system), are usually adopted [118].
However, it cannot be found over the literature any study
regarding the effect of the ETICS in the infilled RC frame
seismic performance.

Backing to the FRP technique, Carney and Myers [119]
tested two series of IM walls made with concrete blocks to be
subjected to OOP loadings. A total of twelve walls with
different strengthening schemes using FRP composite ma-
terials were tested. Two FRP strengthening techniques were
adopted with anchorages for both techniques. The first
method was composed by the application of externally
bonded glass FRP laminates. This strategy includes a primer
and a glass fiber sheet to form the composite material. The
authors stated that glass fiber sheets are more economical
and provide more compatible strength than the carbon fi-
bers. The second method consisted in the application of
near-surface-mounted (NSM) glass FRP rods. These rods
were attached to the wall using an epoxy-based grout. The
specimens strengthened with anchorage produced a system
capable of carrying a load of approximately twice that of the
reference one. Later, Hamid et al. [120] carried out an
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experimental investigation to study the IP behaviour of face
shell mortar bedded IM wall assemblages retrofitted with
FRP laminates. Tests including specimens loaded in
compression with different bed joint orientations, diagonal
tension specimens, and specimens loaded under joint shear
were carried out. The FRP laminate was selected according
to an equivalent-stiffness-based approach, from which the
laminate required was equated to the minimum steel re-
inforcement ratio of 0.2% (based on the gross cross-sec-
tional area of the panel) according to the requirement of the
Masonry Standards Joint Committee [121]. Lastly, Lunn
and Rizkalla [96] carried out an extensive experimental
campaign composed by 14 full-scale infilled RC frame
specimens, which included four unstrengthened specimens
and 10 strengthened specimens. Solid clay bricks were used
to build the IM wall specimens. The strengthened speci-
mens were reinforced with externally bonded glass fiber-
reinforced polymer sheets applied in the exterior tension
face of the external leaf of the panel. Different coverage
ratios were adopted by the authors considering only uni-
directional (vertical or horizontal) directions. Three dif-
ferent anchorage systems were used. From the testing
campaign, the authors concluded that the externally
bonded solution was effective if proper anchorage of the
FRP laminate is guaranteed. Overlapping the FRP rein-
forcement onto the RC frame revealed to be very effective
for double-wythe specimens, but less for single-wythe
specimens. This strengthening technique requires the fol-
lowing steps to be applied: (1) application of primer; (2)
smoothing of the surface with a layer of putty; (3) appli-
cation of a first layer of epoxy resin; (4) positioning of the
fibers; and (5) use of a small paint roller (FRP) to press the
strip or a palette-knife (SRP), to allow proper impregnation
of strands.

Moving to the ECC technique, in 2015, Kesner and
Billington [122] studied the application of ductile fiber-
reinforced mortar material referred to as engineered ce-
mentitious composites. The study was about the use of ECC
to retrofit precast panels in lieu of a traditional reinforced
concrete or masonry. From the testing campaign, it was
observed that different levels of strength and stiffness in-
crement can be achieved by varying the mix design of the
ECC material and the amount of reinforcement in the
panels. Kyriakides and Billington [44] studied the impact of
a thin layer of ECC in IM wallets, made with solid clay
bricks, subjected to flexure strength tests. The variables
studied were the use of wall anchors to improve the ECC-
masonry bond and alternate steel reinforcement ratios
within the ECC layer in the form of welded wire fabric. From
the tests, it was observed that the ECC retrofit increased the
strength and stiffness by 45 and 53%, respectively. Billington
etal. [123] proposed a thin layer of sprayable ECC applicable
to retrofit an infilled RC frame subjected to IP loadings.
From the 2/3-scale tests, the authors concluded that the ECC
enhanced the performance of the infill walls in terms of both
strength and deformation capacity. The authors also pointed
out that the retrofit details need special attention to bond the
ECC layer to the infill panel and to connect the ECC to the
frame. Barros [124] carried out a testing campaign of
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masonry wallets subjected to flexural strength tests parallel
and perpendicular to the bed joints using hollow clay
horizontal bricks. The objective of the experimental cam-
paign was to assess the efficiency of the ECC strengthening
technique to improve the OOP capacity and to evaluate the
effect of different ECC thicknesses. For that, 30 specimens
were built with geometric dimensions 600 x 600 mm made
with 150 mm thick hollow clay horizontal bricks. For each
type of tests were tested 5 as-built specimens (Group R), 5
retrofitted with 10 mm ECC thick (Group A), and 5 ret-
rofitted with 20 mm ECC thick (Group B). From the flexural
tests parallel to the horizontal bed joints, it was observed that
the failure mode of the as-built specimens (Figure 6(a)) was
characterized by the detachment of the first row of bricks
from the adjacent row which according to the author was
controlled by the mortar-brick adhesion. Regarding the
retrofitted specimens, similar damages were observed in
both groups, shear failure occurred most of the times due to
the geometry of the panel (small distance between the OOP
loading application and OOP restrains), and the remaining
failures were characterized by the crushing of the bricks
combined with one or two major horizontal cracks. It was
observed that Group A and Group B specimens reached an
average flexural strength of 0.43 MPa and 0.46 MPa, re-
spectively. Therefore, it can be concluded that the double
thickness of the ECC layer did not provide any significant
effect in terms of strength (increase of around 6%). The
authors pointed out that, due to the fragility of this type of
masonry units, the ECC layer was too strong and the
damages concentrated in the masonry. Regarding the
comparison between the as-built specimens and the retro-
fitted ones, it was obtained an increase of the flexural
strength of about 5.38 times and 5.75 times for the Group A
and Group B specimens, respectively. The authors compared
also the OOP displacement corresponding to the occurrence
of the maximum OOP loading (dqop,max)- The dfoop,max Of
the Group A and Group B specimens was around 1.86 times
and 2.04 times higher than that of the as-built specimens.
The double thickness of the Group B specimens contributed
for a dggop,max 9% larger.

Finally, some studies were performed to study the effi-
ciency of using textile-reinforced mortars (TRMs) to im-
prove the OOP seismic behaviour of infill panels. Since 1980,
the use of textile-reinforced mortar technique (TRM) started
to be adopted. The most basic application is the fiber-
reinforced mortar, which consists in a mixture of mortar
with a percentage of fibers randomly distributed within its
composition. It is generally used as shotcrete, which became
widespread for tunnel reinforcements. Some of the factors
that affect the effectiveness of this solution are fiber slen-
derness and length as well as the size of aggregates in the
mortar matrix since they define the bonding properties and
thus the capacity to behave as a composite [125]. More
complex solutions using the same kind of material imply
defining a direction for the reinforcement, according to the
material requirements of the design of the structure; in this
way, the fibers can develop their maximum capacity. The
constructive solutions are unidirectional and bidirectional
reinforcement meshes.



12

Advances in Civil Engineering

(b)

FIGURE 6: Test results obtained by Barros [124]: damages observed after the flexural strength tests parallel to the horizontal bed joints. (a) As-

built specimens, (b) Group A, and (c) Group B.

The first investigations were related to the tensile
properties of fiber-reinforced mortar and its application to
retrofit RC structures that made it suitable for reinforcing
beams (for both bending and shear) or jacketing and
confining columns. The application as a method of ret-
rofitting IM walls is a relatively new concept still under
investigation, with many parameters still to be defined.
Among the parameters that affect the performance of the
reinforcement, there are some remarkable ones, namely: (1)
density of the mesh, depending on quantity of fibers in each
thread (defined by mass of textile-reinforced mortar) and
the separation among them; and (2) mortar and textile
surfaces properties, affecting the bond between the element
and the reinforcement. Calvi and Bolognini [33] tested two
different retrofit strategies, namely, bed joints steel rein-
forcement and external steel reinforcement combined with
bed joint reinforcement. The external reinforcement was
composed by mortar layer reinforcement. The design
methodology was not provided by the authors. From the
testing campaign, the authors observed that the presence of
little reinforcement improved significantly the panel re-
sponse, namely, by increasing the deformation capacity and
by modifying the damage limit states for higher drift levels.
Guidi et al. [98] carried out combined IP-OOP tests with
the aim of characterizing the OOP behaviour of IM walls
made with different types of masonry units, with and
without reinforcement. Two specimens were unreinforced,
and other two were made of reinforced masonry, having
both horizontal and vertical bed joint reinforcement. The
remaining two specimens were built with thin (120 mm)
clay units with plaster layer, one of them was strengthened
by means of a special quadriaxial net made with hybrid
glass fibers that was casted in an extra fiber-reinforced
plaster layer. From the test results, it was observed that the
thick masonry systems tested (both reinforced and unre-
inforced) presented higher OOP strength, due to the de-
velopment of an arch mechanism, even for higher values of
previous IP drift. The thinner specimens, even when

strengthened, developed bending OOP failure that some-
how limited the panel strength. The OOP strength of
reinforced infill walls was higher than that of unreinforced
walls, for higher IP prior drift. Strength decreased due to
the increase of in-plane drift (or damage) was smaller in
reinforced masonry (-6%) than in unreinforced masonry
(-23%). Lastly, Koutas et al. [126] studied the development
and performance of new textile-based anchors used to
transfer tensile forces in models made of IM wallets and
reinforced concrete prisms, to simulate the connection
between infill walls and RC frames using TRM. None of
these strengthening techniques has been tested under si-
multaneous IP-OOP loadings.

4. Numerical Modelling Approaches to Study
the Seismic Behaviour of Masonry Infill Walls

In recent years, the study of the influence of infill panels on
the seismic response of existing buildings has been deeply
investigated. The contribution of the IM walls to the
building’s seismic performance can be favorable or not,
depending on a series of phenomena, detailing aspects, and
mechanical properties, such as the relative stiffness and
strength between the frames and the masonry walls, and the
type of connection between masonry and structures
[5-8, 127-129].

For the assessment of infilled RC frame structures, the
nonlinear behaviour induced by earthquakes should be
considered [3, 70, 130, 131]. Different techniques are
available in the literature to simulate the response of infilled
frames, from refined micromodels to simplified macro-
models [3, 131]. For the nonlinear analysis of complex
structures when subjected to earthquakes, in many cases, it is
not suitable to adopt refined models. Thus, for the simu-
lation of the response of infilled frame structures, consid-
ering the IM walls and their interaction with the
surrounding frame elements, the adoption of simplified
models is unavoidable.
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Different approaches are available in the literature to
simulate the infill panels’ seismic behaviour, which can be
divided into two different groups, namely, micromodelling
and simplified macromodelling approaches. The first of
them involves models in which the panel is discretized into
numerous elements to consider the local effects in detail, and
the second includes simplified models based on a physical
understanding of the behaviour of the infill panels. In the
case of the last group, a small number of struts are used to
represent the effect of the infill panels on the structural
response of buildings when subjected to lateral loadings.

This section presents a review of the numerical mod-
elling strategies to simulate the seismic behaviour of ma-
sonry infill walls. Comparison and discussion among the
modelling strategies will be presented.

4.1. Detailed Micromodelling Approaches. The micro-
modelling is a refined/detailed strategy in which all the
elements composing the wall are modelled, masonry units,
mortar joints as volumetric elements, and boundary link
models simulating the contact and friction conditions be-
tween the individual elements and frame. A simplified ap-
proach within the micromodelling may consist in reducing
the number of elements by combining a brick with the
surrounding mortar, which is connected to the rest by link
models. These approaches are expensive both on the
modelling phase and on computational demands, especially
when applied to dynamic and nonlinear analysis. The de-
tailed modelling allows obtaining results that help to un-
derstand the behaviour at local level and the panel cracking
pattern, which can be very useful for calibration of global
models and to perform parametric studies. This is an im-
portant advantage of the micromodels when compared with
the simplified macromodels. This modelling procedure al-
lows to assess and quantify the influence of each parameter
on the seismic response of the infill panel [131].

From the literature, it can be observed that micro-
modelling was started in 1967 with the work carried out by
Mallick and Severn [132], concerning the simulation of the
IP behaviour of an infilled RC frame, with particular focus in
the frame-panel interface. The authors’ strategy was to
model the wall by rectangular elastic elements with two
degrees of freedom per node. The frame-wall interaction was
provided by the consideration of frictional shear forces to
simulate slippage.

A different approach was proposed by different authors
such as Rots [133], Lofti and Shing [134], and Lourenco [135]
with the introduction of the continuous-interface models’
concept, which basically can be applied to bed joints by
accounting for the interaction between the tangential and
normal stress. Lourenco [135] proposed a model in which
the Coulomb friction rule, tension cutoft, and compression
strength are combined. From this, the obtained damages are
concentrated in the IM wall bed joints and in the middle of
the masonry units. One of the simplifications proposed is to
simulate the IM panel as a three-phase material in which the
units/mortar and their interfaces are modelled as continuous
and discontinuous elements, respectively. For this purpose,
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the assumption made by the author was to use a simplified
modelling for two-phase material, where the units are
simulated by continuous elements, but the mortar and in-
terfaces were lumped to discontinuous elements.

Finally, a more simplified approach was proposed by
assuming one-phase materials, in which units, mortars, and
interfaces are combined into a continuum and homoge-
neous element. Chen and Liu [136] developed a finite ele-
ment model to simulate the IP behaviour of concrete
masonry infills bounded by steel frames with openings. The
authors proved that the model had the capability of simu-
lating the experimental tests with high accuracy. Mohyeddin
et al. [137] developed a generic three-dimensional discrete-
finite-element model that has been constructed for infilled
RC frames using a commercial software to assess the in-
plane and out-of-plane behaviour interaction. From the
results, the authors found some differences between the
behaviour predicted by the finite element model and the
experimental results. The reasons behind these differences
were justified by the authors as the combination of large
coefficients of variation of masonry material properties and
existence of weaker areas within the infill panel which were
attributed to workmanship and that cannot be modelled.

Several other studies and efforts were carried out by
other authors [68, 138-148]. Asteris et al. [131] present an
extensive and in-depth state-of-the-art review concerning
the infill masonry micromodelling approaches.

4.2. Simplified Macromodelling Approaches. The macro-
modelling with equivalent diagonal struts was originally
developed to capacitate numerical analysis models of infilled
frames with high shear stiffness. From its evolution with
multistrut models, it was possible to integrate shear and
tensile stresses within the contact length between wall and
frame. Models have started to become more complex, with
some considering the reduction of stiffness and strength
under dynamic loads, or other equivalent approaches to
consider the shear slip at the middle of the infill walls. One of
the aspects yet to be developed is the OOP behaviour itself, an
even more important issue when combined with the diagonal
cracking created by IP demands on the masonry infill walls.

First, Polyakov [149] in 1956 proposed an equivalent
strut model to simulate the IM wall behaviour. The proposal
was based on experimental observation studies on steel
frames with focus on normal and shear stresses on the infill
walls, in which it was found that the stresses were only
transferred by the compression corners of infill-frame in-
terfaces from the structure to the nonstructural elements.
From that work, the authors developed a numerical tech-
nique to estimate the load intensity to create diagonal
cracking. Holmes [150] improved the previous concept,
being the first author to propose a formulation for the di-
agonal strut. The proposed formula to calculate the equiv-
alent strut width is a simplified approach, calibrated for steel
frames with brickwork and concrete infill walls. It triggered
several other studies to define the width more accurately.
This simplified model considered deformation and ultimate
strength of the global infill panel.
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From these innovative works, successive authors have
proposed improvements for the calculation method and a
series of other modelling refinements, replacing the infill
walls with additional diagonal struts. For example, El-
Dakhakhni et al. [151] proposed a model with three diagonal
struts on each direction, one in the diagonal of the panel and
the other two nonparallel in off-diagonal. According to the
researchers, it was better suited to compute the wall stiffness
and describe the development of stresses along the frame
elements when compared to other models with less diagonal
struts. The frame was modelled with elastic elements with the
nonlinearity lumped on the frame joints with springs. This
simplified nonlinear model was capable of computing the
frame-infill interaction and corner crushing failure
mechanism.

Later, Crisafulli and Carr [152] proposed an improved
strut model to compute the behaviour of infilled frame
systems. For that, it was presented an integration of struts
and spring to computing independently two phenomena: (i)
diagonal cracking and corner crushing and (ii) shear sliding.
The model considers six strut members using hysteresis
rules. It consists in two diagonal and parallel struts in each
direction, which carry the axial loads on the panel, and
another pair to describe shear from the top and bottom of
the panel, which are activated in each direction, depending
on the activation due to axial compressive loads while the
panel is deformed.

Crisafulli [153] compared different one-strut, double-
strut, and triple-strut models, concluding that the double-
strut model was the most balanced of the strategies, achieving
accurate results without too much complexity in terms of
calibration and computational efforts. According to the au-
thors, the model finds its limitation on the connection to
beam-column joints that avoids accurate development of
bending moments and shear forces on the structural elements.

Recently, some advances have emerged regarding the
strut models capable of simulating the combined IP and
OOP behaviour. Kadysiewski and Mosalam [154] proposed
a model capable of simulating both in-plane and out-of-
plane behaviour of the infill walls, with a single diagonal
beam-column element with a node at the midspan having a
concentrated mass to trigger the OOP inertia forces. A new
macroelement model was also proposed by Trapani et al.
[155] for the simulation of the IP-OOP response of infilled
frames subjected to seismic actions. The model consists of
two diagonals plus one horizontal and one vertical struts.
Each strut is represented by two fiber-section modelling
beam-column elements. The model can capture the arching
action of the wall under an OOP load as well as the in-
teraction between the IP and OOP actions.

5. Conclusions and Open Issues

This manuscript aims at presenting an overview regarding
the seismic performance of infilled RC structures and with
focus on the infill wall damages. A brief revision of the most
common damages observed in this type of structures in the
last major earthquakes was presented. From that, eleven
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typologies of damages were defined concerning the infilled
RC structures. From this revision, the main conclusions that
can be achieved are that in the assessment of existing
buildings and in the design of new buildings:

Consideration of the masonry infill walls in the
structural design (based on simple checking rules/
procedures after the structural design) should be
enforced

Attention should be given to the stiffness differences
between the 1st storey and the upper storeys (storey
height, dimensions and position of openings, and
distribution of masonry infill walls)

Appropriate strengthening of the panel to the OOP
loadings should be designed, with adequate connection
of the reinforcement material to the RC elements

A state-of-the-art review concerning the testing of
infilled RC structures was provided where the major aspects
of each testing campaign were discussed. The analysed
campaigns have investigated the influence of the infill panel
on the lateral response of the whole frame, depending on the
brick typology, on the infill-to-frame relative stiffness and
strength, and on the presence of openings with different
opening ratios and eccentricities, among other investigated
parameters. The experimentally observed failure mode has
been different depending on the main geometrical and
mechanical features of infills and frames. Experimental
results indicated that, under in-plane actions, (i) specimens
with strong infills can exhibit a better performance than
those with weak infills in terms of the observed lateral
strength, stiffness, ductility, and energy dissipation capacity;
(ii) the presence of the infills—even with openings—can
improve the in-plane performance of RC frames; and (iii) a
great attention should be paid to the shear load acting on RC
members due to their interaction with the infill panel, es-
pecially if the infill is strong and the frame is nonconforming
to the most updated seismic codes.

The out-of-plane tests of masonry infill walls available in
the literature are still scarce, and the large number of variables
such as the specimen geometries, masonry unit, loading
protocol, among others, makes very difficult to achieve further
and more robust conclusions and, thus, makes a step forward
towards the reduction of the collapse risk for these panels.
From those tests, it can be pointed out that the effect of
previous damage caused by prior IP drift demand can highly
reduce the OOP strength capacity of the infills and lead to
fragile collapses due to the reduction of the probability of arch
mechanism development. The slenderness and the reduction
of the panel width support reduce the panel OOP capacity as
well as the aspect ratio. An open issue is the testing of infill
panels with openings (such as doors or windows) which
represent mode adequately the buildings facades. The
IP + OOP combination requires also higher efforts to rein-
force the conclusions achieved until the present. The reali-
zation of tests with multiple loadings (IP and OOP) at the
same time is one of the open issues for future research studies.

Regarding the strengthening of infill walls, two different
approaches, which are commonly adopted in research
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studies, have been presented. Looking for the sustainable
solutions regarding the strengthening strategies is still an
open issue as well as the development of guidelines to the
design and application of these strategies. To this aim, many
studies and experimental tests are needed, which allow
assessing the efficiency of the techniques under both IP
loadings and OOP loadings. Special attention should be
provided to the connection of the reinforcement material to
the surrounding frame. Without proper design and detail-
ing, the retrofitting of the infill panels could result in an
inadequate performance when subjected to earthquakes
until the collapse.

Finally, simplified macromodels can be used and
implemented by structural engineers nowadays with lower
computational effort and easy implementation methodol-
ogies. Strut-based models with the capability of simulating
the infills out-of-plane behaviour need further calibration
based on experimental data. However, from the state-of-art
review, there is a lack of enough results that covered the
innumerous number of variables that are related to these
nonstructural elements, which currently produce also the
lack of proper code provisions to help practitioners in the
design and assessment of infilled RC structures. This gap
should be urgently filled.
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This study presents a finite element model to investigate the bidirectional seismic behavior of masonry infill walls. The test data are
utilized to verify the numerical model. The comparison between the analytical and the experimental results indicates that the finite
element model can successfully predict the failure mode, stiffness, and strength of the masonry infill wall. Based on the model, the
effects of aspect ratio (height to length), slenderness ratio (height to thickness), and masonry strength on the out-of-plane (OOP)
response of infill wall with in-plane (IP) damage are explored. Considering the aspect ratio, slenderness ratio, and masonry
strength of infill wall, the OOP behavior of infill wall with and without IP damage is studied. Finally the reduction of the stiffness

and strength in the OOP direction, due to the IP damage, is discussed.

