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Abstract

The in-plane seismic performance of framed masonry wall
has been studied by many researchers all over the world,
whereas structures subject not only in-plane load but also out-
of-plane load simultaneously in actual events. This paper uti-
lizes three dimensional nonlinear finite element analysis tech-
niques to investigate the effect of out-of-plane load on the in-
plane seismic behavior of reinforced concrete (RC) framed ma-
sonry wall. The analytical results indicate that the pre-applied
out-of-plane loads alter the in-plane failure mode and reduce
the in-plane strength of the masonry infilled RC frame. When the
out-of-plane load is small enough, masonry wall fails in terms
of in-plane strut mode. With the increase of the out-of-plane
load, failure mode under in-plane load tends to become arching
failure mode.
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1 Introduction

Masonry walls are used widely in RC frame structures for
their flexibility in layout and economic. Reports on the fail-
ure of infilled RC frame structures observed under devastating
earthquakes occurred in various regions of the world (such as
Chi-Chi in 1999, Kocaeli in 1999, Central Peru in 2007, and
Sichuan China in 2008) revealed that ignoring the infill effects in
structural analyses may result in significant underestimation of
the effects induced by the expected seismic shakings. In-plane
failure and out-of-plane failure are the two main failure modes.
The in-plane seismic performance has been studied by many re-
searchers all over the world, whereas limited studies have con-
sidered the effect of the loadings in the out-of-plane direction
that often occurs in the realistic events [1]]. Angel [2] and Flana-
gan [3] are the rare examples which researched the bidirectional
behavior of infilled frame. The crack patterns of in-plane and
out-of-plane directions are quite similar as the ‘X’ style, which
can influence each other [2]. The interaction between in-plane
and out-of-plane loading is often ignored due to difficulties in
both experiments and theoretical modelling.

Many researchers utilized the finite element technique to
study the in-plane behavior of masonry infilled frame structures,
such as Liauw and Kwan [4], Lotfi and Shing [5}/6], Lourenco
[7], Lourenco and Rots [8l[9], Haris and Hortobagyi [10]. Seah
[11] developed a two-dimensional FE model for analysis of
infill-frames under in-plane loading. Lotfi and Shing [5] 6],
Mehrabi [12], and Stavridis and Shing [13] proposed and devel-
oped a masonry material model and an interface finite element.
The existing models are applicable to either in-plane or out-of-
plane loading, whereas in actual earthquakes they are applied at
the same time.

In this paper, on the platform of ABAQUS software, the
three dimensional separate finite element model with damage-
plasticity material models and the surface-based contact cohe-
sive interaction model, which can simulate the out-of-plane and
in-plane behavior of the framed masonry walls [14], is used to
investigate the effect of the prior out-of-plane load on the in-
plane behavior of masonry infilled RC frame.
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2 Finite Element Modelling Program

2.1 Design details of the model

Angel [2] conducted a series of experiments to investigate
out-of-plane strength of various unreinforced masonry infill
panels. Here specimen 1 is adopted to be the prototype struc-
ture for the numerical models. The dimensions and reinforce-
ment details for the frame are shown in Fig. [T} Some material
properties for concrete, masonry and steel are given in Table [T}

Tab. 1. Material property (MPa)

Material Property Value
Compressive strength 55
Concrete of frame Elastic modulus 28000
Tensile strength 2.05
Compressive strength 275
Concrete of base Elastic modulus 20000
Tensile strength 2.05
Compressive strength 115
Masonry Elastic modulus 7800
Tensile strength 0.3
#3 Yield strength 452
#4 Yield strength 457
Steel .
#5 Yield strength 488
#7 Yield strength 457
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Fig. 1. Dimensions and reinforcement details of the RC frame
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2.2 Finite element model

The masonry block is expanded with half layer of the bound-
ing mortar, and the interaction of different expanded blocks is
simulated by the surface-based adhesive contact model. Ex-
panded block is defined as combination block. The concrete and
combination block are modelled with linear 8-node, 3 dimen-
sional solid element. The reduced integration technique with
“average strain” kinematics split method is employed. The rein-
forcement is modeled with 2-node 3 dimensional truss elements,
and steel bars are “embedded” to the concrete element. Progres-
sive refinement of meshing size is conduced to obtain conver-
gent analysis results.

2.3 Material Modelling
The constitutive relation adopted for the combination block is
the one proposed by Angel [2] as the formula 1and 2.

o(e) = 1)
27fm (i5(3)8g,—1) 83 + 27 fm(l—2333£u) 82 + 750 fm8
Ecr Aety

Eer = 16 Emax (2)

Where, o~ and ¢ are the stress and strain, respectively. fy, is the
compressive strength of the masonry, and gnax are the crack and
maximum strains respectively.

The constitutive of the concrete provided by Chinese code
is adopted [15]. The ideal elastic-plastic model is chose as
the stress-strain relationship of the steels. The material model
adopted for concrete and combination block is the damage-
plasticity model for quasi-brittle material which has been im-
plemented in ABAQUS [14].

