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Abstract—This study carried out comparative seismic
performance of reinforced concrete frames infilled by masonry walls
with different heights. Partial and fully infilled reinforced concrete
frames were modelled for the research objectives and the analysis
model for a bare reinforced concrete frame was also established for
comparison. Non-linear static analyses for the studied frames were
performed to investigate their structural behaviour under extreme
seismic loads and to find out their collapse mechanism. It was
observed from analysis results that the strengths of the partial infilled
reinforced concrete frames are increased and their dactylitis are
reduced, as infilled masonry walls are higher. Especially, reinforced
concrete frames with higher partial infilled masonry walls would
experience shear failures. Non-linear dynamic analyses using 10
earthquake records show that the bare and fully infilled reinforced
concrete frame present stable collapse mechanism while the
reinforced concrete frames with partially infilled masonry walls
collapse in more brittle manner due to short-column effects.

Keywords—Fully infilled RC frame, partially infilled RC frame,
masonry wall, short—column effects.

[. INTRODUCTION

NFILLED masonry walls have been long recognized as an

effective element that can resist to strong ground motion since

it provides additional stiffness and strength to a lateral force-
resisting system. The lateral force resisting mechanism of
reinforced concrete (RC) structures infilled by masonry walls is
complicate because of the interactions between RC members and
masonry infills [1], [2]. The seismic performance of RC framed
buildings infilled by masonry infills has been investigated and
started to initiate to be adopted in structural codes [3], [4]. The
paper evaluates the seismic performances of RC frames infilled
by masonry walls with different heights throughout non—linear
static and dynamic analyses. Also, the effects of infilled masonry
wall’s heights on the collapse mechanism of structures are studied
in detail.

II. NON-LINEAR STATIC ANALYSIS

A. Analytical Models

To observe interactions between a RC frame and masonry
infills, 2.66 m wide and 2.10 m tall structures introduced in [1],

[13] were considered as the prototype frames. In this study,
columns were designed with horizontal reinforcements spaced by
every 150 mm to simulate short—column effects.

As shown in Fig. 1, the ratios of infilled heights (H;) to the
story height (H;) were considered as a main analysis parameter
ranging from 0.0 to 1.0 with an interval of 0.25. It is noted that
Hoo and H, o frames, respectively, represent bare and fully infilled
frames and frames of Has, Hso and Hys are partially infilled frames
where subscriptions denote the percentile ratios.

The efforts to establish reliable macro—models have been
lasted for many decades. Modelling schemes for masonry infills
using diagonal struts, equivalent frames, equivalent panels and
finite elements have been suggested by researchers. Recently,
Equivalent strut models have been recognized as useful and
reliable tools to estimate seismic responses of infilled frames [5]—
(91, [15]-[18].

In this study, masonry walls of the prototype structures were
modelled using a modelling scheme proposed by [8], [9]. As
shown in Figs. 2 (a), (b), the scheme is to use both equivalent
struts and equivalent panels for diagonal compression and shear
sliding of masonry infills. RC members of the structures were
modelled using frame elements.

The flexural behaviour of RC members was evaluated from
Response2000 [10] and the shear behaviour of RC members was
evaluated to capture short—column effects from FEMA-356 [7].
Parameters required for the hysteresis of masonry walls were
referred to [1], [6] and [7]. A computer software, Ruaumoko2D
[11] was used for non—linear analyses.
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Fig. 1 Configuration of prototype frames
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Fig. 2 Modeling scheme proposed by Crisafulli [1]

B. Non—Linear Static Analyses
The collapse mechanism of the prototype structures has been
investigated using non—linear static analyses. As shown in Fig.
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Fig. 3 Comparisons of push—over analysis results

3 and Table I, the increase in the ratio of Hi/H; increases maximum base shear, V. while it decreases the maximum story drift, Amax.
However, the prototype structure, Hjoo develops the largest loading carrying capacity with largest deformation capacity.

From important events shown in Fig. 3 and Table I, the
prototype structures of Hop and Has collapse in the flexural

failure mechanism observed in typical RC frames while other

structures of Hso and H7s fracture in brittle manner due to

contrast to the partial infilled frames, the fully infilled frame of H oo
shows most stable behavior.

Cyclic push—over analyses were performed to investigate their
collapse mechanisms and to confirm reliabilities of analytical
models under dynamic loadings. A loading pattern used in the
experiments tested by Crisafulli [1] is imposed to the analysis
models. The cyclic responses of the models are

different with those obtained from monotonic loading. Their

deformation capacities assessed by the cyclic push—over analyses are
generally overestimated except for the analysis

the cyclic response is enveloped by the monotonic behaviour. Figs.
4 (a)—(e) present the cyclic push-over analysis results. As shown in
the figures, the model structures of Hyo and Hzs show ductile collapse
mechanism due to flexural failures of RC members while other
structures of Hsyp and Hys show brittle collapse mechanism due to
short—column effects resulting from the shear failure of RC column
members. Especially, the model structure of H7s with a relatively
high masonry infill shows fatal failures of RC columns.
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Fig. 4 Cyclic push—over analysis results

TABLE1
RECORDS OF PUSH-OVER ANALYSIS
Descriptions
Records
Hyo Has Hso Hys Hioo
Right column yielded Right column yielded Panel sliding & Struts crushed Panel sliding Panel sliding
Left column yielded Left column yielded Right column yielded Left column failed for Struts crushed

short—column effects
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Degradation of right
columns starts

Degradation of right
columns starts

Right column failed Right column failed
Vimax 18.2kN 24.3kN
Amax 1.15% 0.96%

Left column yielded - -

Degradation of right columns starts - -

Right column failed - -
38.1kN 44.9kN 80.2kN
0.71% 0.15% 2.00%

Such brittle mode behaviour is more clearly presented as the
partial masonry infills are getting higher. From these
observations, the introduction of the capacity design concept is
required for the design of RC columns unbraced by a partial
masonry infill in order to prevent brittle failure modes. Sufficient
shear reinforcements are designed so that the flexural dominant
behaviour is governed. Unlike the bare RC frame and the partially
infilled RC frames, the fully infilled frame of Hi¢o shows the most
ductile behaviour under cyclic loading.