1. Introduction

Masonry infill walls are frequently adopted as interior
partitions and exterior enclosures in RC frame structures.
During an earthquake event, masonry infill walls interact
with the bounding frames and contribute to the seismic
performances of framed structures, often resulting in severe
in-plane (IP) damage, out-of-plane (OOP) failure, or even
collapse. A large proportion of researches on seismic per-
formance of masonry-infilled frame structures focus on their
IP behavior since the infill walls have changed the primary IP
load transferring path, which usually results in significant
failure of frame structures. However, infill walls are sub-
jected to IP and OOP loads simultaneously. The IP and OOP
response are not independent, which means the damage in
one direction may influence the response and capacity in the
other direction. Therefore, it is necessary to consider the IP
and OOP interaction effects to precisely assess the seismic
performance of masonry-infilled frame structures.

In last decades, a certain number of experimental in-
vestigations, numerical finite element analyses, and theo-
retical works have been performed. In 1950°s, some
experimental investigations begin to focus on the OOP
response of infill and masonry walls. Thomas [1] and Mc
Dowell et al. [2] found out that the arching resistance
mechanism forms in masonry walls under OOP loading,
which shows that the OOP capacity is dominated by
compressive strength rather than tensile strength. Dawe and
Seah [3] tested masonry-infilled steel frames under airbag-
imposed OOP loads and proposed an OOP capacity model
based on the arching mechanism. Dafnis et al.[4] performed
shake table tests of masonry-infilled frames in the OOP
direction and pointed out that the boundary condition at the
top of infill walls has an important effect on OOP response.
Similarly, pure OOP tests for masonry-infilled frames are
performed by Tu et al. [5, 6].

Angel et al. [7] firstly tested several masonry-infilled RC
frames subject to both IP and OOP loads and stated the OOP
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capacity is significantly reduced due to IP displacement
demand. Based on the arching mechanism, the authors
proposed a simplified strength model to account for the IP
and OOP interaction effects. Flanagan and Bennett [8, 9]
performed a series of tests on masonry infilled steel frames
under pure OOP, different sequential, and combined bidi-
rectional loadings to investigate the interaction effects in two
directions and proposed a prediction for the OOP strength.
Similar experimental studies were also performed by Calvi
and Bolognini [10], Kuang and Yuen [11], Pereira et al. [12],
Hak et al. [13], and Ricci et al. [14] to further investigate the
IP and OOP interaction in infilled RC frames. These ex-
perimental programs have demonstrated that the damage in
one direction has a detrimental effect on the response of
infilled frames in the other direction, and the detrimental
effect increases as the damage in one direction increases. To
better understand the IP and OOP interaction, a number of
experiments were performed to individuate the significant
parameters. Angel et al. [7], Ricci et al. [15], and da Porto
et al. [16] tested a series of infilled RC frames with different
thickness of infill panels to study the influence of slenderness
ratio on IP and OOP interaction effects. de Risi et al. [17]
investigated the influence of the aspect ratio on the IP and
OOP interaction by conducting some masonry-infilled RC
frame experiments.

Furthermore, many numerical researches concerning
this topic were also carried out. Rabinovitch and Madah [18]
and Zhai et al. [19] proposed finite element models for the
pure OOP response of infill masonry walls. Mohyeddin et al.
[20] and Yuen and Kuang [21] developed 3D discrete finite
element models to represent seismic performance of ma-
sonry-infilled RC frames under IP and OOP loading.
Mohammadi [22] performed a series of numerical analyses
to study the effect of IP damage on OOP strength of un-
reinforced masonry walls. Verlato et al. [23] developed a
numerical model of infill masonry walls to carry out
parametric analyses for better understanding the main
factors influencing the OOP behavior. A nonlinear finite
element model was adopted by Agnihotri et al. [24] to
consider the influence of slenderness ratio and aspect ratio
on IP and OOP interaction. Based on a series of finite el-
ement analyses, Zizzo et al. [25] proposed a formulation for
the OOP strength reduction factor.

Kadysiewski and Mosalam [26] and Mosalam and Gunay
[27] proposed a discrete fiber model to consider the IP and
OOP interaction effects of masonry infill walls. Furtado et al.
[28] developed a simplified strut model with four struts and
two lumped masses for seismic assessment of masonry-
infilled RC frames. Adopting the 3D simplified numerical
models, the seismic performance of masonry-infilled RC
frame structures is analyzed by Mosalam and Giinay [27]
and Furtado et al. [29]. Di Trapani et al. [30] proposed a
macroelement model for IP and OOP responses of masonry-
infilled frame structures. Morandi et al. [31] proposed a
simplified design approach for masonry-infilled RC frames
by taking into account the relation between IP and OOP
damage. Pasca et al. [32] reviewed analytical models for the
assessment of OOP response of masonry infill walls and
examined their suitability by experimental data.
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Based on previous studies, it has widely been recognized
that the infill slenderness ratio (height to thickness) has a
significant influence on the IP and OOP interaction. For
equal IP displacement demand, a larger slenderness ratio of
infill wall may induce a more severe damage. Meanwhile, at
equal IP displacement demand, a larger slenderness ratio
decreases the stability of infill walls in the OOP direction,
which increases the strength/stiffness reduction and risk of
collapse. In addition, the IP response of infill walls is affected
by the infill aspect ratio (width to height) too, which may
result in different damage levels for infill walls. Moreover,
the vertical stability and horizontal stability of infill walls in
the OOP direction may change for different aspect ratios.
Therefore, the influence of the infill aspect ratio on IP and
OOP interaction effects deserves more attention. However,
the investigation on the influence of these parameters on the
seismic behavior of masonry-infilled RC frames under IP
and OOP loads appears to be relatively limited in the existing
literatures. Hence, some systematic parametric studies to
enhance the understanding level of IP and OOP interaction
effects are still needed.

In this paper, a discrete finite element model for ma-
sonry-infilled RC frames is described. Then, the influence of
different IP lateral drift levels on OOP capacity is studied by
using the calibrated finite element model. Different aspect
ratios, slenderness ratios, and masonry strengths are con-
sidered in the models to evaluate the dependency of these
parameters to IP and OOP interaction effects. The results in
terms of OOP strength and stiffness reduction for different
IP demands are discussed.

2. Finite Element Model

In this paper, a finite element model with a discrete mod-
eling approach is built in ABAQUS/standard module to
precisely simulate the nonlinear behavior of masonry-
infilled RC frame structures. In this model, appropriate
element types and constitutive relationships are selected to
simulate the behavior of concrete, reinforcing bars, and
masonry blocks. Particularly, contact pairs are utilized to
model the cracking and slipping of mortar joints.

2.1. Finite Element Model for the RC Frame. The RC frame is
constructed by modeling the concrete members and rein-
forcement bars separately. The concrete members in the
frame are modeled by using 3-D solid elements (C3D8R)
with a damaged plastic model as constitutive relationship.
The compression behavior is composed of initial
hardening and the following softening section, while the
peak strength is followed only by softening behavior in
tension. The degradations of the elastic stiffness in tension
and compression are independent. Two independent scalar
internal damage variables, D, and D,, are introduced in the
model to characterize the damage of material under tensile
and compressive actions. The stress-strain relations are
governed by scalar damaged elasticity as follows:

o=(1 —d)Dgl: (s— epl) = D% (s—epl), (1)
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where D¢ is defined as the undamaged elastic stiffness of the
material, D¢ = (1 —al)Df)1 is the degraded elastic stiffness,
and d is the scalar stiffness degradation variable, which can
take the values in the range from 0 to 1.

The yield function represents a surface in effective stress
space and accounts for different evolution of strength under
tension and compression, which determines the states of
failure or damage. The yield function takes the following
form:

((_)', Epl) — q B 3“? + ﬂ§p1<6max> B y<6max> -0 EPI (2)

>
1—(X c ¢

where « and 8 are the dimensionless material constants,
which can be calculated by the ratio of the biaxial to uniaxial
compressive strengths and uniaxial tensile stress-strain re-
lation. The parameter y enters the yield function only for
stress states of triaxial compression, when &, <0. p is the
effective hydrostatic pressure, and g is the Mises equivalent
effective stress. 7,,,, is the maximum eigenvalue of effective
stress tensor in which the notation is the Macaulay bracket.
The plastic-damage model assumes nonassociated potential
flow, in which the flow potential is the Drucker-Prager
hyperbolic function. The uniaxial stress-strain relationship
for concrete is defined according to the Chinese code for
design of concrete structures (GB50010-2010).

The columns, beams, and slabs are built separately and
assembled into an RC frame by using the Tie connect
command. Tie connect command is used to realize the
binding between different components in ABAQUS, which
utilizes “master-slave relation” to define the constraint and
prevent the slipping between master and slaver contact
surfaces. The reinforcement bars in columns, beams, wall
mudsills, and slabs of the frame are all modeled with truss
elements (T3D2). A bilinear elastoplastic model with same
tensile and compressive capacity is adopted to model the
constitutive relationship of reinforcement bars, and the
hardening modulus is approximately assumed to be 1.0% of
the elastic modulus. The von Mises failure surface with a
total stress range of twice the yield stress is assumed for the
reinforcing bars. Reinforcement bars are connected to the
concrete components by using Embedded command. This
connection type has more freedom compared with the Tie
command, which allows different components to connect
under interferential conditions.

2.2. Finite Element Model for the Infill Wall. To better
simulate the cracking and slipping of mortar joints in infill
walls, a discrete modeling approach is adopted here, as
shown in Figure 1.

In particular, mortar joints between adjacent masonry
units are modeled by means of contact pairs, which is re-
alized by defining the contact cohesive behavior, friction
behavior, and hard contact to consider the comprehensive
behavior of mortar joints. At the initial loading stage, contact
cohesive behavior is activated to resist to the tensile and
shear forces. Once the strength of contact surface is dete-
riorated, the stiffness of contact surface is gradually de-
creasing, and the friction behavior is activated. When
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FiGure 1: Discrete modeling approach.

cohesive behavior has completely deteriorated, the tensile
strength of contact surface reduces to zero, and the friction
behavior resists to the shear force. The hard contact is
adopted to account for the compressive force and prevent
the percolation of adjacent masonry blocks. For the joints at
the frame-to-infill interface, contact pairs are also utilized to
model the cracking and slipping behavior.

An extended version of the classical isotropic Coulomb
friction model is adopted, in which friction factor is a
connection between the friction force and compressive
normal stress. A friction factor of 0.7 is used according to the
Chinese code for design of masonry structures (GB50003-
2011). The surface-based cohesive model is established by
defining three laws as follows. The linear elastic traction-
separation law prior to damage is written in terms of an
elastic constitutive matrix:

tn K nn K ns K nt 8n
t= ts = Ksn Kss Kst 65 4 (3)
tt K tn K ts K tt 8t

where t is the nominal traction stress vector, consisting of
three components, t,, t,, and ¢, which represent the normal
and the two shear tractions, respectively. §,,, ;, and J; are the
associated separations. The interface stiffness K is defined as
follows [33]:

Knn = EuEm b4
hm (Eu - Em) (4)
Gqu
K= Ke = G, -Gy

where E,, E,,, G,, and G, are the elastic modulus and the
shear modulus of the mortar and the masonry block and h,,
is the thickness of the mortar. The other terms in K are
assumed to be zero.

Damage initiation refers to the beginning of degradation
of the cohesive response at a contact point. The damage
initiation criterion is defined as the quadratic stress criterion
represented as
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where 12, 19, and #? represent the peak values of the contact
stress when the separation is either purely normal to the
interface or purely in the first or the second shear direction,
respectively. The damage initiates when the equation is met.
The damage evolution law describes the rate at which the
cohesive stiffness is degraded once the corresponding ini-
tiation criterion is reached. A scalar damage variable, D,
represents the overall damage at the contact point, which
evolves from 0 to 1. The contact stress components are
affected by the damage according to

) =‘l (1-Djt,, t,>0,

"oE, no damage to compressive stiffness,
t, = (1 - D)t,,

t, = (1 - D)t,.

(6)

To keep the overall dimension of the infill wall un-
changed, each masonry block and surrounding half thick-
ness of mortar joints are treated as a combined masonry
block (as shown in Figure 1) since the thickness of mortar
joints cannot be represented by contact pairs. Combined
masonry blocks are modeled by using solid elements
(C3D8R) adopting a damaged plastic model.

The uniaxial stress-strain relation is defined according to
the formulation proposed by Angel et al. [7]:

27 250, — 1 27 1-333
o= fm( Eer )€3 + fm( ecr)€2 + 750fm8’
4¢3 4e2,

(7)

where ¢, is the crushing strain of the masonry wall and f,,, is
the compressive strength, ¢, is determined as e., = 1.6€ 5.
The relation is developed by Liu [34], and &, is the strain at
peak strength.

2.3. Verification of the Finite Element Model. In this section, a
specimen referred as specimen 2 in the test [7] is utilized to
verify the proposed finite element model for simulating the
behavior of masonry-infilled RC frames. The specimen is
subjected to the combined loading in both IP and OOP
directions. The slenderness ratio (height to thickness) of the
infill wall is 34, and the detailed geometry and reinforcement
information is shown in Figure 2. The material properties for
the concrete, masonry blocks, and reinforcement bars are
given in Table 1.

The loading mode of numerical analyses is the same as
that in the test, and four analysis steps are successively
applied. At the first analysis step, self-weight of the specimen
is applied and is kept constant during the analysis. At the
second analysis step, the vertical load of 241.15 kPa is applied
on columns of the RC frame and is kept constant during the
analysis. At the third analysis step, the lateral load in the IP
direction is applied at the end of beam and with a dis-
placement-controlled procedure. The load is incrementally
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applied until the interstory displacement ratio (IDR) reaches
0.3% and then the force returns to zero. At the fourth
analysis step, the uniform incremental load in the OOP
direction is applied on the surface of the infill panel to
simulate the airbag loading until the OOP failure has
occurred.

The comparison of damage patterns for OOP loading
between numerical and experimental results is reported
in Figure 3. The damage pattern at the final state of the
experiment is shown in Figure 3(a), and it indicates that
the crack distribution under IP loading is mainly located
at the extremities of the two columns and the beam,
whereas stair-stepped diagonal cracks are observed in the
infill panel under OOP loading, and an arching mecha-
nism is formed. Figure 3(b) shows the equivalent plastic
strain nephogram obtained from finite element analysis,
and it illustrates that the damage in the frame has oc-
curred at beam-column joints and bottom of columns.
The damage of the infill panel at the OOP direction is
characterized by stair-stepped diagonal cracks. In gen-
eral, a good agreement in terms of damage patterns
between finite element analysis and experimental result is
achieved.

The IP lateral load-displacement curve obtained from
finite element analysis is compared with the corresponding
curve from the experimental result, as shown in Figure 4(a).
It is illustrated that the initial IP stiffness of the experimental
result is slightly larger than that of the analysis result. As the
load increases, however, brittle fracture in mortar joints of
the infill panel is observed in the experiment, and only
compressive stress and friction act, which results in an
abrupt reduction of the IP stiffness. In the finite element
analysis, the cohesive stress between masonry units is set to
gradually decrease as the load increases. Therefore, a smooth
load-displacement curve is obtained and no abrupt reduc-
tion in the IP stiffness is observed. In general, a good
agreement in terms of overall trend, especially at a later
stage, is achieved. Figure 4(b) gives the OOP load-dis-
placement curves, and it shows that the initial stiffness and
ultimate load from the analysis have a good match with that
of the experimental result, while the yielding stiffness from
the analysis is slightly larger than that of the experimental
results.

The values of initial stiffness and ultimate load in both
the IP and the OOP directions obtained from finite ele-
ment analysis and experimental result are listed in Table 2.
The IP secant stiffness at the cracking load of the infill
panel is chosen as the initial IP stiffness, and the OOP
secant stiffness at 20% of ultimate load is chosen as the
initial OOP stiffness. As the OOP load is conducted by
only controlling the amplitude of the OOP pressure of the
wall, the descending branch of the load-displacement
curves cannot be captured. Thus the ultimate load in this
paper is corresponding to the load at the OOP dis-
placement of 50 mm.

The error of initial IP stiffness between finite element
analysis and the experimental result is 3.7%, whereas the
error of ultimate load is only 0.6%. In the OOP direction, the
error in initial stiffness estimate is 5.0%, and the ultimate
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TaBLE 1: Material properties.

Compressive strength Elastic modulus Tensile strength ~ Reinforcement

Yielding strength Ultimate strength

Material (MPa) (MPa) (MPa) bars (MPa) (MPa)
) . #3 452 731
Concrete in frame 55 2.8x10 2.05 #4 457 666
Concrete in wall 275 2.0x10* 2.05 #5 488 760
mudsills
Masonry 10.9 8.2x10° 0.3 #7 457 700
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FIGURE 3: Damage patterns for (a) experimental and (b) numerical results.

load for the analysis is equal to that of the experimental
result. Based on the above comparison, it can be concluded
that the finite element model with discrete modeling

approach can be used to accurately simulate the nonlinear
behavior of masonry-infilled RC frame structures under
both IP and OOP loads.
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TaBLE 2: Comparison of numerical and experimental results.

Initial stiffness (kN/mm) Ultimate load

(kN)
P Analysis 33.7 187.6
Experiment 35.0 186.4
Error (%) 3.7 0.6
Analysis 319.2 4.0
ooP Experiment 336.0 4.0
Error (%) 5.0 0

2.4. Sensitivity Analysis for the Finite Element Model. A
sensitivity analysis has been conducted to investigate the
stability of the numerical results to the modeling parameters
used to describe the behavior of the masonry-infilled RC
frames. The purpose of the analysis is to identify the most
influential parameters and assess the reliability of nonlinear
finite element modeling in view of the expected uncertainties
in the modeling parameters.

This study considers the modeling parameters used for
describing the behavior of the infill walls and cannot be
easily obtained from the material tests. The selected pa-
rameters are varied, one at a time, to a lower and a higher
value, and the range of variation reflects the level of un-
certainty associated with the value of the respective pa-
rameter. The parameters considered in the study and their
bounds of variation are summarized in Table 3 and
Figure 5(a). The verified numerical model for specimen 2 is
used as the baseline.

To quantify the influence of these parameters on the
structural response, the ultimate load and initial stiffness are
adopted as the structural response quantities. The percentage
change of a response quantity (Q) with respect to the
baseline value (Qp) when the value of a parameter (P) is
increased or decreased is used to represent the variation
amplitude, which can be described as

Q-Qp

B

Cqp = * max x 100%. (8)

In addition, the sensitivity of a response quantity to each
parameter is obtained from the following formula:

Q-Qp Pp
Qg P-P;

Figures 5 and 6 show the percentage change and sensitivity
of the structural response quantities, respectively. As shown in
Figures 5(b) and 6(a), the percentage change and sensitivity of
the ultimate load are not significant for the parameter values
considered, except for the variation of the mortar interface
shear stiffness perpendicular to the infill panel. In Figures 5(c)
and 6(b), the percentage change and sensitivity of the initial
stiffness for the variations of parameters considered are pre-
sented. The initial stiffness is most sensitive to the interface
shear stiftness in two directions. Therefore, the values of these
two parameters are not expected to vary considerably. In the
modeling, these two parameters are set to the same value and
to match the behavior of shear tests.

. 9)

Sq,p = max

3. Parametric Analysis

In this section, the influence of IP damage on the OOP
seismic performance of infill walls, with different aspect
ratios and slenderness ratios, is investigated, using the
calibrated numerical model as a reference. The effects of the
aspect ratio and slenderness ratio on the OOP behavior of
infill walls with IP damage are analyzed.

3.1. Effect of the Aspect Ratio. Infill walls with three dif-
tferent aspect ratios (height to width, H/L) of 0.44, 0.66,
and 1.33 are analyzed, respectively, obtained by altering
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TaBLE 3: Variation of values for modeling parameters.

Parameter type K., (N/m) K, (N/m) K, (N/m)

Friction Fracture energy Shear fracture energy Shear fracture energy

factor u G' (N-m) GE (N-m) G? (N-m)
le7 1.5¢7 1.5e7 0.5 7.5 75 75
Variation of parameter le8 1.5e8 1.5e8 0.7 15 150 150
1e9 1.5e9 1.5e9 0.9 30 300 300
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FIGURE 5: Percentage change of modeling parameters and structural response. (a) Parameter variation. (b) Ultimate load. (c) Initial stiffness.

the width of the infill wall. The height and thickness of all
infill walls are 1625 mm and 58 mm, respectively. Detailed
information for each analysis model is listed in Table 4.
For each aspect ratio, three analyses with different IP
damage levels are conducted. It should be stated that the
damage level in this study is defined as the maximum
IDR. The first is loaded in the OOP direction without
any IP damage. The other two correspond to OOP
loading, with the IP-IDRs of 0.3% and 0.7% have been
first reached, respectively. Thus, nine analyses are
conducted.

The ultimate load is corresponding to the load at OOP
displacement of 50 mm. The stiffness is computed at the
point corresponding to 20% of the ultimate load. The ob-
tained stiffness and ultimate load are listed in Table 4. The
OOP load-displacement curves for each analyzed infilled
model are described in Figure 7.

3.2. Effect of the Slenderness Ratio. Infill walls with three
different slenderness ratios (height to thickness, H/T) of 17,
26, and 34, are analyzed, respectively, obtained by altering
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TasLE 4: The information and analysis results of infill walls with different aspect ratios.
Aspect ratio (H/L) 0.44 0.67 1.33
Width (mm) 3658 2438 1220
IP-IDR (%) 0 0.3 0.7 0 0.3 0.7 0 0.3 0.7
Stiffness (KN/mm x 10°) 0.08 0.02 0.01 1.23 0.31 0.15 4.23 2.28 2.07
Ultimate load (kPa) 1.4 1.1 1.0 5.3 4.0 3.1 30.6 22.9 22.6
35 . . . . 25

Out-of-plane load (kPa)
Out-of-plane load (kPa)

Out-of-plane displacement (mm) Out-of-plane displacement (mm)
—— H/L=133 —— H/L=133
--- H/L=0.67 --- H/L=0.67
H/L = 0.44 H/L =0.44

Figure 7: Continued.
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Out-of-plane displacement (mm)

—— H/L=133
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H/L =0.44

FiGure 7: OOP load-displacement curves of infill walls with different aspect ratios. (a) Without IP damage. (b) With IP damage

(IDR=0.3%). (c) With IP damage (IDR=0.7%).

the thickness of the infill wall. The height and width of all
infill walls are 1625 mm and 2438 mm. Detailed information
for different models is listed in Table 5. For each slenderness
ratio, three analyses are conducted. The first is loaded in the
OOP direction without IP damage. The other two corre-
spond to OOP loading, with the IP-IDRs of 0.3% and 0.7%
have been first reached, respectively. Similarly, nine analyses
are conducted.