2.4 Contact property

The adopted interaction model between different blocks is
the surface-based cohesive contact model. The crack between
blocks can be modelled by the definition of the tension strength
and the soften behavior. The hard contact model is defined
for the compression between blocks. The two kind of shear
model are the cohesive model and friction model. Surfaced-
based cohesive contact model includes three parts: the linear
elastic traction-separation behavior, damage initiation criterion
and damage evolution criterion [14].

2.5 Verification of the FE method

The model was compared separately for in-plane and out-of-
plane responses as the behavior in the two orthogonal directions
have been widely studied. The validation of the modelling tech-
nique on the out-of-plane behavior of masonry infill wall can be
found in Zhai et al. [16]. The in-plane verification was presented
in Kong [17]. It is indicated that the present model can be used
confidently to predict the out-of-plane and in-plane behavior of
the structure including the capacity, stiffness and failure mode.

2.6 Loading patterns for numerical test models

Based on the presented physics structure and the finite ele-
ment modelling method, five different numerical tests, as shown
in Table [2} are conducted to investigate the effect of the prior
out-of-plane load on the in-plane behavior of masonry infilled
RC frame. The geometrical data and the material parameters ap-
plied in the FE tests can be found in Fig.[T]and Table[T} In each
analysis, boundary condition is setup as same as the experimen-
tal specimen [2]]. The base beam is fixed. The interface between
infill wall and RC frame, as well as the interface between difter-
ent masonry blocks are simulated through surface-based contact
pairs [14].

All structures components are first loaded with design grav-
ity loadings. \ertical load, 2411.5kPa, is then applied on the
top of each column of all the models and maintained constant
throughout the analysis to simulate vertical force from the upper
stories. In the following step the infill wall is loaded with mono-
tonically increasing out-of-plane pressure up to a constant value.
And the corresponding out-of-plane displacement at the centre
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of the wall is also shown in Table[2] In the final step nonlinear
pushover analysis is performed for each model in the in-plane
direction with displacement controlled loading. The monotoni-
cally increasing displacement controlled load is applied on the
left end of the RC beam. It is noted that the out-of-plane pressure
are maintained constant through the whole in-plane loading.

As presented in Table 2 Model 1 is the reference model,
which suffers the in-plane loading without pre-applied out-of-
plane pressure. The difference between the models is the mag-
nitude of the imposed out-of-plane pressure prior to the in-plane
loading.

Tab. 2. Out-of-plane load for each model

Model Out-of-plane Corresponding
load (kPa) displacement (mm)
Model 1 0 0
Model 2 15 4.5
Model 3 20 7.5
Model 4 25 13.1
Model 5 30 24.3

3 Analytical result

3.1 Strength and stiffness

The in-plane load and displacement bearing capacity of each
model is shown in Table[3] The in-plane displacement and load
resistance is significantly reduced. The last column is the dis-
placement at the center of the wall in the out-of-plane direction.
It shows the increase of the initial out-of-plane displacement as
shown in Table[3 This increase is attributed to the effect caused
by the in-plane loading.

The relationship curves of in-plane load and displacement for
all the models are plot in Fig.[2] It is obvious that all the models’
initial stiffness is almost as same as the reference model, Model
1. The largest difference between models is the peak in-plane
load and the ultimate in-plane displacement. The out-of-plane
deformation prevents the maximum in-plane load-carrying ca-
pacity of infill wall from developing fully. The cycle points
in the figure represent the infill panels’ collapse moment. The
curve of the bare frame is presented in the figure too. After the
masonry infill collapses, the in-plane load is carried only by RC
frame. Fig. [3|shows the relationship between in-plane load and
the out-of-plane displacement. It shows the effect explaining
the reason for the increasing of out-of-plane displacement. One
can see the fact that the in-plane capacity of Model 2~5 dropped
when the out-of-plane displacement reaches 50-60 mm.

3.2 Failure pattern

The failure patterns of all the analysed structures are shown
in Fig.[4] in which the colour from white to black expresses the
value of equivalent plastic volume strain (PEEQ). PEEQ is a
scalar, which is a measurement of plastic deformation of mate-
rial. For Model 1, the compressive equivalent plastic strain field

Tab. 3. Load and displacement bearing capacity of models

Model In-plane Ultimate in-plane displacement at the
strength (kN)  displacement (mm)  center of wall (mm)
Model 1 445.1 40 0.0
Model 2 351.2 245 100.0
Model 3 295.3 14.3 75.4
Model 4 183.9 10.3 100.0
Model 5 140.1 5.7 100.0
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Fig. 2. In-plane load-displacement relationship

is shown in Fig. [4(a). It is seen that the in-plane lateral load
is transferred through infill wall from the loading corner to the
opposite one. It is agree with the common adoption of diagonal
compressive-strut models to account for the effect of infill walls
on the strength and stiffness of infilled RC frame.