III. NON-LINEAR DYNAMIC ANALYSIS

Non-linear dynamic analyses using 10 historical strong ground
motion records were carried out to investigate the seismic
response of the prototype structures. A suite of 10 far—field
records consist of No. 1 to 10 records out of 44 records introduced
in FEMA—-P695 [12], [14]. The records were normalized to
remove unwarranted variability and were then scaled to the
design spectrum with Sps=1.0g and Sp;=0.6g representing
design-based earthquakes (DBEs). For the comparison of seismic
responses of the prototype structures under maximum considered
earthquakes (MCEs), the spectrum with Sys=1.5g and Sm=0.9g
was also used to calibrate the records.

TABLE 11
MEDIAN STORY DRIFT RATIOS OBTAINED FROM DYNAMIC ANALYSES

Prototype Structures

Hoo Hos Hso Hs Hioo
A'max.pBe 0.43% 0.29% 0.15% 0.12% 0.02%
Apaxmce  0.72% 0.44% 0.28% 0.16% 0.07%

Median values of maximums story drift ratios (A’ max, pse, and
A max, Mmcg) of the prototype structures under both DBEs and
MCEs are listed in Table II. Under both DBEs and MCEs, the
structure of Hoo shows the largest median value of A" ax While the
smallest is developed in the structure of Higo. The increase in the
height of masonry walls decreases the seismic deformation
demands. This is due to the fact that the masonry walls improve
the lateral resistance of the frame. The increase in the lateral
stiffness due to the presence of the masonry walls presents
negligible effects on the seismic demands because the prototype
structures considered in this study are in the acceleration constant
region.

Although median story drifts provide important information on
the seismic response of brittle structures under strong ground
motion, the number of collapse is also an important criterion since
story drifts of collapse structures are considered as an outlier in a
statistic point of view. Under the DBE seismic hazard level, it is

noted that there is no earthquake where the structures of Hzs, Hso
and Hjo collapse while the Hop and H7s structures collapse in one
and five earthquakes, respectively. Under the MCE seismic
hazard level, there are five earthquakes making the structures of
Hoo and Hjs to collapse while the Hsp and Hys structures collapse
in seven earthquakes. Unlike the observation that the RC frames
with higher masonry infills present better seismic story drift
response, the bare RC frame and the lower masonry infilled RC
frame have small collapse probabilities because of their more
ductile seismic response. As expected, the fully infilled frame of
Higo presents the smallest probability that it suffers the collapse
under a single earthquake out of 10 records.

In order to investigate the seismic response of the prototype
masonry infilled RC frames in detail, the results of time history
analyses under the Hector Mine earthquake event calibrated to
the MCE seismic hazard level are presented in Figs. 5 (a)—(e). As
shown in the figures, the structure of Hgo suffers structural
damage without collapse while the H,s frame experiences
negligible structural damage. The partial infilled frames of Hso
and Hys are seismically collapsed in a brittle manner. The Hs and
H7s frames totally lost their lateral load resistances after they
reach to very small story drift demands. The structure of Higo
seismically behaves in stable manner. Furthermore, it is noted
that the structure of Hoo has residual displacements while there is
no residual displacements observed in the structures of
H2s and Hioo.
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Fig. 5 Comparison of time history analysis results

IV. CONCLUSIONS

The paper evaluates the seismic performances of RC frames
infilled by masonry walls with different heights throughout non—
linear static and dynamic analyses. In non—linear static analyses,
collapse capacities and collapse mechanism of the prototype
structures have been investigated. In non-linear dynamic
analyses, seismic responses under both DBE and MCE seismic
hazard levels have been compared. The significant observations
are summarized as follows:

(1) Non-linear static analyses of the prototype structures present
that maximum base shear forces of the structures, Has, Hso,
H7s, and Hig are, respectively, 1.34, 2.09, 2.47, and 4.41
times as much as that of the structure, Hoo. In contrast,
maximum roof drift of the H,s, Hso, H7s, and Hjgo structures
are 0.83, 0.62, 0.13, and 1.74 times as much as that of the
Hoo structure, respectively.

(2) While the collapse mechanism of the structure, Hos is similar
to the flexural failure mechanism of the Hoo structure, the
structure of Hss collapses in a brittle manner due to short—
column effects.

(3) From non-linear dynamic analyses, the median story drift of
the Hys structure under the DBE level seismic hazard is 0.67
times as much as that of the Hyo structure while the drift of
the Hys structure under the MCE hazard level is 0.61 times
as much as that of the Hoo structure.

(4) From the dynamic analyses, the median story drift of the Hys
structure under DBE level seismic hazard is 0.80 times as
much as that of the Hso structure while the drift of the Hs
structure under the MCE hazard is 0.57 times as much as that
of the Hs structure.

(5) The structures of Has, Hsp and Higo do not collapsed under
DBEs. However, the Hyy and Hys structures, respectively,
have 10% and 50% collapse probabilities with the same
seismic hazard.

(6) The structures of Hopo and Hys have 50% collapse
probabilities under MCEs while the structures of Hs and Hs
have 70% collapse probabilities under MCEs. In contrast,
fully infilled frame of Hioo has only 10% collapse probability
with the same seismic hazard.
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