The stiffness and the ultimate load are obtained by using
the same method as described above. The obtained stiffness
and ultimate load are given in Table 5. The OOP load-
displacement curves for each analyzed infilled model are
described in Figure 8.

3.3. Effect of the Masonry Strength. In this part, infill walls
with three different masonry strengths are analyzed, re-
spectively. The values of masonry strength for analysis
models are described in Table 6.

For each masonry strength, similar analyses with three
different IP damage levels (without IP damage and IP-IDRs
0f 0.3% and 0.7%) are conducted. The obtained stiffness and
ultimate load are listed in Table 6. Figure 9 shows the OOP
load-displacement curves for analysis of infilled models with
different IP damage levels.

4. Discussion of the Results

The relationship between the OOP ultimate load and
stiffness with respect to the aspect ratio of infill walls with
and without IP damage is presented in Figures 10(a) and
11(a), respectively. It is clear that the aspect ratio sig-
nificantly influences the OOP performance of infilled

frames. For the infill walls with a larger aspect ratio of 1.33
(the equal height and less span), the values of OOP ul-
timate load for different IDRs of 0, 0.3%, and 0.7% in-
crease 577%, 573%, and 729%, compared with that of the
infill wall with the aspect ratio of 0.67, and the values of
stiffness increase 344%, 735%, and 1380%. The great in-
crease of the ultimate load and stiffness should be at-
tributed to the effect of the arching action that can play a
larger role for smaller spans.

The ratio of the ultimate load and stiffness obtained for
the IP damaged wall to the value obtained for the IP un-
damaged wall (i.e., Rrand R) is computed and reported with
IP-IDR in Figures 10(b) and 11(b), respectively. It can be
seen that the OOP performance is significantly affected by
the IP damage level. As the IP damage increases, the OOP
ultimate load and stiffness rapidly decrease. In addition, the
aspect ratio also has the influence on the reduction of the
OOP performance. At a given IP-IDR, the ultimate load and
stiffness reduction are quite lower for the infills with smaller
aspect ratio (with larger span).

The relationship between the OOP ultimate load and
stiffness with respect to the slenderness ratio of infill walls
with and without damage is presented in Figures 12(a) and
13(a), respectively. It can reflect the influence of the
slenderness ratio on the OOP performances of infill walls.
In particular, for larger slenderness ratio, the ultimate
load and stiffness are reduced. To be specific, the values of
ultimate load for different IDRs of 0%, 0.3%, and 0.7%
increase 719%, 850%, and 1042%, and the values of
stiffness increase 271%, 574%, and 627%, when the results
of the infill wall with the slenderness ratio of 17 are
compared to that with the slenderness ratio of 34. This can
be attributed to the OOP arching action that thinner infill
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TaBLE 5: The information and analysis results of infill walls with different slenderness ratios.
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Slenderness ratio (H/T) 17 26 34
Thickness (mm) 96 63 58
IP-IDR (%) 0 0.3 0.7 0 0.3 0.7 0 0.3 0.7
Stiffness (kN/mm x 10%) 3.33 1.78 0.94 1.79 0.55 0.27 1.23 0.31 0.15
Ultimate load (kN) 38.1 34.0 32.3 10.6 7.8 7.2 5.3 4 3.1
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FIGURe 8: OOP load-displacement curves of infill walls with different slenderness ratios. (a) Without IP damage. (b) With IP damage

(IDR=0.3%). (c) With IP damage (IDR=0.7%).

TaBLE 6: The information and analysis results of infill walls with different masonry strengths.

Compressive strength of masonry (MPa) 4.9 10.9 16.9
Tensile strength of masonry (MPa) 0.14 0.30 0.47
Elastic modulus of masonry (GPa) 3.7 8.2 12.7
IP-IDR (%) 0 0.3 0.7 0 0.3 0.7 0 0.3 0.7
Stiffness (kN/mm x 103) 0.88 0.23 0.14 1.23 0.31 0.15 1.34 0.35 0.17
Ultimate load (kN) 2.95 2.19 1.73 5.33 4.00 3.13 6.52 5.07 4.07
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(IDR=0.3%). (c) With IP damage (IDR=0.7%).

wall is formed less obviously and the strength of masonry
material is not fully utilized to resist loads. For the thicker
infill wall, the contact between the wall and columns is
larger and can provide more sufficient constrain to the
OOP deformation of the infill wall. The ratio of the ul-
timate load and stiffness obtained for the IP damaged wall
to the value obtained for the IP undamaged wall (i.e., Ry
and Rg) is computed and reported with IP-IDR in
Figures 12(b) and 13(b), respectively. It can be seen that
the slenderness ratio significantly influences the IP and
OOP interaction. At a given IP-IDR, the ultimate load and

stiffness are significantly reduced for the infill walls with
larger slenderness ratio (with thinner infill wall). Fur-
thermore, it shows that the values of Ry and R for infill
walls with slenderness ratios of 26 and 34 follow a similar
trend, while a significant difference is observed for the
values of the infill wall with a slenderness ratio of 17. The
observation is consistent with the finding in the studies of
Angel et al. [7] and Ricci et al. [14].

In Figures 14(a) and 15(a), the relationship between the
OOP ultimate load and stiffness with respect to the masonry
strength of infill walls with and without damage is presented.
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FiGure 11: The effect of (a) aspect ratio and (b) IP damage on the OOP stiffness of the infill wall.

The ratio of the ultimate load and stiffness obtained for the
IP damaged wall to the value obtained for the IP undamaged
wall (i.e., Rrand R) is computed and reported with IP-IDR
in Figures 14(b) and 15(b), respectively. It can be concluded
that the masonry strength has a great influence on the OOP
performance of infilled frames with and without IP damages.
The increase of the masonry strength leads to the increase of
both the ultimate load and stiffness. However, the influence
of the masonry strength on the OOP ultimate load and
stiffness reduction is not significant.

The analytical results are compared with value provided
in the New Zealand code [35] and the prediction developed
by Angel et al. [7], Ricci et al. [14], and Zizzo et al. [25] in
Figure 16. The slenderness ratio plays a most important role
on the interaction of IP and OOP performance of the infill
wall. However, the influence of masonry strength and aspect
ratio is not that obvious. The reduction factors of the infill
wall with different slenderness ratios tend to approximate
the value in the New Zealand code [35] with IDR increasing.
In other words, the value provided by the New Zealand code
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FiGure 13: The effect (a) slenderness ratio and (b) IP damage on the OOP stiffness of the infill wall.

[35] is similar to the lower bound in this paper. However, the
predictions in literatures [7, 14, 25] are quite different with
the analytical result in this paper. This can be attributed to
the experimental fact that the specimen without IP damage
in the study of Angel et al. [7] is different from that with IP
damage. The performance of the mortar in the specimen
without IP damage is better comparing with that in the
specimen with IP damage, which results in a higher ultimate
load for the specimen without IP damage and a lower

reduction ratio. However, the analytical models in this paper
are exactly the same to each other. So the ultimate load
without IP damage in this numerical investigation is lower
than the experimental one, and the reduction ratio seems to
be higher. Furthermore, the infill walls in literature [14, 25]
are quite weak, and the masonry block will be damaged
severely with relatively small IDR. However, the OOP be-
havior is influenced significantly by the IP masonry block
damage. So, with a small IDR, the ultimate OOP load



14

Out-of-plane load (kPa)
=
T

Advances in Civil Engineering

1.0

0.9

Rf 0.8

0.7

0.6

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
IDR (%)

—u— f,,=49MPa
-e- f,=10.9MPa
A fn=169MPa

(b)

FIGURE 14: The effect (a) masonry strength and (b) IP damage on the OOP strength of the infill wall.

3L
2L
1k
0 i i i i i i i
4 6 8 10 12 14 16 18
Compressive strength of masonry (MPa)
—=— IDR=0
-eo- IDR=0.3%
A IDR=0.7%
(a)
1.4
1.2 +
= 10 |-
=
X
g L
g 0.8
= 06|
é
£
& 04t
0.2 -
0.0 Il Il Il Il Il Il Il
4 6 8 10 12 14 16 18
Compressive strength of brick (MPa)
—=— IDR=0
-o- IDR=0.3%
A IDR=0.7%

(a)

0.0 i i i i i i i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

IDR (%)

—— fm =4.9MPa
~e- f,=10.9MPa
A f,=169MPa

()

FIGURE 15: The effect (a) masonry strength and (b) IP damage on the OOP stiffness of the infill wall.

decreased obviously due to the severe IP damage, which
results in a much lower reduction ratio.

5. Conclusions

This manuscript presents a 3D finite element modeling
strategy to investigate OOP seismic behavior of masonry
infill walls considering the existed IP damage. A numerical

model for an experiment in the literature is established and
calibrated. Then using the calibrated model as a reference,
the effect of aspect ratio, slenderness ratio, and masonry
strength on the IP and OOP interaction of infill walls is
studied. Finally, the strength and stiffness reduction by the
IP-IDR, considering the effect of aspect ratio, slenderness
ratio, and masonry strength, is discussed. The following
conclusions are drawn from this study:
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walls.

(1) The IP damage of the infill wall influences the OOP
seismic performance significantly, including the
OOP stiffness and ultimate load. The ultimate load
will be decreased to less than 60% of the capacity of
that only OOP loaded, as the result of the IP damage.

(2) The OOP load capacity and stiffness will be reduced
due to the decrease of aspect ratio since the OOP
arch action will get weak in the wider infill wall. The
aspect ratio influences the reducing effect of the IP
damage to the OOP seismic performance. So the
aspect ratio should be considered in the evaluation of
the effect of the IP damage in the future work.

(3) The OOP load capacity and stiffness will be reduced
as there is increase in the slenderness ratio since the
arching action does not form that well as the thicker
infill wall. The effect of IP damage on the OOP
seismic performance is more obvious due to the
increase of the slenderness ratio.

(4) The masonry strength has a great influence on the
OOP performance of infilled frames with and
without IP damages. The increase of the masonry
strength leads to the increase of both the ultimate
load and stiffness. However, the influence of the
masonry strength on the OOP ultimate load and
stiffness reduction is not significant.

The work in this paper is the preliminary research. Since
the OOP test is loading controlled, descending of load ca-
pacity cannot be obtained. Thus, the finite element model
should be improved in the future. In addition, a simplified
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modeling technology should be proposed, which can si-
multaneously consider the IP and OOP seismic performance
of infill walls. Thus, the behavior of infill walls in the
earthquake event could be considered reasonably in the
seismic analysis of RC frames.
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Improper execution of modern code-designed structures in many developing countries have resulted in significant deficient
building stock; low strength of concrete, reduced reinforcement, inappropriate detailing of beam-column members, and lack of
lateral ties in joint panels. Observations based on earthquake-induced damages and experimental studies conducted on such
buildings have revealed significant vulnerability of beam-column joints of bare moment-resisting frame structures. Shake table
tests were conducted on selected three 1:4 reduced-scale three-story reinforced concrete (RC) moment-resisting frames, in-
cluding one bare RC frame and two masonry-infilled RC frames, having relatively lower bay width-to-height ratio. The models
were tested under multilevels of seismic excitations using natural acceleration time history of 1994 Northridge and also free
vibration tests, to acquire the models’ dynamic characteristics, i.e., frequencies and elastic viscous damping, and seismic response
parameters, i.e., roof displacement, interstory drift and interstory shear, and seismic response curves, in order to understand the
role of masonry infill in the selected frames under moderate seismic actions. The inclusion of masonry infill avoided joint shear
hinging of the frame. Additionally, the infill provided energy dissipation to the structure through masonry sliding over multiple
cracks. This enabled the structure to control seismic displacement demand and resist relatively higher ground motions, yet

limiting structural damages.

1. Introduction

The damaged buildings and the resulting casualties observed
in majority of the past earthquakes have provided ample
evidence that the existing deficient reinforced concrete
buildings, those nonconforming to modern seismic codes,
are vulnerable against earthquake-imposed actions [1-6].
These observations have revealed that substandard materials
(low-strength concrete, reduced size, and low-quality re-
bars), reduced reinforcement and improper detailing, in-
adequate anchorage of beam reinforcement in joints, and
joints lacking confining ties are major factors causing
damage and early collapse of buildings under seismic ex-
citations. Despite the modern nature of reinforced concrete
constructions, execution of specified designs in the field still
remains a challenge in many developing countries. This has
resulted in significant construction deficiencies in the

existing building stock. Such vulnerable building stock
constitutes a life-safety risk that must be reduced for future
earthquakes to avoid socioeconomic disruption. It is worth
mentioning that a significant fraction of these structures do
not have to be completely replaced; instead, cost-effective
rehabilitation techniques can be utilized for seismic
upgradation of existing structures [7-19].

Earthquakes always cause damage to deficient RC frame
structures in a more complex manner, unlike the more
desirable plastic mechanisms observed in code-conforming
structures. Most of the time, computation of dynamic
properties of deficient structures using simplified analytical
procedures is not very accurate, although sufficiently ac-
curate for code-conforming models. The purpose of this
research is to understand the seismic behavior of deficient
RC special moment-resisting frame (SMRF) structures
subjected to seismic excitations, obtain elastic dynamic
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properties of considered structures through free vibration
tests, and comprehend the role of masonry infill in limiting
structural damages in deficient moment-resisting frame
structures.

Shake table tests were conducted on a three-story RC
bare frame having weaker beam-column joints, which is
representative of modern frame structures found in de-
veloping countries, and two three-story masonry-infilled RC
frames, with the aim to study the effect of masonry infill in
improving the seismic behavior of RC moment-resisting
frame structures and, further, to obtain the models’ seismic
response parameters.

2. Experimental Program

2.1. Description of Test Models. Three-story one-bay by one-
bay frame structures were considered for investigation,
including an RC bare frame and two masonry-infilled RC
frames (Figure 1). A frame with relatively lower bay width-
to-height aspect ratio was considered. The beams have a
cross section of 24inch x 15inch (610 mm x 381 mm) and
clear length of 9.50 feet (289.56cm) and 13.50 feet
(411.48 cm) in the N-S and E-W directions, respectively. The
columns have a cross section of 15inchx15inch
(381 mm x 381 mm) and an interstory height of 9.0 feet
(274.32 cm). The frame also included infills of solid brick
masonry having thickness of 9 inch (228.60 mm). The
structural frame was analyzed using the lateral static force
procedure given in the BCP-SP [20] for highest seismic
hazard zones, which refers to seismic Zone 4 (PGA =0.40 g),
and designed to the ACI-318 [21] recommendations for
SMREF structure. The structure design was carried out in the
finite element-based software ETABS CSI [22], considering
all the load combinations for dead, live, and earthquake
loads given in the BCP-SP [20] for commercial and public
buildings. Concrete with a compressive strength of 3000 psi
(21 MPa) and steel rebars with an yield strength of 60,000 psi
(414 MPa) were considered in the design.

In the test model construction, lateral ties were not
provided in the beam-column joints, which is a common
construction deficiency observed in recent SMRF structures
in most of the developing countries [23]. Additionally,
concrete with a compressive strength of 2500 psi
(17.24 MPa) was used, and longitudinal reinforcement ratio
of beam was reduced by 25%. Furthermore, due to the
introduction of confined masonry construction technique in
the region, the construction sequence of masonry-infilled
RC frames has been modified. The present research con-
sidered the conventional masonry-infilled RC frame that
involved the construction of bare frame, which was then
provided with masonry infill. Additionally, a hybrid ma-
sonry-infilled RC frame was considered, which involved the
construction of RC columns, followed by the construction of
masonry infill. In the later construction, beams and slabs
were casted simultaneously after the masonry infill con-
struction is completed. The beams in this construction are
directly placed on the top of masonry infill. Masonry panels
in the latter acts like a loadbearing walls since it is carrying
both gravity and lateral loads.
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2.2. Testing of Masonry-Infill Constituent Materials and
Subassemblies. Basic tests were conducted on masonry
constituent materials for the estimation of mechanical
properties of masonry infill. Figure 2 shows the reduced scale
masonry brick unit and wallettes prepared for basic testing.
These included tests on brick units, mortar, masonry prisms,
and masonry wallettes. Mechanical properties such as com-
pressive strength, in-plane shear, and diagonal tensile strength
were determined. The tests were performed according to the
standard testing procedures, given as follows: ASTM C-67-06
for testing of masonry units, ASTM C109/C109M-08 for
testing of mortar cubes, ASTM C-1314-07 for testing of ma-
sonry prisms, and E-519-02 and RILUM LUM B6 for testing of
masonry wallettes. Table 1 reports the basic mechanical
properties of masonry used for infill in test structures.

2.3. Shake Table Testing of 1:4 Reduced-Scale Models

2.3.1. Construction of 1:4 Reduced-Scale Test Models.
Simple model idealization was adopted to construct 1:4
reduced-scale test models. The models’ linear dimensions
were reduced by a scale factor S; =4.0. However, the me-
chanical properties of constituent materials (i.e., rebars,
concrete, and masonry) remained the same. Concrete for the
1 :4 reduced-scale model was prepared with a mix proportion
of cement, sand, and 3/8 inch (9 mm) down coarse aggregate.
This takes into account the aggregate scaling requirements,
and also, achieves the desired concrete strength of 2500 psi
(17.24 MPa). A supplemental mass of 400kg per floor was
added to cause significant nonlinearity in the bare frame
model subjected to seismic excitations. Tables 2 and 3 report
various properties of the designed prototype models and its
corresponding reduced scale model. Concrete strength and
number of rebars in beam-column members were reduced in
the test models in order to take into account the construction
deficiencies as observed in the field. The model-to-prototype
conversion factors are also listed, which are essential to
convert the measured quantities of the reduced-scale model to
the corresponding prototype model.

2.3.2. Input Excitations and Test Model Instrumentation
Plan. The models were tested using natural acceleration
time history for base excitation and free vibration tests. A
natural acceleration time history of 1994 Northridge
earthquake, particularly the horizontal component recorded
at 090 CDMG Station 24278, was extracted from the PEER
strong motions database (Figure 3). This record was selected
after careful analysis of the number of accelerograms for
earthquakes generated by reverse faulting. This record has a
maximum acceleration of 0.57g, maximum velocity of
518 mm/sec, and maximum displacement of 90 mm. The
accelerogram time step was reduced by a scale factor of V/4,
shrinking the time duration required for model excitation.
The input acceleration of the model was linearly scaled using
scaling factors from 0.05 to 2.5 times in order to scale the
amplitude of input acceleration to multilevels. The input
acceleration amplitude multiplied by a scale factor of 1.0 and
2.50 are referred as NR1 and NR2, respectively.
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FIGURE 1: Geometric and reinforcement details of the prototype frames. The dimensions in brackets are given in mm. (a) RC bare frame
(b) Masonry-infilled RC frame. (c) Plane view. (d) Column X-section. (e) Beam X-section.

FIGURE 2: Brick masonry unit and wallettes used for basic testing of masonry constituents. (a) Masonry wallettes. (b) Brick unit.

The test models were instrumented with accelerometers
and displacement transducers at the base and floor levels, in
order to record the actual input acceleration time history at
the base of the model and floors’ acceleration and dis-
placement response (Figure 4).

2.4. Observed Seismic Behavior of Tested Models. Typically,
frames conforming to seismic codes have been observed
with beam-sway mechanism, i.e., experience flexure yielding

at the beam ends and slight flexure cracking at the bottom
end of columns at the ground story under input excitation
representative of design basis earthquake [24]. Unlike the
code-conforming structures, deficient models have been
observed with flexure cracking also in columns and severe
damages in joint panels under input excitation well below
the design-basis earthquake [7, 24]. The use of low-strength
concrete and the lack of lateral ties in joint panels, along with
improper reinforcement and detailing, have resulted in the
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TaBLE 1: Mechanical properties of masonry used for infills in 1:4 reduced-scale models.

S. no. Test Samples Properties Mean value Std. dev.

1 Compression tests on mcil(‘)t;r cubes as per ASTM C- 6 o (MPa) 12.35 0.45
Initial rate of absorption tests on brick masonry units . .2

2 as per ASTM C-67 6 IRA (gm/min/30in~) 34.50 7.35

3 Water absorption teS[:SS %r;/[ brclfl6<7masonry units as per 6 WA (%) 10.42 127

4 Compression tests XISIT?\/IHCI(;_I;%OMY units as per 6 o (MPa) 9.87 133
Compression tests on masonry column prisms as per

5 ASTM O 1314 4 fin (MPa) 422 0.85

Compression tests on masonry prisms
6 (305 mm x 305 mm) as per ASTM C-1314 4 Jim (MPa) 4.05 0.17
Direct in-plane shear tests on masonry wallettes
7@) (305 mm x 305 mm) as per the RILEM specifications 4 To (MPa) 0-36 0.04
7(b) Direct in-plane shear tests on masonry wallettes 4 fu (MPa) 026 0.03

(305 mm x 305 mm) as per the RILEM specification

TaBLE 2: Properties of test models.

Structural properties

Prototype frame

Test models (scale 1:4)

Beams

15in x 18in (381 mm X 457 mm) 3.75in x4.5in (96 mm X 114 mm)
Columns

15inx 15in (381 mm x 381 mm) 3.75in x 3.75in (96 mm X 96 mm)
Slab

6in (153 mm)

1.5in (40 mm)

Concrete strength
3000 psi (21 MPa)
Aggregate size: 1in

2500 psi (17.24 MPa)
Aggregate size: 3/8in

Steel strength
60000 psi (414 MPa)
#8 rebar (25.40 mm)
#4 rebar (12.70 mm)

60000 psi (414 MPa)
#2 rebar (6.35mm)
#1 rebar (3.18 mm)

TaBLE 3: Model-to-prototype quantity conversion factors.