For Model 2 to Model 5, the predominant failure mechanism
shift from in-plane damage mode to out-of-plane collapse mode
and hence the failure is depended of the out-of-plane deforma-
tions as the pre-applied out-of-plane pressure increases. Thus
the load transformation path, diagonal compressive struts, in the
infill panels is cut off by the cracks at the centre of the wall. The
infill walls drop out before the in-plane maximum capacity is
reached. This explains the observation about the decrease of in-
plane strengths in the last section. So the in-plane capacity of the
infill wall cannot be exploited completely with the pre-applied
out-of-plane loading. However in the traditional research ac-
tivities, the effect of loadings in the perpendicular direction on
the in-plane capacity is often ignored. The conclusion without
considering this effect is not accurate.

4 Discussion

4.1 The interaction relationship between the loads in the

two directions

In-plane strengths for all the models are plot against pre-
applied out-of-plane pressure in Fig.[5 It can be seen that the
in-plane load capacity is significantly reduced with the increase
of pre-applied out-of-plane pressure. Calculated from Table [3]
the reductions in in-plane strengths of Model 2 to Model 5 are
21%, 34%, 59% and 69% respectively. In Fig.[5} a trilinear fit-
ting curve is proposed (Eqg. 3), where F, is the in-plane load in
kN and Fg is the out-of-plane load in kPa.

F| =486-5.93F¢ when Fo = (0~15) kPa

F| =574.2-11.52F ¢ when Fg = (15~30) kPa (3)
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Fig. 4. Deformation and strain distribution for models

F| =1838.1-53.90F¢ when Fo = (30~34) kPa

It should be noted that the results presented in Fig. 5] are spe-
cific to the configuration, geometry, and material properties of
the studied structure and are not intended to serve as a gener-
alized interaction relationship. Nevertheless, it is believed that
the presented computational study in this section demonstrates
a general framework for including the in-plane and out-of-plane
interaction in analyses involving masonry infill walls.
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Fig. 5. In-plane strength-out-of-plane load relationship

4.2 Multi-linear curves for infilled frame

The in-plane force-deformation behavior of infilled frame
structures is rather complex because of significant non-linear ac-
tivities, including cracking in infill panel even at initial stages
of loading leading to separation of infill from frame and some

reduction in lateral stiffness [18], subsequent yielding of rein-
forcement bars and cracking in RC frame members, and eventu-
ally failure in masonry infills or RC frames causing changes in
strength and stiffness properties throughout force-deformation
history. At higher stages of loading, masonry loses all its
strength and the strength of the infilled RC frame tends to reach
the lateral load capacity of the surrounding bare frame [19].
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Fig. 6. Examples of multi-linear model
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Fig. 7. The multi-linear normalization of the in-plane behavior of Models
under various out-of-plane loadings

Similar approaches to model masonry infilled RC frames,
such as the force-deformation relationship idealized using three
control points connected by four straight lines (Fig. [), have
been adopted by many researchers [18-23]]. However, those var-
ious macro approaches do not import the influence of the out-
of-plane loadings, which is unavoidable in the practical events.
Hence, in order to accurately capture the seismic behavior of the
infilled RC frame, the out-of-plane loadings should be consid-
ered in the in-plane force-deformation relationships. The anal-
ysed pre-peak curves in Fig. 2] are normalized to multi-linear
curves using the equivalent energy method, which are presented
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in Fig. [7] It is obvious that the masonry infill panels share a
great part of base shear force from the beginning until to their
collapses. As expected, the in-plane force-deformation relation-
ship is remarkably sensitive to the out-of-plane loadings. The
decreases in the in-plane strength, the corresponding deflect and
the consequence energy dissipation in the earthquake event can-
not be ignored in the seismic design and analysis.

5 Conclusions

A generic three-dimensional finite element model of RC
framed masonry infill wall has been constructed. A series num-
ber of analyses are conducted to study the effect of out-of-plane
loading on the in-plane behavior of RC framed masonry panel.

The out-of-plane loading can significantly influence the peak
strength in the in-plane loading direction and has no large effect
on the initial stiffness. The maximum reduction in strength can
be up to 69%.

Under in-plane loading, the pre-existence out-of-plane dis-
placement can be enlarged due to the effect. This causes the
failure mode shift from in-plane mode to out-of-plane collapse
mode. The crack damage at the centre of the wall cut the in-
clined strut resistance mechanism off. It is indicated that the
traditional compressive strut models cannot reflect the actual
damage patterns under loadings in the two directions. Thus it
is suggested that the effect of the out-of-plane loading cannot be
ignored in the seismic analysis of masonry infilled RC frames to
obtain a conservative and accurate conclusion.

The above comments can be considered as a motivation for a
further in-depth examination of the seismic response of masonry
infilled RC frames. The work in this paper is the preliminary
research. Particularly, the future research will be addressing
two aspects like a) developing a simplified modelling technol-
ogy, which can consider the out-of-plane loading, to investigate
the global behavior of the multi-storey multi-bay structure, b)
assessing the seismic displacement demand of the infilled RC
frame under the two directions loadings.
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