Simple model similitude requirement

Physical quantity Relationship Scale factor
Length Sy =Ly/L, 4
Stress S = fp/fm 1
Strain Se = gpley 1
Specific mass Se = &y/en 1
Displacement Sq=dyldy, =85, 4
Force Sg = F,F,, = Si$; 16
Time Sy =tplty, =S4 ISSSp/Sf V4
Frequency Sq = Q,/0, = 1/S, 1/V4
Velocity Sy = V/Vi = 1[S:S,/S; 1
Acceleration S, =aylay, =85S, 1/4

concrete cover spalling and core crushing of joint panels
under seismic excitations. The seismic behavior of consid-
ered bare and masonry-infilled RC frames is described as
follows.

2.4.1. Model 1: Bare RC SMRF Structure. For input exci-
tation of NRI1 (i.e., acceleration amplitude 100% of

Northridge), the model was observed with few hairline
flexure cracks in the columns at the ground and first story.
Slight vertical cracks were observed at the ends of the beams
of in-plane frames on the first floor. Very few hairline cracks
were observed in the joint panels on the first floor. For input
excitation of NR2 (i.e., acceleration amplitude 250% of
Northridge), further slight-to-moderate cracks appeared in
the structure, particularly in the joint panels (Figure 5). Few
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FIGURE 3: Selected earthquake record for shake table tests. (a) Northridge 1994 acceleration time history. (b) 5% damped acceleration

response spectra. (c) 5% damped displacement response spectra.

Al to A7 represent
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D1 to D7 represent
displacement transducers
positions

slight cracks also occurred in the joint panels on the second
floor. The number and severity of cracks were primarily
higher in the joint panels on the first floor, which is due to
the fact that the bending and rotation demand are usually
higher in beam-column connection at the first floor. Flexure
cracks at the top and bottom ends of first-story columns
aggravated further. Slight flexure cracks were also observed
at the base of columns on the second story. On ground story,
slight flexure cracks were observed at the top ends, and very
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FIGURE 4: Test model instrumentation plan.

few hairline cracks appeared on the ground-story columns at
distance from the bottom ends. The severity of damage in the
joint panels is due to the lack of lateral ties in the panels,
resulting in joint shear strength lower than the excitation-
induced joint shear demand. Following the localized shear
damages in joint panels upon the exceedance of principal
tensile strength of concrete in joints, global instability and
abrupt story mechanism are very likely to result in the
catastrophic collapse of the structure [25, 26, 27].
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FIGURE 5: Damages observed in the frame structure under 200% earthquake motions. (a) In-plane loaded frame. (b) Face-loaded frame.
(c) Damage to joints on first floor. (d) Damages observed in beams and joints at the second floor. (e) Damage pattern at corners.

The relatively lower damage in beams is suggesting the
contribution of slab to the stiffness and strength of beams,
thereby forcing columns to undergo inelastic actions. This
can be contrasted with the mechanism developed in the
counterpart portal frame for the same structure, when the
slab contribution is neglected. It is worth to mention that the
exterior column depth is 15 times the diameter of longi-
tudinal rebars in beams, indicating the ACI 318 re-
quirements for column depth are not sufficient to avoid
flexure inelastic actions in columns and shear damages in
joint panels.

2.4.2. Model 2 and Model 3: Masonry-Infilled RC SMRF
Structures. For input excitation of NRI, the model was
observed with hairline through cracks in in-plane masonry
infills having opening for doors. This comprised primarily

horizontal cracks at the masonry bed joints. These cracks
were observed on all the three stories; however, the severity
of cracks was high on ground story, which is due to the
higher interstory drift demand at the ground story. Solid in-
plane parallel masonry wall panels were observed with
horizontal and vertical cracks at the masonry and frame
interfaces, causing separation of masonry infill. This was
observed only on the ground story. Out-of-plane wall panels
having opening for windows were also observed with minor
through cracks, propagating from the windows corners.
Such damages were observed on all the three stories.

For input excitations of NR2, the existing cracks further
aggravated and few additional cracks were also observed
(Figure 6). Masonry infill separation has been also observed
at the ground story in the in-plane walls having opening for
door. Vertical and horizontal cracks also appeared in the
parallel in-plane solid masonry infill on both the second and
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(e)

(b)

FI1GURE 6: Damages observed in the hybrid masonry-infilled frame structure under 200% earthquake motions. (a) In-plane loaded frame. (b)
Face-loaded frame. (c) Through horizontal cracks in masonry panel. (d) Horizontal sliding at the masonry bed joint. (e) Damage to out-of-
plane panel on ground story. (f) Damage to out-of-plane panel on third story.

third stories. The third-story masonry solid wall panel was
observed with horizontal cracks. Flexure damages in beams
and columns and shear cracks in beam-column joint panels
were not observed. It is due to the fact that under later loads,
the masonry infill develops diagonal compression strut
bearing against the beam and column at distance from the
joint panels. Localized opposing shear force is developed in
beams and columns at the strut contact at distance from the
joint panel. This reduces shear demand on joint panels, due
to which the joint panels are not subjected to large shear
deformation.

Both the masonry-infilled frames, conventional and
hybrid, behaved very much similar. However, the conven-
tional masonry-infilled RC frame was observed with rela-
tively more distributed cracks and panel separation of in-
plane walls over all the three stories. No cracking or damage
was observed in beams, columns, and joint-panel regions;

this shows effectiveness of masonry infill in avoiding joint-
panel damage of the bare frame.

3. Elastic Dynamic Properties of Test Structures

3.1. Fundamental Frequency/Time Period. Structural modal
frequencies were computed through low-amplitude tests
performed on structures through shake table impact (jerk
loading) before the actual tests. Roof acceleration response
of the model was obtained and analyzed to derive floor
acceleration response spectra, in frequency domain, to
identify the structural predominant frequency. Figure 7
shows floor spectra developed for bare frame structure
under the free-vibration test. The lowest predominant fre-
quency was identified for each model: 3.271 Hz (0.305 sec)
for bare frame, 3.418 Hz (0.293 sec) for hybrid masonry-
infilled frame, and 3.369 Hz (0.297 sec) for masonry-infilled
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FIGURE 7: Fourier spectra of floor acceleration response at roof level for free vibration of undamaged bare frame structure. The values are

those for the reduced scale test model.

frame reduced scale test models. This corresponds to the
prototype time period of 0.61 sec for bare frame, 0.59 sec for
hybrid masonry-infilled frame, and 0.59 sec for masonry-
infilled frame. As expected, the elastic period of masonry-
infilled structure is relatively lower than the bare frame
structures. Further, the time period of hybrid masonry-
infilled structure is also less than that of the counterpart
conventional masonry-infilled structure. It is worth to
mention that structural stiffness of masonry-infilled frames
increased due to inclusion of masonry infill. However, this
also increased the structural mass, and the period variation
in bare to masonry-infilled structure is not very significant.
It is due to the fact that the frame itself is significantly
stiffer, and also, due to the relatively lower bay width-to-
height ratio of frame, the frame is mainly governed by the
global flexure/rocking frame behavior. For these reasons,
the infill does not contribute significantly to the frame
stiffness.

The present Building Code of Pakistan [20] has proposed
structural height-based equation to calculate the structure
period of RC frame:

T, = 0.031", (1)

where T is the fundamental period of structure and A is
the total height of structure in feet. The above equation
provides an estimate of fundamental period of 0.41 sec for
prototype of bare frame, which is about 50% lower than
the measured structural period. Similar discrepancy be-
tween calculated and observed time period of reinforced
concrete structures has been observed in many other
studies [28, 29]. The code also allows a 30% increase in the
time period of structure calculated using equation (1), as
the actual model analysis of structure may give higher
value for time period. Considering this increase, the time
period will increase to 0.54 sec for bare frame. Therefore,
the discrepancy in calculated and measured time period
reduces to about 12%. Furthermore, the fact that sim-
plified formulation provided by codes provides under-
estimating estimates of the vibration period of structures
is somehow expected, given that such underestimation is
usually conservative within a force-based approach to
seismic design.

3.2. Elastic Viscous Damping. The decay function for the
time history response as proposed by Chopra [30] was used
to calculate the test model damping:

(A
¢= 2nnLn<A )’ 2)

n

where { represents the elastic damping coeflicient; A; rep-
resents the peak amplitude of response displacement at
reference point 1; A,, represents the peak amplitude of re-
sponse displacement at reference point after n cycles; and »n
represents the number of cycles between the peaks. The
model damping was calculated from the free vibration tests
conducted on models, carried out by means of shake table
jerk loading. The structure displacement response at the top
was considered and analyzed for calculating the decay in the
displacement history (Figure 8). The damping was calculated
from logarithmic decay of the last two cycles. The structural
damping measured herein is 10.57% for bare frame, 13.36%
for hybrid masonry-infilled frame, and 13.73% for masonry-
infilled frame. The measured elastic damping can be con-
trasted with the normally proposed 5% elastic damping.

4. Observed Seismic Response of Test Structures

4.1. Acceleration-Displacement Response Spectrum of Input
Excitations. To analytically compute the acceleration and
displacement demands on the hypothetical elastic structure,
acceleration-displacement response spectrum (ADRS) were
developed for each tests by taking recorded accelerations
time history at the base of the models. The elastic peak
acceleration and displacement demand on hypothetical
structure may be read at the intersection on the ADRS
drawing a radial line whose slope is equal to the square of the
circular frequency of the structure for the first mode vi-
bration period (see Figure 9). As typical for the elastic re-
sponse analysis, 5% viscous damping is normally considered
for the elastic analysis of structures. Although the acceler-
ation time history of 1994 Northridge earthquake has been
used for all the three models, the actual recorded input
excitations of all the test models differ to some extent. It is
worth mentioning that the input to the shake table controller
was the same in all cases; however, the controller develops
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FIGURE 9: Acceleration-displacement response spectrum for recorded input excitation at the base of test models under 100% (NR1) of

earthquake motions.

different auto transfer function in all structure cases. Al-
though this depends on the test model stiffness and masses,
uncertainties may be encountered due to the automatic
control system of controller and the differences the con-
troller face in the current hydraulic pressure and temper-
ature. The latter cannot be maintained exactly the same in all
cases.

4.2. Interstory Drift, Lateral Displacement, and Interstory
Shear Demands. Floor response acceleration and response
displacements recorded for each tests were analyzed to
obtain the interstory drift profile (Figure 10), lateral floor
displacement peak response envelope (Figure 11), and
interstory shear (Figure 12). The story shear was calculated
based on the equilibrium consideration and by summing the
floor inertial forces. The inertial forces at floor levels were the
total inertial forces calculated by multiplying the floor ab-
solute acceleration with the lumped mass. The absolute
acceleration was measured through 1-DOF accelerometers.

Under NRI1, the bare frame has experienced interstory drift
demand of about 0.89%, which has been reduced by 77% and
80% for the hybrid and conventional masonry-infilled
frame, respectively. Similarly, under NR2, the bare frame has
experienced interstory drift demand of about 1.63%, which
has been reduced by about 74% for the hybrid and con-
ventional masonry-infilled structures, respectively. The
infilled structures have controlled the seismic drift demand,
largely, because of their relatively high structural stiffness,
and also, because of structural energy dissipation capability.

The later can be explained by realizing the occurrence of
higher number of cracks experienced in conventional
masonry-infilled structures, thereby providing sources for
energy dissipation through friction sliding. The masonry
panels separation in conventional masonry-infilled struc-
ture at all floors allowed the structure to linearly distribute
lateral seismic displacement demand on structure, as evi-
denced from the linear deflected shape of masonry-infilled
structure (Figure 10). On the contrary, relatively high
stiffness of masonry-infilled RC structures attracted higher
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base shear force. Under NR1, both the masonry-infilled
structures attracted similar base shear force with marginal
difference, which increases under higher input excitation.

4.3. Floor Acceleration Amplification. The model amplifi-
cation was measured dividing the structural peak response
acceleration at the top floor over the peak input acceleration
at the base of the model:

A
Amp = (Lx f) (3)
max Ay,

where Amp represents the top floor acceleration amplifi-
cation factor; max A, represents the peak acceleration
observed at the roof level; and max Ay, represents the peak
acceleration of earthquake motions observed at the base of
the model.

The measured amplification initially increased with in-
creasing intensity that suggests a direct correlation between
the intensity and the acceleration amplification (Figure 13).
However, the amplification started decreasing with further
increase in input base excitation that highlights the onset of
cracking/damage in structures. This is also evident from the
hysteretic response and cumulative energy dissipation of test
models (Figures 14 and 15). The occurrence of cracking and
damage provided energy dissipation capacity; due to this, the
structures’ peak response accelerations were reduced. The
maximum acceleration amplification observed in the bare
frame is 3.10, which is reduced to 2.60 and 2.47 in case of
hybrid masonry-infilled and masonry-infilled structures,
respectively. As expected, the floor acceleration amplifica-
tion was reduced in case of masonry-infilled structures,
which was due to the relatively higher structural damping
available in these structures, provided by masonry panel-
frame interaction (vertical and horizontal cracks at infill-
frame interfaces) and masonry friction sliding observed at
the masonry bed joint in cracked/damaged infill.

4.4. Seismic Response Curves. The peak-observed input ac-
celerations, expressed as PGA, were correlated with the roof
displacement demand to derive seismic response curves for
test models (Figure 16). These curves show the structural
lateral deformation against the input excitations. As can be
seen, initially, the curves behave linearly but deviate due to
onset of structural damages and tend to flatten for extreme
level shaking (e.g., in case of bare frame).

The later corresponds to the development of non-
linearity in the structural system due to cracking/damage.
A minor deviation in the response curve of masonry-
infilled frames is due to the cracking/damages observed in
masonry infill. On the other hand, a large deviation has
been observed in the response curve for bare frame, which
was due to the shear damages observed in joint panels.
These joint panel damages allowed the structure to deform
to larger lateral displacement under relatively lower input
excitations. It can be observed that both the masonry-
infilled structures increased the structural resistance
against the input excitation, thereby making the structure
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F1GURE 13: Acceleration amplification of structures correlated with
input excitation peak acceleration. The values are those for the
reduced scale test model.

able to resist higher peak input acceleration. Furthermore,
the inclusion of masonry infill enabled the structure to
control lateral deformation under earthquake ground
motions, which was primarily due to the relatively high
stiffness of the masonry-infilled structures, and by larger
part, it was due to the characteristics of the damaged
masonry-infills that provided energy dissipation through
masonry sliding over multiple cracks.

5. Seismic Performance Assessment of
Test Models

5.1. Seismic Analysis of Test Models Using Static Force
Procedure

5.1.1. Measured Mode Shapes and Participation Factors.
The estimation of elastic base shear requires the identi-
fication of deflected shape of structure and participation
factor for the first mode of vibration, which is inferred
from the measured lateral floor displacement of the tested
models. A structural node can have 6 degrees-of-freedom
for deformation; however, lateral horizontal translation of
floors is the predominant deformation of frame structures
for structural vibration under seismic excitation. Thus, a
simple three-degrees-of-freedom system with lumped
masses at the floor was used to express the lateral response
of the tested models. The lumped weights associated with
each of the three floors of test models were equal to, from
third to first story, [0.625 0.655 0.655] and [0.725 0.855
0.855] for the bare frame and masonry-infill model, re-
spectively. Since structural displacements during lateral
vibration are generally larger at the first mode, the co-
ordinates of deflected shape were determined by nor-
malizing measured lateral floor displacements of the
structure at times of peak response with respect to the roof
floor. First-mode participation factors were determined
from the modal coordinates and floor weights in accor-
dance with equation (4), which are given in Table 4:

Zlei¢1i

I, = ,
Y widy

(4)



12 Advances in Civil Engineering

500 800

2 £
g g
4 150 % -50 -40 -30 30 40 50
[ L
= 3
S [
-400
-600
~500 -800
Roof displacement (mm) Roof displacement (mm)
(a) (b)
800
600
400

-50 -40 -30 0 20 30 40 50

Base shear (kN)

-800
Roof displacement (mm)

(c)

FIGURE 14: Measured force-displacement hysteretic response of the prototype of test models for NR2. (a) Bare frame. (b) Hybrid masonry-
infilled. (c) Masonry-infilled.

= 1
55
o}
=
S 0.8
2
s
= 0.6
=)
3
< 0.4
8
£ 02
3
Z
0
0.1 0.2 0.3 0.4 0.5 0.6
Normalized cycles
— Bare frame

— Hybrid masonry-infilled
— Masonry-infilled

F1GURE 15: Normalized cumulative energy dissipation of test structures under NR2. A curve with more flatness signifies higher energy
dissipation.

where wj is the floor weight, ¢, represents the coordinates ~ of the total weight effective in the first mode of the
of mode shape, and i is the floor level. The calculated  structure, in accordance with equation (5), and is given in
participation factor was used to determine the percentage  Table 4.
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TaBLE 4: Base shear force demands for models calculated from the 5% damped elastic acceleration spectrum generated for input

acceleration.

Model Test run Frequency (Hz) Sa (8) T, Wettective (%) Vi1 (KN)* Diff. (%)
Bare frame BF_NRI1 3.08 0.91 1.23 90.19 249 -19.68

BF_NR2 2.73 1.94 1.22 89.69 528 20.27

Hvbrid masonry infill HM_NRI1 3.37 0.71 1.28 90.69 246 —-24.54
Y Y HM_NR2 3.32 1.36 1.31 89.22 464 -29.48
Masonry infill CM_NRI1 3.32 0.85 1.25 89.72 291 -13.13
Y CM_NR2 3.13 1.23 1.25 88.85 418 -31.81

*The values were converted to the corresponding prototype structures using the applicable scaling factors.

Weffective (%) = % 100. (5)

[ Ymwidy
w
The percentage of the total weight of structure that is
effective in the first mode ranged from about 88.85% to
90.69% and is higher for the first test runs. This is because,
for the first test runs, the deflected shape was more linear,
and thus, lateral floor displacements were higher.

5.1.2. Base Shear Force. The elastic base shear demand for a
specified mode is related to the spectral acceleration S,,
which is calculated in accordance with the following
equation:

Sal
Vi = Fl? Zwi¢1i> (6)
i=1

where V), is the elastic base shear demand for first mode and
Sa1 is the spectral acceleration demand on the hypothetical
elastic model, obtained from the elastic acceleration spec-
trum at the fundamental time period of the test models
obtained through free vibration tests. Thus, base shear de-
mand of a hypothetical linearly behaving system was de-
duced, which is given in Table 4. Table 4 also reports the
difference observed between the analytically predicted and
experimentally observed base shear force. The negative value
indicates underprediction, and the positive value indicates
overprediction. The difference between the actual and an-
alytically computed base shear is relatively less in case of

NRI but increased in case of NR2. It is due to the fact that
under higher seismic excitations, the onset of structural
nonlinearity makes the analytical prediction less accurate.
The base shear force calculated analytically is less in all cases,
which seems to be due to the approximations made, i.e.,
considering only Mode 1 for computation and idealizing
model vibration period based on the free vibration tests. The
base shear force calculated analytically for bare frame in case
of NR2 is higher than the actually observed. It is due to the
fact that under NR2 the bare frame was subjected to sig-
nificant nonlinearity, whereby the static procedure that
assumes linear behavior becomes less accurate and over-
predicts base shear force.

5.2. Seismic Fragility Functions. Seismic fragility functions
are a set of mathematical cumulative distribution functions
that describe structural damages probabilistically in terms of
the performance level exceedance of structure, given the
input excitation. It is derived using standard normal cu-
mulative distribution functions, as formulated [31]:

1 /PGA
P.=d(-L , 7
b (ﬁ n<pgaLs>) 7

where P is the probability of exceedance of a given limit
state, @ is the standard normal cumulative distribution
mathematical function, PGA is the specified peak ground
acceleration demand, pga; s is the peak ground acceleration
corresponding to ground motions capable of exceeding the
structure specified drift level by 50%, and f is the logarithmic
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FIGURE 17: Seismic fragility functions derived for probabilistic
assessment of test models. The functions are derived for a roof drift
of 0.30%.

standard deviation that defines total uncertainties. Deriva-
tion of fragility functions for a structure requires pga; s and f3
for each limit state. The value of 8 varies from 0.40 to 0.60
[32, 33], f=0.60 was taken in the present case. For the
present building, pga;s was obtained from the seismic re-
sponse curves (Figure 16). Since, the masonry-infill structure
were laterally displaced to only 0.30% roof drift, roof drift of
0.30% was taken as the reference roof drift for which the
corresponding PGAs were obtained through second-order
polynomial interpolation. These values were considered as
the mean estimate of pga;s and listed in Table 5. Fragility
functions derived using equation (7) are reported in Fig-
ure 17. Considering the 10% probability of exceedance for
the specified roof drift of 0.30%, the bare frame will resist
0.21 g, hybrid masonry-infill frame will resist 0.54g, and
conventional masonry-infill will resist 0.50g. The use of
masonry infill (i.e., hybrid and conventional) increased the
seismic resistance of the bare frame by 157% and 133%,
respectively. Both the hybrid and conventional masonry-
infill frames resulted in similar fragility functions; however,
the hybrid masonry-infill frame has relatively more re-
sistance in comparison to conventional masonry infill.

The indicated input excitation has 50% probability to
exceed the specified roof drift of 0.30%.

6. Conclusions

Shake table tests were performed on three 1 : 4 reduced-scale
three-story reinforced concrete frames, with and without
masonry infill, representative of modern frame structures
found in most of the developing countries, possessing
construction deficiencies like lack of ties in joint panels and

concrete having low strength. The models were tested using
natural acceleration time history of 1994 Northridge, with
multilevel excitations. Additionally, free vibration shake
table impact (jerk) tests were conducted. Seismic behavior of
the test models was observed, and fundamental dynamic
properties and seismic response parameters were obtained.
The seismic response of bare frame and masonry-infill
frames were critically compared. The seismic performance of
test models was assessed using static force procedure and
probabilistic fragility functions.

The lack of lateral ties in beam-column joint panels in
SMRE structures resulted in the local shear damage of joint
panels. The SMRF structure, with structural members
detailed as per the ACI-318-05 but lacking confining ties in
the joint panel region, has revealed significant damages in
joint panel regions of bare frames under earthquake mo-
tions. These damages, if experienced under moderate
ground motions, create challenges in routine repairing. The
inclusion of masonry infill, either through a conventional
masonry-infilled construction or hybrid masonry-infill
construction, has avoided damages in the joint panel region
by altering lateral load path and controlling lateral dis-
placement demands on structures through energy dissi-
pation offered by masonry sliding observed at multiple
cracks. Through the infill-frame interaction, conventional
masonry-infill RC structure offered more energy dissipa-
tion as compared to hybrid masonry-infilled RC structures.
The same has been manifested in the probabilistic fragility
functions developed for the test models for a target roof
drift, which has revealed that the masonry infill has en-
hanced the seismic resistance of structures by 133% to
157% using conventional and hybrid masonry infill,
respectively.
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To study the seismic performance of hollow reinforced concrete piers under dynamic loads, nine hollow pier specimens with
different stirrup ratios, reinforcement ratios, and axial compression ratios are designed and manufactured. The El Centro wave,
Taft wave, and artificial Lanzhou wave are selected as seismic excitation for the shaking table test. The effects of the reinforcement
ratio, stirrup ratio, and axial compression ratio on the failure mode, period, damping, acceleration and displacement response,
dynamic magnification factor, ductility, and energy dissipation of specimens under different working conditions are studied. The
results show that all the nine reinforced concrete piers have good seismic performance. Subjected to ground motion excitation,
horizontal through cracks appeared on the pier surface. With the increase of ground motion excitation, the period of piers
increases but the maximum period does not exceed 0.62 s, and the damping ratio increases as well and ranges from 0.02 to 0.064.
With the increase of the ground motion excitation, the acceleration response of pier specimens increases, the dynamic mag-
nification factor decreases, the displacement ductility coefficient decreases, and the energy dissipation of the specimens increases.
The reinforcement ratio, stirrup ratio, and axial compression ratio have different effects on the above parameters. The test results

can provide reference for seismic design of hollow rectangular piers and have certain engineering significance and value.

1. Introduction

Hollow section is the ideal section form of piers. Hollow
section can bring maximum benefit to the structure, and it
will also reduce the influence of pier self-weight on bridge
seismic response [1]. Therefore, hollow piers are widely used
in engineering, so it is important to strengthen the research
of hollow piers.

However, most shaking table tests have been carried out
for solid piers. Matthew [2], according to the American
seismic design code, designed and manufactured a full-scale
circular solid section reinforced concrete pier, eliminating
the influence of size effect, and studied the whole process of
pier failure. Sakai and Unjoh [3] carried out multidimen-
sional seismic simulation shaking table tests on circular solid
piers and analysed the failure mechanism of piers. Calvi et al.
[4] focused on some relevant aspects of the damage de-
velopment and collapse modes of hollow piers, such as
absence of confinement, inadequate shear strength, shifting

of the critical section, and insufficient length of lap splices.
Mo et al. [5-8] and Pinto et al. [9] studied the seismic
performance of hollow rectangular section RC piers and
gave the corresponding prediction models of seismic re-
sponse of these piers according to the design codes of the
authors’ country. Cassese et al. [10, 11] designed and realized
four concrete bridge piers with a hollow rectangular section
with different shear span-to-section depth ratios to test the
seismic performance of existing piers. Si and Ai [12, 13]
carried out the pseudostatic test and shaking table test on
reinforced concrete pier specimens. The experimental results
verified that the reinforced concrete pier based on the
displacement design method can meet the expected ductility
seismic requirements. Wang [14] and Zhou [15], re-
spectively, input unidirectional and bidirectional ground
motion excitations to conduct shaking table tests on round-
end solid piers of high-speed railways and studied the in-
fluence of the reinforcement ratio and shear span ratio on
solid piers of railways. Most of the studies on hollow
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rectangular piers are based on pseudostatic tests at home and
abroad. Shaking table tests on hollow piers are rare. Shen
and Gu [16] designed and manufactured two hollow high
pier with different stirrup ratios. Shaking table tests were
carried out to study the seismic response of piers under
different earthquake excitations. Du et al. [17] made five
large-scale hollow reinforced concrete pier specimens and
carried out cyclic load tests to evaluate their seismic per-
formance. Jiang et al. [18, 19] carried out cyclic load tests and
shaking table tests on large-scale hollow pier specimens and
discussed the influence of pier height, axial compression
ratio, and other factors on pier ductility. Han et al. [20]
designed and manufactured 12 hollow rectangular RC piers,
carried out cyclic load tests, and established a fiber model.
The tests showed that the ductility coefficient and the
equivalent viscous damping ratio of the specimens meet the
requirements of seismic design and all the specimens had
good seismic performance. However, the actual earthquake
motion process is a complex vibration process. The pseu-
dostatic loading test ignores the influence of loading rate on
the structural strength and stiffness characteristics and fails
to reflect the seismic performance of components in actual
vibration. Therefore, the pseudostatic loading test has great
limitations [21]. Therefore, it is necessary to carry out
shaking table tests for hollow rectangular piers to study the
failure mechanism of the pier structure, analyse its failure
mode, and evaluate its seismic performance.

To study the seismic performance of hollow piers under
dynamic loading, nine hollow rectangular reinforced con-
crete piers with different stirrup ratios, reinforcement ratios,
and axial compression ratios were designed and manufac-
tured. Shaking table tests were carried out to study the failure
mode, dynamic characteristics, acceleration and displace-
ment response, dynamic magnification factor, ductility, and
energy dissipation of hollow rectangular piers. This paper
focuses on the failure mode and response analysis of shaking
table tests on hollow piers. It can provide reference for
performance-based seismic design of hollow piers.

2. Shaking Table Test Design

2.1. Similarity Constants. In this study, the prototype of pier
was a hollow pier in engineering. The height of the prototype
pier was 11.5 m. Considering the loading capacity of the shaking
table in the laboratory and the limitation of test conditions, the
length similarity constant was 1:8. Other similarity constant
were deduced and calculated according to the general similitude
law [22]. The specific values are shown in Table 1.

2.2. Model Design and Construction. Nine hollow piers were
designed and manufactured in this test. The pier numbers were
M1, M2, M3, M4, M5, M6, M7, M8, and M9, and their
geometric dimensions were identical. According to the length
similarity constant, the pier height of the tested specimens was
1.44 m. The cross section of the specimens was 180 x 250 mm,
the inner hollow part was 60 x 130 mm, and the wall thickness
was 60 mm. Three views of the pier are shown in Figure 1.
Concrete strength grade of the pier model was C20. The
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TaBLE 1: Similarity constants.

Parameter Similarity relation Slmll?nty
ratio
Length L 0.125
Elastic
modulus E, 078
Density Py = My, +m, +my, /I (m, +m,p,) 6.22
Stress o, =E, 0.78
Strain r, =1, 0.125
Time t, = \/I’p,/E, 0.353
Velocity v, = \|E,/p, 0.354
Acceleration a,=Ellp, 1
Frequency w, = \E,/I’p, 2.83

diameter of the longitudinal reinforcement was 6 mm and
8 mm, and the strength grade of the longitudinal reinforcement
was HRB335. A galvanized iron wire with diameters of 3 mm
and 4 mm was used for stirrups. Details of model specimens are
shown in Figure 1. The mechanical properties of concrete and
steel bars are listed in Tables 2 and 3, respectively. The physical
parameters of each specimen are shown in Table 4. And the
picture of the specimen is shown in Figure 2.

2.3. Counterweight Design. In this experiment, iron blocks
were used to simulate the artificial mass, and the counterweight
box was made to hold iron blocks and fixed on the top of the
pier model. The counterweight box was welded with a Q235
steel plate of 5 mm thickness. The size of the counterweight box
was 1.0mx 1.0mx0.7m. In order to achieve a fixed con-
nection with the top of the model specimen, a rectangular sleeve
with a cross section of 0.3 x 0.25m and a height of 0.3 m was
welded inside the counterweight box. The bolt holes were re-
served at the top of the rectangular sleeve, and the bolts were
reserved at the top of the model specimen through the nuts. The
counterweight box weighed 200kg. The object of the coun-
terweight box is shown in Figure 3.

2.4. Test Content and Layout of Test Points. Acceleration
sensors and velocity sensors were arranged on the pier top
and bottom of hollow pier specimens to record the accel-
eration and velocity responses of the pier top and bottom.
An acceleration sensor was arranged on the platform to
record the ground motion of the platform; five concrete
strain gauges were arranged on the two sides of the vertical
loading direction (transverse bridge direction) of the pier
specimens. There were 10 concrete strain gauges, numbered
H1-H5 and H6-H10, respectively, from bottom to top; three
steel strain gauges were arranged on the bottom of the pier
with longitudinal reinforcement at each corner. There were
12 steel strain gauges. The layout of specific measuring
points is shown in Figure 4.

2.5. Ground Motion Waves and Loading Conditions. Three
kinds of ground motion waves, El Centro wave, Taft wave,
and artificial Lanzhou wave, were used as excitation in this
experiment. Loading conditions are listed in Table 5.
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FIGURE 1: Details of the model specimen. (a) Front view. (b) Top view. (c) 1-1 cross sections.

TaBLE 2: Mechanical properties of concrete.

Strength grade

Compressive strength (MPa)

Elastic modulus (MPa)

C20
C30

13.4
20.1

18560
20000

TaBLE 3: Mechanical properties of steel bars.

Diameter (mm)

Yield strength (MPa)

Tensile strength (MPa)

Elongation (%) Elastic modulus (MPa)

8

6
4
3

389.1
385.3
383.4
383.2

614.4
613.8
601.4
577.2

8.1 194550
8.5 192650
9.1 191700
8.8 191600

TaBLE 4: Detailed physical parameters of the specimen.

Longitudinal reinforcement

Transverse reinforcement

Specimen Pier height (mm) Axial compression ratio Djameter Reinforcement ratio . Distance  Stirrup ratio
Diameter (mm)

(mm) (%) (mm) (%)
M1 1440 0.1 8 2.7 4 50 (double) 4.0
M2 1440 0.1 8 2.7 4 50 2.0
M3 1440 0.1 8 2.7 3 70 0.81
M4 1440 0.1 8 2.7 3 130 0.44
M5 1440 0.1 6 1.5 3 130 0.44
M6 1440 0.05 8 2.7 3 70 0.81
M7 1440 0.05 8 2.7 3 130 0.44
M8 1440 0.05 6 1.5 3 130 0.44
M9 1440 0.05 6 1.5 3 70 0.81

3. Results and Discussion

3.1. Reappearance of Ground Motion Waves. Taking three
waves in 0.75 g condition as an example, the theoretical value
of the acceleration-time history curve and the measured

value of the acceleration-time history curve of the platform
were compared, as shown in Figure 5. It can be seen that the
curve shapes of measured values and theoretical values are in
good agreement, which shows that the performance of the
shaking table is good.
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Figure 3: Counterweight box.

3.2. Failure Mode. All specimens began to crack at the
bottom of the pier. With the increase of the peak acceleration
of ground motion, cracks continued to extend upward, and
the original cracks became wider and deeper. All pier spec-
imens showed horizontal through cracks, and bridge piers
were all bending failure. The specific failure modes of each
specimen are shown in Table 6. The distribution of post-
earthquake cracks of pier specimens is shown in Figure 6.

3.3. Natural Vibration Period of Piers. The pier model of this
experiment can be regarded as a single-degree-of-freedom
system. When the input ground motion stops, the pier spec-
imen will generate free vibration. The vibration period of the
pier can be obtained by fast Fourier transform of the accel-
eration- or displacement-time history curve of the pier top at
this stage. The period after each stage is shown in Figure 7.
From Figure 7, it can be seen that, with the increase of
the input ground motion, the vibration period of each
specimen increased, which indicated that the specimens
were damaged under the effect of ground motion, and the
stiffness of the specimens reduced. Comparing M1 and M2,
M6 and M7, and M8 and M9, it was found that the vibration
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FIGURE 4: Layout of measuring points.

periods of each group of specimens were similar. This
showed that the stirrup ratio has a relatively small impact on
the specimen period. Comparing M4 and M5, M6 and M9,
and M7 and MS8, it can be seen that the reinforcement ratio
has a significant impact on the period of the specimen. The
higher the reinforcement ratio is, the higher the stiffness of
the specimen is and the smaller the natural vibration period
is. The higher the axial compression ratio is, the higher the
vibration period is. In addition, it can be seen from the figure
that the period of the M5 specimen was the largest after 1.2 g,
which indicated that the stiffness of the M5 specimen de-
creased most obviously and the damage was more serious.
The results showed that high axial compression ratio, low
reinforcement ratio, and low stirrup ratio have adverse ef-
fects on the period of specimens.

3.4. Damping Ratio of Specimen. Damping mainly affects the
decay rate of structural free vibration. The higher the
damping ratio is, the higher the decay rate of the structure is.
The damping ratio of pier specimens can be obtained by
analysing the peak displacement point at the pier top when
free vibration occurs. It can be computed as follows:

Ui

1
:—l y
: 2nj n”i+j (W
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TaBLE 5: Loading conditions.

Peak value of input ground

Condition number .
motion wave (g)

Input ground motion
wave

1 0.035 White noise
2 El Centro wave
3 0.25 Taft wave
4 Artificial Lanzhou wave
5 0.035 White noise
6 El Centro wave
7 0.5 Taft wave
8 Artificial Lanzhou wave
9 0.035 White noise
10 El Centro wave
11 0.75 Taft wave
12 Artificial Lanzhou wave
13 0.035 White noise
14 El Centro wave
15 1.0 Taft wave
16 Artificial Lanzhou wave
17 0.035 White noise
18 El Centro wave
19 1.2 Taft wave
20 Artificial Lanzhou wave
21 0.035 White noise
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FiGgure 5: Continued.
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FIGURE 5: Acceleration-time history curves. (a) El Centro wave. (b) Taft wave. (c) Artificial Lanzhou wave.

TaBLE 6: Failure modes.

Loading conditions (g)

Failure modes

0.25

The specimens had slight vibration, and no visible
cracks appeared.

0.5

The vibration of the specimens was obvious, and there

were slight cracks at the four bottom corners of the

specimens. M7 produced penetrating cracks. There

were some horizontal cracks in the middle and lower

parts of M5, M8, and M9. Wider cracks occurred at

the connection between the bottom of the column
and the base of the specimen.

0.75

Shaking of the specimen became increasingly severe,
and the specimen was pulled out from the base.
Previous cracks on M3 and M4 continued to extend,
their widths increased, and new cracks occurred. New
penetrating cracks appeared on the M7 specimen.

1.0

The previous crack continued to extend. M3, M4, M5,
and M6 had penetrating cracks, the column was
pulled out from the base obviously, the new cracks
continued to extend upward, and the cover concrete
at the root of the pier column began to spall.

1.2

Shaking of the specimen became increasingly severe.
All the nine pier specimens had penetrating cracks,
the number of cracks increased, and the width of
cracks widened. M7 produced four through cracks
when the input ground motion was 0.5g and 0.75 g.
With the increase of the peak acceleration of input
ground motion, the width of cracks continued to
increase, but new cracks did not occur. The cracks of
other specimens continued to extend to the upper
part of the pier, and the number of cracks increased
obviously, but all the specimens had vertical bearing
capacity.

where £ = damping ratio, u; = the ith peak displacement, and

u;,;=the first (i+j)th peak displacement.

Figure 8 shows the damping ratios of piers. It can be seen
from the figure that, with the increase of the peak acceleration

of the input ground motion excitation, the damping ratio of the

specimens increased and ranged from 0.02 to 0.064 overall. The

damping ratio was little different among the specimens.
Comparing groups, it was found that the damping ratio of M4
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FiGure 6: Continued.
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FIGURE 6: Distribution of postearthquake cracks of each pier: (a) M1; (b) M2; (c) M3; (d) M4; (e) M5; (f) M6; (g) M7; (h) M8; (i) M9.
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FIGURE 7: Natural vibration period of piers.

was higher than that of M5 and the damping ratio of M6 was
higher than that of M9. It showed that when the axial com-
pression ratio and stirrup ratio remain unchanged, the higher
the reinforcement ratio is, the smaller the damping ratio is.
Comparing M3 and M6, M4 and M7, and M5 and M8, it can be
judged that, with the increase of the axial compression ratio, the
damping ratio increased. Comparing M3 and M4, M6 and M7,
and M8 and M9, it was found that the higher the stirrup ratio is,
the higher the damping ratio of the specimen is. It indicated
that the decay rate of the specimen is faster.

3.5. Acceleration Response of Piers. The acceleration of the
pier top under three kinds of waves is shown in Figure 9.
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Ficure 8: Damping ratio.

With the increase of the input ground motion excitation, the
maximum acceleration of the pier top increased. The ac-
celeration-time history curves of M6 specimens under
working conditions 10 (El Centro 0.75g), 11 (Taft 0.75g),
and 12 (Taft 0.75g) are listed, as shown in Figure 10.
Comparing M4 and M5, M6 and M9, and M7 and M8, it
was shown that the pier top extreme acceleration of the
former was bigger than that of the latter, which showed that
when the axial compression ratio and stirrup ratio are the
same, the higher the longitudinal reinforcement ratio is, the
bigger the pier top extreme acceleration is. Taking the Taft
wave as an example, when the PGA was 0.25g, with the
decrease of the longitudinal reinforcement ratio, the three
extreme accelerations declined by 30%, 44%, and 21%,
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FIGURE 9: Acceleration response on the pier top under different ground motion waves. (a) El Centro wave. (b) Taft wave. (c) Artificial

Lanzhou wave.

respectively; when the PGA was 0.75g, the three extreme
accelerations declined by 66%, 24%, and 31%, respectively;
when the PGA was 1.0g, the three extreme accelerations
declined by 56%, 21%, and 13%, respectively. It showed that,
under the action of high axial compression ratio, the extreme
acceleration of the pier top decreased sharply when the
reinforcement ratio decreased, which indicated that the
longitudinal reinforcement ratio has a more obvious effect
on pier top extreme acceleration at high axial compression
ratio, while the stirrup ratio has little effect on the pier top
extreme acceleration.

Comparing M3 and M6, M4 and M7, and M5 and M3, it
can be seen that the former was smaller than the latter,
indicating that the maximum acceleration of the pier top
increased with the decrease of the axial compression ratio.

This is because the upper mass decreased, the period of the
specimen decreased, and the acceleration response of the
pier top increased.

Comparing M3 and M4, M6 and M7, and M8 and M9, it
can be seen that, with the increase of the stirrup ratio, the
peak acceleration of the pier top decreased. This tendency is
obvious under El Centro waves and Taft waves, but the effect
of stirrups under artificial Lanzhou waves is not obvious. The
effect of stirrups is more obvious at high axial compression
ratio.

3.6. Displacement Response of Pier Top. The extreme dis-
placement of the pier top of each specimen is shown in
Figure 11. Figure 12 shows the pier top displacement-time
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FIGURE 10: Acceleration-time history curve of the pier top. (a) El Centro wave. (b) Taft wave. (c) Artificial Lanzhou wave.

history curve of the M6 specimen at 0.75 g. It can be seen that
the displacement of the pier top increased with the increase
of the PGA. Increasing reinforcement ratios can reduce
displacement of the pier top. The higher the axial com-
pression ratio, the bigger the displacement response of the
pier top, and the increase of the displacement of the pier top
was at least 20%. The higher the stirrup ratio is, the bigger the
extreme displacement of the pier top is.

3.7. Dynamic Magnification Factor. Dynamic magnification
factor is the ratio of the maximum absolute acceleration
response of the specimen to the maximum input ground
motion acceleration. The dynamic magnification factor after
each stage is shown in Figure 13. With the increase of the
input ground motion excitation, the damage of pier speci-
mens accumulated and the period increased, so the dynamic
magnification factor decreased. It can be seen from Figure 13
that the bigger the reinforcement ratio is, the bigger the
stiffness of the specimen is and the bigger the dynamic
magnification factor is. With the increase of the axial

compression ratio, the upper mass increased, the period
increased, and the dynamic magnification factor decreased.
Increasing stirrup ratios can slow down the decreasing trend
of dynamic magnification factor. The trend of dynamic
magnification factor is consistent with the trend of accel-
eration response.

3.8. Displacement Ductility Factor. It is an important index
to evaluate the seismic performance of bridges. In this paper,
Shigeki’s method was used to approximate the displacement
ductility factor of the specimens [23]. The method assumes
that the lateral displacement restoring force model of the
pier top is an ideal elastic-plastic model. It can be calculated
as follows:

[

T

ﬂ_ﬁ '
8, Tg

(2)

where p=displacement ductility factor, ¢;=maximum
displacement response under seismic loading of a certain
intensity, d, =yield displacement, T;=natural vibration
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FI1GURE 11: Displacement response on the pier top under different ground motion waves. (a) El Centro wave. (b) Taft wave. (c) Artificial

Lanzhou wave.

period after certain working conditions, and T, =natural
vibration period before loading.

The displacement ductility factor obtained is shown in
Figure 14.

It can be seen that the displacement ductility factor
increased with the increase of the PGA. The displacement
ductility coeflicients of all pier specimens were between 1.0
and 5.0. Increasing reinforcement ratios and stirrup ratios
can increase the displacement ductility factor of pier
specimens, and increasing axial compression ratios can
reduce the displacement ductility factor.

3.9. Energy Dissipation of Specimens. The energy dissipa-
tion capacity of piers is an important parameter to
measure the seismic performance of piers. The better the

energy dissipation capacity is, the better the seismic
performance of piers is. In this test, the piers can be
calculated according to the SDOF system. The energy
balance equation of the nonlinear SDOF system is as
follows:

Jt i (£ (£)dlt + Jt cii () (1)t + r Keii (1) (£)dlt
0 0 0

¢ (3)
= —J i (£)ai (t)dt.
0

Simplifying formula (3) yields the following formula:
E (t) + Ep (£) + E((£) + B (t) = E; (2). (4)

Formula (4) corresponds to formula (3), where
E, (t) = kinetic energy of the SDOF system, E|, (¢) = structural
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FIGURE 12: Displacement-time history curve of the pier top. (a) El Centro wave. (b) Taft wave. (c) Artificial Lanzhou wave.
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damping energy dissipation, E(t) = elastic deformation en-
ergy, Ey (t) =hysteretic energy, and E; (t) =total input seis-
mic energy. When the earthquake excitation ends, E; () = 0
and E((t) = 0, so formula (4) is transformed as follows:

ED (te) + EH (te) = EI (tE)' (5)

Therefore, the total input seismic energy is the total
energy dissipation of pier specimens. Energy dissipation of
each pier specimen is shown in Figure 15. It can be seen that
the energy dissipation of each specimen increased with the
increase of the PGA. The energy dissipation of M1-M5 piers
was higher than that of M6-M9, which indicated that in-
creasing the axial compression ratio can increase the energy
dissipation of piers, especially when the input ground
motion excitation is stronger, and the energy dissipation of
the specimen increased significantly with the increase of the
axial compression ratio.

Comparing M1, M2, M3, and M4, it was found that the
stirrup ratio of the four specimens decreased in turn, and the
energy dissipation of the specimens decreased. It can be seen
that the energy dissipation of the specimens increased with
the increase of the stirrup ratio. Under the action of high
axial compression ratio, the effect of stirrups on energy
dissipation of specimens is more obvious.

It can also be seen that the energy dissipation of M5, M9,
and M8 was bigger than that of M4, M6, and M9, re-
spectively. The results showed that the higher the re-
inforcement ratio is, the smaller the total seismic input
energy is and the smaller the energy dissipation of the
specimen is.

4. Conclusions

In this paper, nine hollow rectangular reinforced concrete
pier columns with a geometric similarity ratio of 1/8
were designed and fabricated. The El Centro wave, Taft
wave, and artificial Lanzhou wave were selected as seismic
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excitation for the shaking table test to study the influence
of different parameters on the seismic performance of
hollow piers. The following conclusions are drawn from
this study:

(1) With the increase of the PGA, cracks continued to
develop and gradually became deeper and wider.
Horizontal cracks were dominant under the action of
ground motion excitation, in accordance with the
bending failure mode. The period of piers increased
continuously. The period of all specimens did not
exceed 0.62s, and the damping ratio ranged from
0.02 to 0.064.

(2) The dynamic amplification factor of the pier specimen
decreased with the increase of the PGA and increased
with the increase of the reinforcement ratio.

(3) The pier top acceleration response increased with the
increase of the reinforcement ratio and decreased
with the increase of the axial compression ratio and
stirrup ratio, but the stirrup ratio had a relatively
small impact on pier top acceleration response. The
reinforcement ratio had a more obvious influence on
pier performance at high axial compression ratio.

(4) The displacement of the pier top increased with the
increase of the PGA, decreased with the increase of
the reinforcement ratio, and increased with the in-
crease of the axial compression ratio and stirrup
ratio.

(5) With the increase of the PGA, the displacement
ductility factor of pier specimens increased. The
energy consumption of pier specimens increased
with the increase of the stirrup ratio and axial
compression ratio and decreased with the increase of
the reinforcement ratio.

(6) The axial compression ratio, reinforcement ratio,
and stirrup ratio have evident effects on the ductility
of the pier columns. Therefore, it is suggested that the
axial compression ratio should be limited and the
reinforcement ratio and stirrup ratio should be
properly increased in the design of hollow rectan-
gular piers in the future.
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Half-scaled reinforced concrete frame of two storeys and two bays with unreinforced masonry (URM) infill walls was subjected to
base excitation on a shake table for seismic performance evaluation. Considering the high seismic hazard Zone IV of Pakistan,
reinforcement detailing in the RC frame is provided according to special moment resisting frames (SMFRs) requirement of
Building Code of Pakistan Seismic-Provisions (BCP SP-2007). The reinforced concrete frame was infilled with in-plane solid
masonry walls in its interior frame, in-plane masonry walls with door and window openings in the exterior frame, out-of-plane
solid masonry wall, and masonry wall with door and window openings in its interior frame. For seismic capacity qualification test,
the structure was subjected to three runs of unidirectional base excitation with increasing intensity. For system identification,
ambient-free vibration tests were performed at different stages of experiment. Seismic performance of brick masonry infill walls in
reinforced concrete frame structures was evaluated. During the shake table test, performance of URM infill walls was satisfactory
until design ground acceleration was 0.40g with a global drift of 0.23%. The test was continued till 1.24g of base acceleration. This
paper presents key findings from the shake table tests, including the qualitative damage observations and quantitative force-
displacement, and hysteretic response of the test specimen at different levels of excitation. Experimental results of this test will

serve as a benchmark for validation of numerical and analytical models.

1. Introduction

Constructions such as Reinforced Concrete (RC) frame with
unreinforced brick masonry (URM) are commonly observed
all over the world particularly in the seismically active re-
gions [1, 2]. In Pakistan, the low-rise URM building is
commonly practiced. Due to population growth (207 mil-
lion, according to 6th Population and Housing Census-2017)
and suburbanization, construction trend has been changing
from URM buildings to multistory RC frame infilled with
URM walls [3]. URM is considered as nonstructural ele-
ment, and on regular basis it is ignored in the structural
analysis and design [4]. However, the presence of the URM
wall can significantly alter the lateral load resisting mech-
anism and complete dynamic behavior by interaction of the
infill wall with bounding RC frame under seismic loading
[5]. Frame infill interaction may produce desirable (increase

in lateral stiffness, lateral-load capacity, damping, ductility,
and energy dissipation capacity) and undesirable effects (soft
story mechanism, short column effect, and torsional action)
on the global structural performance of the building [6].
Performance of the infilled RC frame has been studied with
simplified analytical models (equivalent diagonal strut
models by Stafford Smith [7]); Madan et al. [8] detailed finite
element analysis (FEA) [9-12] and also with experiments,
i.e,, quasi-static, pseudodynamic, and shake table tests
[13-17]. Many researchers claimed that even though ex-
tensive research has been done on masonry infilled RC
frames over the decades, the behavior and seismic perfor-
mance evaluation of such structures is not fully understood
[17]. Some design guidelines developed by FEMA 356 [18],
ASCE/SEI-7-06 [19], ASCE/SEI Standard 41-06 [20], and
ATC-43 [21] for the seismic performance evaluation of
masonry infilled RC frame is still considered as unreliable
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and inadequate [22]. The existence of complexities is due to
insufficient experimental data on large-scale models of
multistory and multibays under dynamic loadings [17].

Different failure modes of masonry infilled structures
have been witnessed by the past earthquakes and experi-
mental studies. Severe damage has been demonstrated to
these types of structures by previous earthquakes (including
1999 Kocaeli, Turkey earthquake [6]; the 2008 Sichuan,
China earthquake; and the 1999 Chi-Chi, Taiwan Earth-
quake). The damage mechanism comprises of partial or full
masonry panel failure, shear failure of columns, plastic
hinges at columns ends, soft-storey mechanism, and short
column effect [23, 24]. Mehrabi et al. [25] experimentally
investigated fourteen half-scale masonry infilled RC frame
test specimens and categorized 24 distinct failure modes.
Later on Stavridis [22] narrowed down these mechanisms
into three main failure modes which includes diagonal
cracking (occurs in nonductile frames with strong infill),
horizontal shear sliding (occurs in weak frames and weak
infill), and corner crushing (occurs in strong frames and
strong infill) as shown in Figure 1.

For the reason of damage evaluation of masonry infilled
buildings, FEMA 306 [26] characterizes opening within infill
as one of the most critical parameters affecting both the
global and local seismic behaviors of structure. Doors and
windows are the most commonly used types of opening
within the infill panels. Opening within the infill panels are
perfectly considered as assemblies of subcomponents of the
appropriate material which can interact with a surrounding
frame and can alter the dynamic behavior of structure.
Interaction of strong columns and strong piers of infill
panels can cause shear failure in the beams. However, in-
teraction of strong spandrel component with frame can
reduce the ductility by inducing short column effects and
infill panel causing tensile yielding in the column. Experi-
mental investigations have been made by many researchers
[27-30] to study the effect of infill openings.

Limited experimental data are available on the dy-
namic behavior of RC frame infilled with URM since few
shake table studies have been conducted on large scale
[31, 32]. The typical construction of Pakistan is deficient in
terms of workmanship, quality of materials, and ar-
rangement of infill regarding the URM infill wall position
and size of opening [33]; material properties of local brick
masonry such as initial rate of absorption and compressive
strength of the mortar are different from those normally
used across the world, which results in low compressive
and tensile strength and weak bond between bricks and
mortar [33, 34]. Experimental assessment of RC frame
infilled with URM typically constructed according to local
construction practices of Pakistan is unavailable on large
scale having multistorey, multibays under real dynamic
loading which is necessary for the calibration and verifi-
cation of analytical model, providing foundation in de-
fining new strategies of design as recommended by ACI
(American Concrete Institute). Therefore, a shake table
study of three-dimensional, two-storey, two-bay, solid
brick masonry infilled frame is conducted on large six
degrees of freedom (6 D.O.F) shake table at Earthquake
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Engineering Center (EEC), University of Engineering and
Technology (UET), Peshawar. The specimen was half-
scaled symmetric RC frame model constructed according
to special moment-resisting frame (SMRF) requirements
of Building Code of Pakistan Seismic-Provisions (BCP SP-
2007). The RC frame was infilled with URM walls having
door and window openings at different locations according
to local construction practices of Pakistan. Different ar-
rangements of door and window openings, holdfasts for
anchorage of masonry wall to column, and construction
with local labors make this structure unique. The test
specimen was instrumented with accelerometers and
displacement transducers and was subjected to six dy-
namic tests, including ambient free vibration and sinu-
soidal base motions of increasing intensity. The specimen
was tested until the nonstructural URM walls were severely
damaged. Experimental programs, including designing,
construction, and testing of the specimen as well as the
qualitative and quantitative experimental results are re-
ported in this paper. The main original aspect of this
research is to explore the damage mechanism of URM infill
and RC frame and its ultimate seismic resistance in terms
of maximum base shear force and ultimate drift capacity of
SMREFs structures infilled with URM infill walls. The re-
sults will be further utilized in developing numerical and
analytical models, which will provide foundation for the
development of seismic design guidelines of infilled RC
frame structures.

2. Experimental Program

2.1. Description of Test Specimen. The test specimen selected
was RC frame having two storeys and two bays infilled with
URM infill walls, which is commonly practiced for low-rise
commercial and residential buildings. The test specimen was
constructed on the 6 D.O.F shake table at EEC, UET,
Peshawar. The three-dimensional, plan and elevation view of
the test specimen are shown in Figures 2 and 3, respectively.
Extensive experimental investigation through the shake
table was carried out to evaluate the performance of brick
masonry infilled RC frame structure constructed with in-
digenous material and labor. The RC frame was designed
and constructed according to SMRFs requirement (BCP SP-
2007). URM walls were constructed by splitting full-scale
brick of 9x4.5%x3in. (22.8 x11.4x7.6cm) into half-scale
brick of 4.5x2x1.5in. (11.4%x5.0x3.8cm) discussed in
Section 2.2. URM walls of thickness 4.5in. (11.4 cm) were
constructed with the brickwork of English bond. For
bonding of bricks, mortar layer of thickness 1/8in.
(3.17mm) and compounding ratio of one cement and five
sand was used. The reinforced concrete frame was infilled
with in-plane solid masonry walls in its interior frame, in-
plane masonry walls with door and window openings in
exterior frame, out-of-plane solid masonry wall, and ma-
sonry wall with door and window openings in its interior
frame. To support the dead load of wall above openings,
various reinforced concrete lintel beams were provided over
the openings. The weight of the test specimen was ap-
proximately 16.20 metric tons (16,200 kg).
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FIGURE 1: Three distinct failure mechanisms of masonry infills. (a) Horizontal sliding. (b) Diagonal cracking. (c) Panel or corner

crushing.

FIGURE 2: Three-dimensional view of prototype.

2.2. Scaling and Designing of RC Frame with URM.
Linear geometric dimensions of the structural element
beams, columns, and slabs were reduced by a scale factor of
2. Material in the test specimen such as maximum size of
aggregates, reinforcement bars, masonry bricks, and vertical
and horizontal thickness of mortar layer were also reduced
by half scale. Scaling factors for the fundamental quantities
are summarized in Table 1 [35].

The construction process includes preparation of the
foundation pad which was constructed directly on the shake
table anchored with 36 bolts. Followed by the construction
of first-storey columns and floor, similarly second-storey
columns and floor were constructed. After the construction
of RC frame, URM infilled walls were constructed. Reduced
live load according to the lateral static force-based method of
UBC 97 was used; therefore only 25601b. (1,200kg) load
were applied on the slab of first story.

The RC frame was designed with the lateral static force-
based method of seismic design procedures which is based
on Uniform Building Code (UBC) 97 and detailed as per
SMREF requirements of American Concrete Institute (ACI)
Committee 318 Building Code Requirement for Structural
Concrete. Beams, columns, and beam-column joints in
SMRFs structure is detailed such that it can resist axial,
flexural, and shearing actions produced by structure during
strong earthquake motion. High seismic hazard region is
specified by Zone IV where PGA is greater than 0.32g (BCP
SP-2007). Seismic hazard of Zone IV with a design PGA of
0.40g and soil type B was considered. Loads on structure
includes the self-weight for structural beam-column ele-
ments and slabs, while superimposed dead load for partition
URM infill walls, floor finishing, and live load of 40 psf
(Pounds per square foot) (0.0019 MPa) was assigned to the
structure. The concrete compressive strength of 3,000 psi
(Pounds per square inch) (21 MPa) and reinforcing steel of
50,000 psi (344 MPa) which is typically used was considered
in the design. The dimensions of the RC frame and re-
inforcement bars layout are given in Figure 4. Using 6-inch
square of beams and columns, two types of reinforcement
were provided at different locations as shown in Figure 5. In
section 1-1 of beam, the longitudinal reinforcement of 6 #3
(9.52 mm) diameter bars and transverse reinforcement of #2
(6.35mm) diameter bars at 2 inches (50.8 mm) center-to-
center were provided. Section 2-2 of beam is having lon-
gitudinal reinforcement of 5 #3 (9.52 mm) bars and trans-
verse reinforcement of #2 (6.35mm) bars at 3 inches
(76.2 mm) center-to-center.

Longitudinal reinforcement provided in the column
section 3-3 is 8 #3 (9.52mm)bars and transverse re-
inforcement of #2 (6.35mm) bars at 2 inches (50.8 mm)
center-to-center. Column cross section 4-4 is having 8 #3
(9.52mm) bars of longitudinal reinforcement and #2
(6.35 mm) bars at 1.5 inches (38.1 mm) center-to-center. The
transverse reinforcement in the beam and column was
provided with 135° hook. The reinforcements in the slabs of
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6x12in. (15.2x30.4 cm) as per ASTM C873, mortar cubes
2x2in. (5.0x5.0cm) as per ASTM C109, and masonry
prism of 9x8x4.5in. (22.8x20.3x11.4cm) as per ASTM
C1314 were carried out as shown in Figure 7(a). For shear
strength, the diagonal masonry prism of 24 x24x4.5in.
(60.9%60.9 x11.4 cm) as per ASTM E 519 samples was made
during the construction of the test specimen as shown in
Figure 7(b). Samples of the concrete cylinder were collected
at different stages of concrete casting. During construction

FIGURE 3: Plan and elevation view of the test specimen. (a) First-storey wall layout plan. (b) Second-storey wall layout plan. (c) Elevation

view of the interior frame.
strength tests of #2 (6.35mm) and #3 (9.52 mm) Grade-50

reinforcing steel bars were conducted as per ASTM A-615.

both the storeys were same, and the steel reinforcement
2.3. Material Properties. Various tests were conducted to
identify the material properties of the test specimen. Tensile
For compressive strength, tests on concrete cylinders

detail of slabs is shown in Figure 6.
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TABLE 1: Scale factors.

Item General case Scale factor
Length, / M=1p/ly, 2.00
Area, A Aa=Ap/An =15 =)} 4.00

Volume, V M=Vl Vin =115 = A} 8.00

Moment of inertia, I M= l;/ 14 =)t 16.00
Linear displacement, D Ap=l/ln =4 2.00
Angular displacement, © Ao=1 1.00
Curvature, k Me=1/4 0.50
Modulus of elasticity, E Ap=Ey/En=1 1.00
Stress, o Ao=0p/00,=Ag [0=E] 1.00
Strain, € Ae=1 1.00
Mass, Sm Am=Aq/Ay 4.00
Concentrated load, Q )LQ =Ag * /\12 4.00
Shear force, V Ag = Ag # A 4.00
Moment, M g =Ag = A} 8.00
Acceleration, a A.=1 1.00

of URM walls, three samples of a masonry prism for
compressive strength and three samples of a diagonal prism
for tensile strength were constructed and tested after 28 days.
Results of material properties are summarized in Table 2.

2.4. Testing Protocols and Input Ground Motions. The
structure was subjected to series of sinusoidal base motions
with increasing intensity through large 6 D.O.F shake table
at EEC, UET, Peshawar. The operating shake table for
particular time history requires a self-check test for the
development of transfer function, which is dependent on the
mass and stiffness of the model. During the validation stage
of the shake table with dead weight, development of transfer
function with self-check test leads to uncontrollable shaking
[36]. Also in the previous studies, problems were encoun-
tered by researchers in the form of damage in the model
before actual testing [37]. In some of the studies [33, 34, 38],
behavior of masonry structures has been extracted through
sinusoidal ground motion. Therefore, the structure was
subjected to the range of sinusoidal frequencies (0.5-
8.00 Hz) and time histories as shown in Table 3. The dynamic
characteristics of the test specimen such as period and
damping were identified using ambient free vibration test
before and after shake table test runs in both directions. The
destructive and nondestructive test sequences are shown in
Table 3.

Sinusoidal input motions were provided at the base of
the test specimen in the North-South direction through a
signal generator. The amplitude of vibration was kept
constant, while the frequency was increased gradually
through the signal generator after each 25seconds. Three
types of structural responses: elastic, inelastic, and collapse
of nonstructural URM walls, were recorded. The intensity of
shaking was increased from test to test; the PGA was in-
creased from 0.05 to 0.15g with frequency ranges from
0.50-3.00 Hz during Test Run-1 given in Figure 8 which was
intended to capture response of the structure in elastic range.
To cause a moderate level of damage, it was planned to
obtain the dynamic response of structure at resonance.
Therefore, the base excitation was increased from 0.05 to

0.60g with frequency between 0.50 and 7.50 Hz at the second
stage of experiment shown in Figure 9. In order to observe
response of structure at resonance and to cause major
collapse in the nonstructural URM walls, the test specimen
was subjected to a strong sinusoidal base excitation of PGA
0.05 to 1.24g with frequency varying between 0.50 and
8.00 Hz as shown in Figure 10. It was decided to conclude the
base excitation after the collapse of nonstructural URM walls
as the masonry walls of the specimen will be strengthened
and retrofitted in the future.

2.5. Instrumentation. To measure the displacement and
acceleration response histories, the test specimen was
instrumented with a total sum of thirteen displacement
transducers (DT’s) and thirteen uniaxial accelerometers.
Prior to the instrumentation, two steel frames were fixed
along North and West face of the test specimen. Four ac-
celerometers and four displacement transducers were in-
stalled at each floor level and at the base to record the
response history in both directions. Instrumentation detail
of North and West face is given in Table 4 and Figure 11. All
the sensors were calibrated before installation of sensors on
steel reference frame and test specimen. The sensors were
cross checked to see if all connections are whether functional
or not.

The sampling rate was selected to be 200 Hz; to monitor
damage in the structure during the shake table test, fifteen
video cameras were installed outside and inside the test
specimen.

3. System Identification Tests

Ambient-free vibration tests were performed at different
stages of experiment to determine the natural frequency and
damping ratio of the structural system. These tests were
conducted to determine dynamic characteristics of structure
in both in-plane North-South direction and out-of-plane
East-West direction. The test setup for the ambient-free
vibration test is shown in Figure 12. A triaxial accelerometer
and weak motion seismometer is connected to data ac-
quisition system of a 24-bit recorder (DR-4,000) and facing
toward North. The sampling rate was kept 200 Hz, and
sample of free vibration-time history recorded after Test
Run-3 is given in Figure 13.

3.1. Time Period and Damping. Period of a structure is
primarily dependent on the mass and stiffness. Previous
studies [39, 40] showed that RC frame without infill has
considerably longer period and lower damping ratio
compared to RC frame with infill. To have the values of
time period and damping of structure, the specimen was
suddenly disturbed and the free vibration response was
recorded for around 15-30 seconds in both North-South
and East-West directions. Period and damping of the
structure were estimated from the acceleration-time
history and was determined (Chopra, Dynamics of
Structures) as follows:
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where { is the damping ratio, g; is the acceleration response
at i peak, and a;,;j is the acceleration response at the latter
peak. The test results are summarized in Table 5 and dis-
cussed in Section 4.

4. Results and Discussion
4.1. Qualitative Test Results

4.1.1. Test Run-1. Prior to the Test Run-1, the dynamic
characteristics of test specimen such as natural frequency

and damping were quantified using the ambient-free vi-
bration test. Natural frequency and damping ratio of 6.45 Hz
and 2.92% were obtained in the North-South in-plane
loading direction of the specimen, while in the East-West
out-of-plane loading direction, the natural frequency and
damping ratio were found to be 3.48 Hz and 3.90%, re-
spectively. During the shake table Test Run-1, the specimen
was subjected to sinusoidal ground excitation with fre-
quency between 0.50 and 3.12Hz and base acceleration
between 0.05 and 0.15g. The frequency of vibration at the
base was far away from the fundamental natural frequency
(6.45Hz) of the specimen. However, no visible damage was
induced in the structure.
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FIGURE 6: Plan view of first- and second-storey specimens with slab reinforcement details.

4.1.2. Test Run-2. Intensity of the base excitation in Test
Run-2 was increased with acceleration between 0.05 and
0.60g. Sinusoidal base motion with frequency 0.50-7.60 Hz
was applied, and the fundamental natural frequency of
6.45Hz was estimated before Test Run-1. However, the
structure resonated at the frequency of 5.16 Hz. The decrease
in the fundamental frequency is due to microcrack initiation
during Test Run-1 and Run-2. Moderate level of damage in

(®)

(d)
FIGURE 7: (a) Compressive and (b) diagonal tests of brick prism and (c) length and (d) width of brick specimens.

nonstructural URM infill walls and hairline cracks in RC
frame was observed.

The PGA reached 0.42g at the resonating frequency
5.16 Hz, which corresponds to design base acceleration of
RC frame. Shear cracks originated and extended horizontally
along the mortar layers of in-plane URM infill walls towards
the bounding RC frame. Vertical shear cracking of mortar
layer and separation of URM infill walls from bounding
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TABLE 2: Average material properties.
Material Test type Test result
Storey
level 1
Columns Compressive 3.741 ksi (25.79 MPa)
Beams Compressive  3.943 ksi (27.18 MPa)
and slab
Concrete
Storey
level 2
Columns Compressive 4.073 ksi (28.08 MPa)
Beams . .
and slab Compressive  4.193 ksi (28.90 MPa)
Tensile
Yield stress 59.42 ksi (409.68 MPa)
#2 Yield strain 2.20%
Peak stress 96.34 ksi (664.24 MPa)
Reinforcing Peak strain 24.37%
steel bar Tensile
Yield stress  49.7 ksi (342.66 MPa)
#3 Yield strain 1.53%
Peak stress 85.52ksi (589.63 MPa)
Peak strain 21.60%
Brick unit Compressive 5.189 ksi (35.77 MPa)
Mortar cubes Compressive  1.348 ksi (9.29 MPa)
Compressive 0.742ksi (5.119 MPa)
Young's g 6 ksi (569.23 MPa)
modulus
Strain at 0.013
Masonry . peak stress
rism Diagonal Shear
P 0.035ksi (0.241 MPa)
strength
Shear 0 ) 1si (24138 MPa)
modulus

Shear strain 0.0004

TaBLE 3: Actual input motion simulated in different phases of
experiment.

Duration of

Testing Frequencies (Hz) each Amplitude
phase frequency (mm)
(sec)
Test 0.50, 1.00, 1.52, 2.08,
Run-1 2.60, 3.12, 25 3.00
Test 0.5, 1.00, 1.52, 2.08, 3.12,
Run-2  4.12, 5.16, 6.25, 7.20, 7.60 25 3.00
0.44, 1.04, 1.32, 1.58, 1.82,
2.08, 2.40, 2.65, 2.87, 3.16,
Test 3.43, 3.69, 4.00, 4.16, 4.21,
4.52, 4.72, 4.95, 5.18, 5.45, 25 4.00
Run-3

5.77, 6.00, 6.22, 6.52, 6.80,
7.00, 7.25, 7.52, 7.80, 7.96,
4.20, 4.27, 5.23

frame were clearly observed. First-storey exterior URM walls
(Figure 14(a)) on both north and south side panels went
through vertical frame infill separation, and horizontal shear
cracking particularly at the interface of beam infill. Excessive
damage (relative to the remaining infill panels) occurred in
infill panels of exterior second storey (Figure 14(b)), and the
top course of the masonry panels collapsed due to
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Sinusodial ground motion during Test Run-1
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FIGURE 8: Acceleration recorded at the base during Test Run-1.

Sinusodial ground motion during Test Run-2
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FIGURE 9: Acceleration recorded at the base during Test Run-2.

inadequate binding of panels with beam, while infill walls of
exterior second storey (Figure 14(b)) started separating from
the bounding RC frame and a clear horizontal shear crack
was observed at the 5™ row of infill wall with window
opening. Similarly, the frame infill separation at the top
interface followed by corner crushing behavior was observed
in the interior first-storey (Figure 14(c)) URM walls. At the
location of holdfast (mild steel plates for anchorage of
masonry wall with adjacent columns), horizontal shear
cracks along mortar layer extended throughout the interior
masonry panels. Second-storey interior (Figure 14(d)) URM
walls received horizontal and vertical separation and
cracking and corner crushing. Few bricks in the top course
slided outward in the solid out-of-plane (Figure 14(e)) wall.

The frequency of vibration at the base was further in-
creased, and the PGA reached 0.60g at the frequency be-
tween 6.25 and 7.60 Hz beyond resonating frequency. The
global response (drift and base shear) of the structure re-
duced with further increase in frequency after resonance.
The existing damages in URM walls were further enhanced,
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Sinusodial ground motion during Test Run-3
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FIGURE 10: Acceleration recorded at the base during Test Run-3.

TaBLE 4: Sequence of test.

Test no. Test type

1 Ambient-free vibration system identification test
Shake table test with sinusoidal base motion
(0.50-7.50 Hz)

Shake table test with sinusoidal base motion
(0.50-7.50 Hz)

Ambient-free vibration system identification test
Shake table test with sinusoidal base motion
(0.50-8.00 Hz)

Ambient-free vibration system identification test

A U e W

cracks propagated, and damaged bricks collapsed when the
frequency of vibration increased from natural frequency.
Due to the low level of vertical stress in unreinforced ma-
sonry, URM wall collapsed in shear sliding and flexural
(rocking) failure mode. Already cracked portion of URM
infill wall with window opening slided outward in shear
sliding, and also diagonal tensile cracking was observed in
the wall beneath the lintel beam.

The RC frame was investigated with a crack detector after
shake table run, determining that RC frame is only damaged
at the column ends and crack width was between 8 x 10~ to
1.5x107%in. (0.02-0.04 mm.). An ambient-free vibration
test was performed after Test Run-2, natural frequency in
North-South loading direction decreased to 4.21 Hz, while
the damping ratio increased to 5.63%. Natural frequency in
the out-of-plane direction decreased from 3.48 to 2.98 Hz,
and negligible decrease in the damping ratio from 3.90 to
3.83% was observed.

4.1.3. Test Run-3. Sinusoidal base excitation with frequency
between 0.44 and 7.96 Hz and ground acceleration ranging
from 0.05-1.24g was recorded at the base during the final
stage of this experiment. The structural peak base shear and
lateral drift were recorded at this stage of experiment.
Nonstructural URM walls were severely damaged, hairline
cracks developed in the second-storey columns, and minor
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FiGure 11: Instrumentation setup. (a) North face instrumentation.
(b) West face instrumentation.

FIGURE 12: Test setup for the free vibration test.

level of damage occurred in the first-storey columns.
During excitation at frequency between 0.44 and 4.00 Hz,
the base acceleration was within the range of 0.05-0.40g.
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FIGURE 13: Sample of free vibration-time history recorded with the triaxial accelerometer after Test Run-3.
TaBLE 5: Detail summary of instrumentation.
Channel no  Serial no of sensor Sensitivity Type Range Location Remarks
North face
ail 6514 492.2 (mv/g) Accelerometer +675 mm 2LNA
ail4 1708-01 8.5305 (mv/mm) Displacement transducer 2LND
ai2 6519 502 (mv/g) Accelerometer +675 mm 2RNA
ail5 1708-02 8.5332 (mv/mm) Displacement transducer 2RND
ai3 6517 508.9 (mv/g) Accelerometer +312 mm 1LNA
ai20 1308-01 138.2 (mv/mm) Displacement transducer 1LND
ai4 6516 510.1 (mv/g) Accelerometer +312 mm 1RNA
ai2l 1308-02 138.1 (mv/mm) Displacement transducer 1RND
ai5 6515 501.1 (mv/g) Accelerometer +250 mm 0LNA
ai22 E1703477C 39.81 (mv/mm) Displacement transducer 0LND
ai6 6513 499.9 (mv/g) Accelerometer +250 mm ORNA
ai23 E1703471C 39.90 (mv/mm) Displacement transducer ORND
West face
ai7 6520 508.5 (mv/g) Accelerometer +675 mm 2LWA
ai24 1708-03 68.632 (mv/mm)  Displacement transducer 2LWD
ai8 323 509 (mv/g) Accelerometer +675 mm 2RWA
ai26 1708-04 68.654 (mv/mm)  Displacement transducer 2RWD
ai9 340 510.1 (mv/g) Accelerometer +312 mm 1LWA
ai27 1308-03 137.98 (mv/mm) Displacement transducer 1LWD
ailo 322 496.2 (mv/g) Accelerometer +312 mm 1RWA
ai28 1308-04 170.6 (mv/mm) Displacement transducer 1RWD
aill 6518 490.1 (mv/g) Accelerometer +250 mm 0LWA
ai29 E1703479C 39.85 (mv/mm) Displacement transducer 0LWD
ail2 1357 5404 (mv/g) Accelerometer +250 mm ORWA Large accelerometer
ai30 E1703475C 39.75 (mv/mm) Displacement transducer ORWD
ail3 1358 5272 (mv/g) Accelerometer +250 mm 0VCA Large accelerometer
ai3l E1703476C 40.01 (mv/mm) Displacement transducer 0VCD

Note. 2: second floor, 1: first floor, 0: bottom, L: left side of the frame, R: right side of the frame, N: north face, W: west face, V: vertical direction, C: center,

A: accelerometer, D: displacement transducer.

Exterior URM wall of second storey with window opening
only, which was already separated from the RC frame up to
window height during Test Run-2 (Figure 15(b)), dropped
in shear sliding on the table when frequency reached to
3.16 Hz. Also, few rows of interior solid URM walls of both
storeys collapsed in shear sliding when frequency was
3.69 Hz.

The PGA reached 1.24g at resonating frequency of
4.16 Hz, and bricks in the top few rows of first-storey exterior
URM wall with door and window openings collapsed. Also,
exterior URM infill wall of second storey with window and
door openings separated up to lintel beam height and slided
outward horizontally. Out-of-plane URM infill wall of first
storey collapsed by initiation of horizontal shear cracks
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FIGURE 14: Damage observations of URM walls after Test Run-2. (a) Exterior infilled frame of first storey. (b) Exterior infilled frame of
second storey. (c) Interior infilled frame of first storey. (d) Interior infilled frame of second storey. (e) Out-of-plane solid infilled frame.

(f) Out-of-plane with openings infilled frame.

followed by shear sliding and dropping of brick masonry
units from upper rows.

Base excitation was increased from 4.21-7.96 Hz, the
dynamic response of structure decreased as the frequency of
vibration increased above the natural frequency of structure.
The vertical and horizontal mortar layers between RC and
URM infill walls started crushing and separated more. The
test specimen did not experience further visible damage at
this phase of the test run.

In order to cause severe damage to the URM infill wall,
the structure was excited with a strong sine wave (high
amplitude sinusoidal) of frequency between 4.00 and
5.50 Hz with PGA up to 0.90g through a signal generator.
The exterior and interior URM infill walls of second storey
along south side and exterior infilled walls of first storey
collapsed. Diagonal cracking of URM walls was observed

beneath the lintel beam of exterior URM walls. Out-of-plane
infilled wall up to lintel beam height slided horizontally
outwards. The performance of the out-of-plane URM wall
with window and door opening was significantly better than
the out-of-plane solid masonry wall due to horizontal
stiffener provided in the form lintel beam throughout the
masonry panel. Damage observations in URM walls after
Test Run-3 are shown in Figure 15.

RC frame was visually investigated after Test Run-3, a
minor level of damage occurred in the RC frame, and some
shear and flexural cracking occurred in the first storey top
and bottom of columns. Crack width was investigated with
crack detector, and cracks of 2x107> to 1.5x107*in.
(0.05-0.4 mm) was observed at column ends of first storey.
On the contrary, the level of damage in second storey was
comparatively less than that in first storey, crack width of
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FiGure 15: Damage observations of URM walls after Test Run-3. (a) West face of the test specimen. (b) East face of the test specimen. (c)
South face west-side infilled frame. (d) South face east-side infilled frame. (e) Crack at the top of the exterior column. (f) Crack at the top of

the exterior column.

8x10™* to 1.5x10%in. (0.02-0.04 mm.). The damages
observed in RC frame after Test Run-3 is shown in Figure 16.
A free vibration test was conducted after Test Run-3, natural
frequency in loading direction drops down to 2.67 Hz, and
the damping ratio decreases to 4.01%, while in the out-of-
plane East-West direction, the natural frequency decreases
to 1.93Hz and damping ratio to 2.19%. The decrease in
natural frequency is the indication of damage in the
structure, while loss of URM walls causes drop of damping
ratio.

4.2. Quantitative Test Results

4.2.1. Force-Displacement. According to Beyer et al. base
shear can be calculated by three different methods during
shake table test.

Method 1. In this method base shear can be calculated from
the force applied by the actuator minus the inertia force of
the model foundation and table of the shake table. Inertial
force of the model foundation and table can be found
through the accelerometer installed on it and from their
masses:

Vb,act = Fact - [ACC' {MFound + MShake table}]’ (2)

where V), .. =base shear calculated from accuator, Acc=
acceleration recod of accelerometer, Myq,,q=mass of the
foundation, Mgpake table = mass of the shaketable.

Method 2. In this method, base shear can be calculated by
summing the inertial forces of the two stories. Inertial forces
can be calculated by acceleration recorded by accelerometers
installed on each floor and from mass of the story.
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FIGURE 16: Damage observations of URM walls after Test Run-3. (a) Pulling out of column from foundation. (b) Flexural cracking at top end
of first storey. (c) Level of cracking and spalling (Ist storey). (d) Level of cracking (2nd storey).
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Figure 17: Continued.
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FIGURE 17: Hysteretic behavior of structure at each test run. (a) Run-1 global hysteretic response at 3.12 Hz. (b) Test Run-1 second-storey
hysteretic response at 3.12 Hz. (c) Test Run-1 first-storey hysteretic response at 3.12 Hz. (d) Global hysteretic response at 5.16 Hz. (¢) Run-2
second-storey hysteretic response at 5.16 Hz. (f) Test Run-2 first-storey hysteretic response at 5.16 Hz. (g) Run-3 Global hysteretic response
at 4.16 Hz. (h) Run-3 second-storey hysteretic response at 4.16 Hz. (i) Test Run-3 first-storey hysteretic response at 4.16 Hz.

TaBLE 6: Summary of dynamic identification tests.

North-South direction East-West direction

Testi h D i ti % D i ti %
esting phase Period (sec)  Frequency (Hz) amping ratio ¢ (%) Period (sec)  Frequency (Hz) amping ratio ¢ (%)

Before Test Run-1 0.15 6.45 2.92 0.28 3.48 3.9
After Test Run-2 0.23 4.21 5.63 0.33 2.98 3.83
After Test Run-3 0.37 2.67 4.01 0.51 1.93 2.19

TaBLE 7: Summary of structure response.

Fund tal ti Average Damage level
Test uncamentas tme acceleration Global drift (%) Global base shear coefficient 8
period before test (s)
Base Roof RC frame URM
Run-1 0.16 0.13 0.18 0.17 0.14 None None
Run-2 0.24 0.59 1.07 0.24 0.66 Minor Mild
Run-3 0.37 1.24 2.42 0.54 1.48 Minor Collapse

Shake table response of unreinforced masonry and reinforced concrete elements of special moment resisting frame.

Viace = Diace + Iyacer (3)  with approximated storey mass (including self-weight
’ ’ ’ of beams, slabs and half weight of columns below/
above + additional mass). The first-storey shear force is the
sum of inertial forces of first and second storeys which is
equal to base shear, while the second-storey shear is the
inertial force of that storey. Relative displacement of the
structure was estimated by subtracting average top dis-
Vipmark = imark + Tomark- (4) placement from the average base displacement. Interstorey
displacement was obtained from the average lateral dis-

Method 2 was adopted for estimation of base shear in ~ placement of floor above relative to the average floor

Method 3. In this method, base shear can be calculated by
the visual measurements of the markers on the slab and
foundation.

this study. Each storey was instrumented with two ac-  displacement below.

celerometers and two displacement transducers in each The hysteretic behavior of structure is obtained at global
direction already discussed in instrumentation Section 2.5,  and first and second-storey levels as shown in Figure 17. For
and storey acceleration and displacement was estimated by ~ global hysteretic behavior, the base shear is plotted with
taking the mean values of acceleration and displacement-  average relative displacement. In order to know whether
time histories, respectively. Inertial storey force was es-  the distribution of displacement over the RC frame is

timated by multiplying average acceleration-time history ~ uniform or concentrated in one of the storey, hysteretic



16

curves are plotted for individual storey: first-storey hys-
teretic curves are obtained by plotting first-storey drift
(displacement at first storey top relative to base) with first-
storey shear. second-storey shear is plotted with second-
storey drift (roof displacement relative to the top of the
first-storey displacement). The hysteretic curve reported
here are only for selected frequencies (peak response) of
shake table test runs. The peak response takes place at 3.12,
5.16, and 4.16 Hz during Test Run-1, Run-2, and Run-3.
The test specimen response at different levels of excitation
is summarized in Table 6.

5. Conclusions

This paper discusses the shake table study conducted on
half-scale model of RC frame infilled with URM walls
constructed on the multiaxis shake table of EEC, UET,
Peshawar. The RC frame was designed for high seismic
hazard (Zone IV, with PGA 0.40g, and soil type B)
according to the SMRFs requirement [41]. URM infill
walls were constructed with brickwork in English bond
with 1 part cement and 5 parts sand. The structure was
subjected to ambient-free vibrations and shake table tests.
To study the test qualification of SMRFs structure infilled
with different arrangement of URM for local and global
response to earthquakes, sinusoidal base motion with
predominant frequencies of near-field earthquakes has
been used to extract behavior. A sequence of three runs of
base excitation with increasing intensity was applied.
Masonry infills collapsed mainly in shear sliding and
pretty much in flexural rocking when PGA reaches 0.42g,
while complete collapse of URM panels takes place when
PGA reaches 1.24g. Weak connections of frame infills
particularly at the top layer were the primary cause of
damage. URM walls with lintel beam do not provided
throughout the masonry panel was much more vulnerable
to in-plane and out-of-plane damages. The damping ratio
increased after Test Run-2 and then decreased after Test
Run-3 due to loss of in-plane and out-of-plane URM
walls. RC frame maintains its stability and does not attract
any serious damage even at PGA of 1.24g. However, the
damage mechanism of beam-sway ensured by SMRFs was
altered by the column-sway mechanism. Masonry walls
within RC frame altered the load path and lateral force
distribution (predominant frame action into predominant
truss action) among different members of the test
structure by amplifying demand force on the adjacent
member, causing plastic hinges at columns end. Experi-
mental test results also revealed that the RC frame infilled
with different arrangement of URM which is typical of the
construction in Pakistan is more vulnerable to seismic
actions compared to the other parts of the world. Peak
values and damage level at different stages of excitation
are summarized in Table 7.
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Terrestrial laser scanners (TLSs) can acquire high-precision three-dimensional point cloud data for earthquake-damaged
buildings. In this study, we collected TLS data in the Wenchuan earthquake zone and developed the TLS-BSAM (terrestrial
laser scanning-based building shape analysis model) to carry out a building earthquake damage analysis. This model involves
equidistance polygon array extraction, shape dispersion parameter calculations, irregular building clustering segmentation, and
damage analysis. We chose 21 buildings as samples for the experiments. The results show that when using an equidistance polygon
array to depict a three-dimensional building, 0.5m is a reasonable sampling interval for building earthquake damage analysis.
Using certain characteristic parameters to carry out K-means clustering, one can efficiently divide irregular buildings into regular
blocks. Then, by weighted averages, the shape dispersion parameters can be calculated to express the damage extent to buildings.
Among the shape dispersion parameters, at least the weighted average standard deviations of the tilt direction, rectangularity,
compactness, and center point are suitable to reflect the damage extent. Higher values reflect more serious damage. On the basis of
existing data, the weighted average standard deviations of the tilt direction and center point can be used to establish discriminant
functions that can effectively distinguish the damage extent.

1. Introduction

With the diversification of remote sensing data and
technical progress in data processing, remote sensing
technology can now be used to carry out earthquake
damage investigations, which has recently become a topic
of sustained interest. Compared with traditional field
surveys of earthquake damage, earthquake damage as-
sessments based on remote sensing data are faster, more
efficient, and safer. A wide range of earthquake-induced
building damage information can be quickly acquired
and assessed with new remote sensing technologies.
Under the guidance of mathematical statistics, object-
oriented methods, and fractal theory, different types of
remote sensing data such as optical images, synthetic
aperture radar (SAR) imagery, and airborne LiDAR data
have been used in building damage assessments. Saito
et al. [1] used optical images with 1 m ground resolution

taken by IKONOS before and after the Gujarat earthquake
of January 26, 2001, to extract the information about
collapsed buildings. Stramondo et al. [2] analyzed the
capability of satellite radar and optical remote sensing for
earthquake damage detection in urban areas and explored
the combined use of radar (SAR) and optical satellite data.
Balz and Liao [3] used postseismic high-resolution SAR
satellite data for building damage detection caused by the
Wenchuan earthquake. Based on airborne LiDAR data,
Lin et al. [4] proposed a multiple-primitive-based TIN
progressive densification point cloud filtering method to
distinguish the ground points and nonground points. He
et al. [5] used an original three-dimensional shape de-
scriptor to detect roofs with surface damage and roofs
exhibiting structural damage by identifying spatial pat-
terns of compact and regular contours for intact roofs. Li
et al. [6] used LiDAR data and high-resolution optical
images to detect damages on the scale of a building’s
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rooftop area and realized a quantitative estimation of the
degree of building damage. These studies have important
significance for facilitating rapid responses during
earthquake relief and postearthquake reconstruction
work.

Various remote sensing technologies were employed
after the Wenchuan earthquake [7-9], and these data are
valuable for damage assessment. However, as the afore-
mentioned studies illustrate, earthquake damage assessment
based on remote sensing data also has some disadvantages.
Specifically, only information about the top surface and part
of a building’s sides can be recorded by optical remote
sensing data. In addition, earthquake damage assessments
based on remote sensing data have been generally aimed at
large areas containing many buildings and not a single
building. Based on earthquake emergency work of recent
years in China, we found that optical remote sensing data
cannot identify specific building structures that have been
destroyed but have top surfaces that are basically intact.
Thus, the accuracy of remote sensing-based damage as-
sessment technology is relatively low and field survey data
are still needed to carry out earthquake relief and re-
construction work.

As an alternative data collection method, terrestrial
laser scanners (TLSs) can be employed from remote lo-
cations. A TLS is a fully automated instrument capable of
acquiring high-precision three-dimensional scanning data.
It emits a high-speed laser that performs noncontact
scanning measurements, and three-dimensional co-
ordinates of the target stored in point cloud format are
obtained [10]. This technology is especially useful for
carrying out measurements in complex and high-risk en-
vironments. Furthermore, TLS technology is advantageous
because of its ease of operation with high degrees of au-
tomation compared with airborne LiDAR. Point cloud data
combined with computer-aided design software can
quickly be used to rebuild the target’s shape and obtain its
three-dimensional digital model. To date, TLS technology
has been shown to be a powerful tool in studies involving
vegetation mapping, geological hazard control, historic
preservation, etc. [11-14]. With regard to earthquake
damage assessments, TLSs can provide high-precision
three-dimensional information about damaged building
structures. Although some scholars have employed TLSs in
field survey work after earthquakes and tsunamis and have
acquired point cloud data for damaged buildings and
secondary disaster areas [15, 16], studies on the quanti-
tative extraction and analysis of building damage in-
formation from point cloud data are insufficient.

To solve this problem, we carried out measurements
using a TLS in the Wenchuan earthquake zone and proposed
the use of the TLS-BSAM (terrestrial laser scanning-based
building shape analysis model), which is based on the theory
of shape analysis, to carry out quantitative extraction and
analysis of building damage information. This model fully
considers building irregularities after earthquake damage,
and this study represents a useful attempt to provide im-
portant basic data for building damage pattern analysis and
simulation.

Advances in Civil Engineering

2. Methods

2.1. Shape Analysis. Shape analysis involves storing the
shape feature information extracted from images in a par-
ticular data structure to carry out identification, comparison,
retrieval, and classification procedures [17, 18]. The main
steps of shape analysis are computer-driven and include data
preprocessing, feature extraction, and shape classification.
Data preprocessing is the basis of shape analysis. The pur-
pose of this step is to obtain the outline or surface structure
of the object’s shape. These data have a great influence on the
performance of the shape feature extraction algorithm.
Shape feature extraction is the key of shape analysis. Its
purpose is to find an accurate and feasible shape repre-
sentation. Shape classification involves comparing and
statistically computing the similarity of object characteristic
factors and then identifying unknown samples according to
existing examples. The national standard (classification of
earthquake damage to buildings and special structures (GBT
24335-2009)) points out that the classification principles for
earthquake-damaged buildings are mainly based on load-
bearing components with some consideration of non-load-
bearing components. In addition, the degrees of difficulty of
repair and function loss are also taken into account. In
earthquake field surveys, technicians evaluate the damage
level based on a building’s cracks and assess the degree of
dislocation, deformation of walls, integrity of roofs, struc-
tural poles, etc. This is a shape analysis process, which
provides us with a theoretical basis to use TLS point cloud
data while carrying out earthquake damage extraction and
analysis.

2.2. Building Dimension Reduction from Three to Two
Dimensions. Unlike plane data, point cloud data record
different types of building damage in a three-dimensional
space. The existing edge detection algorithm for a plane
cannot yet effectively build functions to describe a building’s
three-dimensional contour or area. To simplify and effec-
tively express the shape of a three-dimensional building by
means of “dimension reduction,” as shown in Figure 1, we
used a set of evenly spaced parallel sections to cut the
building’s point cloud data and acquire intersecting lines
that reflect the shape changes at different heights. This
transforms the three-dimensional surface recognition into
two-dimensional polygon shape (hereafter called the
“equidistance polygon array” or EPA) recognition features.
The extraction of EPA data is an important part of data
preprocessing in the TLS-BSAM, and the main procedure
involves extracting the point cloud contour lines. The edge
detection and extraction algorithms for two-dimensional
images are quite mature, but they are not suitable for a
discrete point cloud. We thus used the convex hull algorithm
to solve this problem. The convex hull algorithm can find the
minimum convex polygon that meets the condition that all
points are inside the polygon or on the edge [19, 20].
Buildings are built in accordance with designs and
structural plans, and they are orderly entities, not randomly
self-organizing systems. Thus, an intact building with a
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5«

FiGuRre I: Sketch of a building’s “dimension reduction.” (a) One layer of the building’s point cloud; (b) the layer’s convex hull polygon;
(c) the building’s real point cloud; (d) the building’s equidistance polygon array at 2m intervals.

regular shape has a very high similarity EPA and the dis-
persion of shape characteristic parameters is small. In areas
with earthquake-damaged buildings, these orderly systems
are destroyed. Consequently, equidistance polygons at dif-
ferent heights will show different degrees of deformation,
which ultimately results in a dispersion increase for the
shape characteristic parameters. In this study, the analysis of
building earthquake damage is based on the degree of shape
characteristic parameters dispersion in the EPA. Specifically,
building damage is proportional to the degree of shape
characteristic parameters dispersion, which means that
higher dispersion degrees are associated with greater extents
of damage. The standard deviation was used to describe the
dispersion degree. Here, larger values of standard deviation
are associated with higher dispersion degrees and greater
extents of damage.

2.3. Shape Characteristic Parameters Selection. The EPA is
made up of the shape polygons, so we chose the shape
characteristic parameters based on contour lines to describe
its shape, as shown in Table 1.

In practice, the shape characteristic parameters selection
does not adhere to “the more the better” principle. Cir-
cumference and area are not prominent when describing the
shape in some situations. Thus, we chose the aspect ratio r,
tilt direction 6, rectangularity R, and compactness C as the
main shape characteristic parameters. The compactness C
reflects the border regularity, and larger C values are as-
sociated with more complex shapes. Meanwhile, we noticed
during earthquake field surveys that, although buildings
were almost intact, they were already tilted. Therefore, we
used the polygon central point (x, y) as another shape

(d)

characteristic parameter. If the central point deviation is
large, building damage should not be ignored even if the
degree of dispersion for the other shape characteristic pa-
rameters is small.

2.4. Irregular Building Clustering Segmentation. A building’s
three-dimensional shape is sometimes irregular, as shown in
Figure 2. For such buildings, the standard deviation o of
shape characteristic parameters is often large even if the
buildings are intact. To solve this problem, we used the K-
means clustering algorithm to divide irregular buildings into
several regular parts, which involved dividing the EPA into
several regular polygon sequences.

When clustering is completed, the polygon number of
different parts is the weight in the earthquake building
damage analysis, and larger numbers are associated with
higher weights. The building shape dispersion parameters
are their weighted average standard deviations.

It should be pointed out that m is the clustering number
of the EPA and is identified by the investigator according to
the building situation uncovered during the field in-
vestigation. When the buildings up-down structures are
identical or completely collapsed, the m value is equal to
one.

2.5. Earthquake Damage Analysis for Buildings. The Chinese
seismic intensity scale (GBT 17742-2008) divides
earthquake-damaged buildings into five grades, namely,
those that are completely destroyed, seriously damaged,
moderately (medium) damaged, slightly damaged, and ba-
sically undamaged. In this standard, the main difference



4 Advances in Civil Engineering
TaBLE 1: Common shape characteristic parameters.

Name Expression Description

Area A Polygon area

Circumference P Polygon circumference

Length l Length of the minimum enclosing rectangle (MER)

Width w Width of the MER

Aspect ratio r=1w Length and width ratio of the MER

Tilt direction 0 Included angle for long and polar axes of the MER

Rectangularity R=A/AyEr Area ratio of the polygon and its MER

Compactness C=P/A Circumference square and area ratio of the polygon

(a)

(b)

FIGURE 2: A building’s point cloud and its EPA map. (a) Building with three different blocks; (b) the building’s corresponding EPA in three

colors.

between essentially undamaged and slightly damaged
buildings is the fracture scale of load-bearing components.
This is an endpoint that even experienced investigators often
have trouble assessing correctly. Here, we merged these two
grades into the slightly damaged grade. In view of the
existing technology based on remote sensing data, we are
able to easily identify completely destroyed buildings, and
thus, we are no longer using point cloud data to analyze
them. According to the Earthquake Disaster Standards of the
People’s Republic of China (DB/T75-2018) “Earthquake
Disaster Remote Sensing Assessment Part 3: Building
damage,” the damage grades of single building are divided
into three types including collapse, partial collapse, and no
collapse. Among them, the partial collapse is defined as the
collapse of part of the building, or the partial destruction of
the roof, or the destruction of the surrounding wall. The
collapse is defined as the roof completely collapses, or more
than 50% of the main structure collapses, twists, deforms, or
tilts. Here, we refer to this standard and the serious damage
corresponds to collapse and medium damage corresponds to
partial collapse.

In this study, the core of the seismic damage analysis is
based on a set of known samples with specific characteristic
parameters correlated with the earthquake damage; these
relationships then serve as a guide for the earthquake
damage assessments of unknown buildings. Discriminant
analysis is a good technique to accomplish this task. We took
the building shape dispersion parameters as the discriminant
factors and used Fisher’s discriminant method to calculate
the linear discrimination functions that were applied to
identify the earthquake damage.

Based on the above procedures, we developed the TLS-
BSAM to carry out the building earthquake damage analysis.
The main workflow of the model is shown in Figure 3.

3. Experiment

The Wenchuan Ms8.0 earthquake occurred on May 12, 2008,
and was the most destructive earthquake recorded since the
establishment of the People’s Republic of China. The epi-
center was located at 31.01°N, 103.42°E. The earthquake
affected most of China including Gansu, Qinghai, Ningxia,
Shanxi, Shanxi, Shandong, Henan, Hunan, Hubei, and
Chongging with an area over 100,000 km”. The causative
fault was the Longmen mountain fault zone on the eastern
margin of the Tibetan Plateau with a focal depth of 14 km.
Due to the rapid uplift of the Tibetan Plateau and the in-
fluence of gravity, the eastern margin of the Tibetan Plateau
gradually subducted along the Longmen mountains and was
meanwhile blocked by the Sichuan Basin, resulting in long-
term accumulation of tectonic stress. The final stress was
suddenly released in the Beichuan to Yingxiu area of
Longmen Mountain, triggering a right-lateral thrust earth-
quake. The epicenter intensity of the Wenchuan earthquake
was as high as 11 and the destructiveness was huge. In 2013,
Beichuan and Hanwang, which are located in close proximity
to the epicenter, were protected as earthquake sites. Buildings
were seriously damaged in both of these areas. We selected
these two sites as the study area and used a Riegl VZ-1000
laser scanning system equipped with the Riscan Pro software
(Figure 4) to acquire and process the building point cloud
data.
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Ficure 3: Flow chart of the TLS-BSAM.

FIGURE 4: Riegl VZ-1000 laser scanning system.

Prior to the start of the scanning work, a field re-
connaissance survey must be conducted to confirm the main
objects in the scanning area based on the buildings’ original
layout. The buildings’ locations, areas, and shapes are all
taken into consideration when determining the scanning
station sites. In addition, to meet the requirements of data
registration, each station must have a certain amount of
overlap. The accuracy of the scanner is 8 mm at 100 m, and
all scans in this study were performed at a close range (<40 m
from the target), which helps to improve accuracy. During
data registration, the registration error between adjacent
scans was less than 2 mm. After all scans were aligned using
the Riscan Pro software, the root mean square (RMS) error
was less than 7mm. Following the measurement, building
samples were picked from these datasets and each building

was isolated to eliminate noise. The station distribution and
the data processing results are shown in Figure 5.

4. Results and Discussion

We selected 21 buildings to build the sample dataset, and
these structures included 13 damaged buildings in Beichuan
and 6 in Hanwang. In order to compare baseline data with
the damaged buildings, we also scanned two intact buildings
in Dujiangyan and Beijing. The building sample information
from the field survey is shown in Table 2. On the basis of the
TLS-BSAM, we calculated the a,, 0, oy, 0, and o g, for these
21 buildings and analyzed them with regard to the four
aspects discussed in the following sections.

4.1. Influence of Different Sample Intervals on Shape Disper-
sion Parameters. In order to identify the influence of dif-
ferent sample intervals on shape dispersion parameters, we
evaluated six different sample intervals set at 0.25m, 0.5 m,
Im, 1.5m, 2m, and 2.5m. With these increases in the
sampling intervals, the shape dispersion parameters changed
showing a similar behavior. Taking buildings B12, B14, H2,
and H3 as examples (Figure 6), the extent of change for o
was relatively small for sampling intervals of 0.25 to 1.0m
and ¢/ was also relatively small within this range.

This result indicates that when the sample interval is too
large, not enough of the EPA can be extracted to reflect
building damage features smaller than the sample interval.
In addition, not enough samples are collected for clustering,
which leads to increases in the error of the shape dispersion
parameters. When the sample interval is greater than 2 m, it
is close to the height of most buildings and thus not suitable
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TaBLE 2: Sample information of the buildings.

ID Location Height (m) Block Structural system Damage degree
Bl 16.67 3 Masonry building Medium
B10 14.46 3 RC frame Medium
Bl 24.42 1 RC frame Slight
BI12 21.40 2 RC frame Medium
Bl4 14.32 3 RC frame Medium
B16 15.81 1 Masonry building Serious
B2 Beichuan 24.02 2 RC frame Medium
B3 13.48 1 Masonry building Medium
B4 24.35 2 RC frame Serious
B6 21.53 1 RC frame Slight
B7 20.80 2 RC frame Slight
B8 22.37 1 RC frame Serious
B9 12.69 2 Masonry building Serious
D1 Dujiangyan 24.14 5 RC frame Intact
H1 16.07 2 RC frame Serious
H2 18.27 2 RC frame Medium
H3 Hanwan 9.81 2 Masonry building Serious
H4 i 19.78 3 RC frame Slight
H8 13.39 2 Masonry building Slight
H9 27.70 3 RC walls Slight
J1 Beijing 29.37 7 RC walls Intact
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()

FIGURE 6: Plot of the response of o (a) and o/ (b) to different sample intervals.

for shape analysis. However, small sample intervals will
increase the error of the shape dispersion parameters be-
cause of noise within the point cloud. After experimenting
with the data, 0.5m was selected as the ideal sample
interval.

4.2. Clustering Segmentation Results for Irregular Buildings.
The TLS-BSAM divides irregular buildings using the K-
means clustering method, which makes the shape disper-
sion parameters truly reflect the extent of building damage.
For this analysis, buildings B8 and H4 were used as ex-
amples (Figure 7); B8 is a regular building that was badly

damaged, while H4 is an irregular building that was slightly
damaged.

In order to test the clustering results of the TLS-BSAM,
we calculated the shape dispersion parameters of H4 before
(1 block) and after (3 blocks) clustering (Table 3).

As shown in Figure 8, the o}, a4, oy, ¢, and o 4, values for
H4 before clustering were greater than the corresponding
values after clustering, and the o}, 4, 0, and a4, values were
even greater than the values for B8, which was badly
damaged. However, after clustering, the shape dispersion
parameters for H4 were all smaller than those for B8. In
other words, the clustering method helped the parameters to
reflect the real building damage.
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FIGURE 7: Buildings with different degrees of earthquake-induced damage. (a) B8 is a regular building that was badly damaged, while (b) H4

is an irregular building that was slightly damaged.

TaBLE 3: Shape dispersion parameters of B8 and H4.

!
T

0.038 0.471 0.123 4.232 0.784
3 0.027 0.286 0.027 1.358 0.349
1 0.206 0.545 0.074 13.349 1.245

ID Damage degree Block o oy ox o Ois
B8 Serious 1

H4 Slight

Shape dispersion parameter value

0.01 : " T
o 9 R ac Tis
—=— B8(n=1)
—e— H4(n=3)

—— H4(n=1)

FiGure 8: Shape dispersion parameter comparison plot before (H4
and B8, n = 1) and after (H4, n = 3) clustering for the badly damaged
(B8) and slightly damaged (H4) buildings.

4.3. Comparative Analysis of Shape Dispersion Parameters of
Buildings Damaged to Different Extents. By comparing the
parameters of buildings damaged to different extents
(Figure 9), it can be seen that slightly damaged buildings
generally have low values, while seriously damaged
buildings have high values and medium damaged
buildings have medium values. Only one exception to this
trend was detected, i.e., the o/ value of seriously damaged
buildings was not significantly higher than that of me-
dium damaged buildings. This suggests that at least a¢, oy,
0, and oy, values are able reflect the extent of building
damage.

In order to compare the different parameters, we drew
box plots (Figure 10). For a given parameter, flatter boxes are
indicative of more concentrated values. In addition, the
larger the boxes distance from the horizontal axis, the greater
the difference in the extent of damage between buildings. If a
parameter can meet both conditions at the same time, it

suggests that this parameter can better reflect the extent of
damage to the buildings.

As shown in Figure 10, except for o}, the values of the
other four parameters change from large values to small
values in correspondence with the changes in the extent of
damage from serious to slight. In other words, the greater the
value, the more extensive the damage. The larger boxes of o/
and o allow for distinguishing the extent of the damage.

4.4. Discriminant Analysis of a Building’s Damage Extent.
A multifactor analysis method is needed to express the
relationship between the shape dispersion parameters and
the damage extent to buildings. Here, based on the existing
sample data, we used Fisher’s discriminant analysis method
to obtain the linear discrimination functions relevant to the
damage extent. According to the statistical results in Table 4,
the parameters that can effectively identify the buildings’
damage extent are o/ and o, while the other parameters
were eliminated from the analysis because they show values
of F<2.71.

Fisher’s linear discrimination functions are shown as
follows:

(i) Slight damage: F1 =6.5280( + 17.9560 4, — 9.761.
(ii) Medium damage: F2 =9.6750 + 27.5300 ;; — 20.560.
(iii) Serious damage: F3 =16.9610. +41.3020 4;, — 55.945.

By substituting the o/ and oy values into the three
functions above, the buildings’ damage extent was classified
into respective categories according to the maximum values
obtained, i.e., if the maximum value was obtained with the
slight damage function, then that building was classified as
slightly damaged. According to the space distribution scatter
plots (Figure 11), the three damage extent centers were far
apart and the sample points within the same damage extent
area were relatively concentrated. One medium damaged
building was wrongly classified as slightly damaged, and one
seriously damaged building was wrongly classified as me-
dium damaged. The discriminant results were generally
accurate.

In summary, among all the parameters discussed above,
ol and oy are best suited for use in combination to dis-
tinguish the extent of building damage of the existing
building samples. These findings prove that the proposed
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FIGURE 9: Shape dispersion parameter comparison plots for different buildings.

TLS-BSAM is capable of extracting and analyzing building  calculations, irregular building clustering segmentation, and
earthquake damage extents. damage analysis. We used 21 buildings as samples to carry

. out our experiments. The main conclusions are as follows:
5. Conclusions

(1) The “dimension reduction” method, which uses the

In order to realize building earthquake damage analysis EPA to express three-dimensional building data, is
based on TLS point cloud data, TLS-BSAM was proposed. an effective way to carry out shape analysis, and
This model is based on shape analysis theory, which solves 0.5m is a reasonable sampling interval for the EPA

the problems of EPA extraction, shape dispersion parameter during building earthquake damage analysis.
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TABLE 4: Statistical results for selection of different variables.

Among the shape dispersion parameters, at least oy,
o, 0¢ and o values are suitable to reflect the extent
of a building’s damage. Higher values are indicative

Variable Tolerance F Wilks” lambda
0.971 0.643 0.099

0y 0.939 1.043 0.094

on 0.858 0.085 0.106

GC’ 0.760 50.639 0.742

Ogis 0.760 5.844 0.180

of more serious damage.

(3) On the basis of existing data collected in the Wen-
chuan earthquake zone, o/ and o were used to

(2) Using the length-width ratio of the polygon r, the
inclination direction 6, rectangularity R, compact-
ness C, and the center point (x, y) as the charac-
teristic parameters to carry out K-means clustering,
one can efficiently divide irregular buildings into
regular blocks. Then, by use of the weighted averages,
shape dispersion parameters can be calculated to
express the damage extent to individual buildings.

establish discrimination functions that can effec-
tively distinguish the damage extent to buildings.

The TLS-BSAM is a new model by which laser scanning
measurement technology can be used safely in the field to
conduct building earthquake damage analysis. When
combined with earthquake field survey work, the resulting
information can be used as a valuable guide for assessments
of the seismic intensity based on damage extents and pri-
oritization of earthquake relief and disaster area re-
construction efforts. In addition, the obtained point cloud
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data provide important basic data for future building
damage process numerical simulations and analyses.
However, as the TLS-BSAM is a new model, it is still in the
experimental stage. The model proposed in the paper is
better used for buildings with structural or structural ele-
ment damage. Presently, because of the few sample data
points used in the experiments, the discriminant functions
cannot yet be widely applied to building damage analyses in
other areas. We plan on collecting more point cloud data for
earthquake-damaged buildings to validate and improve the
existing functions in the future, which would make them
more widely applicable.
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