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Infill walls are the most common separator panels in typical reinforced-concrete (RC) frame structures. It is crucial to investigate
the influence of the infill walls on the earthquake behavior of RC frames. The load resistance of infill materials was often not taken
into account in the designing phase, whereas the infill walls have significant contributions to the structural behavior under lateral
and vertical loadings. A three-dimensional 4-story RC building is designed, and in order to make a realistic model, different infill
walls configurations were taken into account with the openings in the infill. Four different models were created for structural
analysis for infill wall effects, namely, full RC infilled frame (Model I), corner infill at ground story RC infilled frame (Model II),
open ground story RC infilled frame (Model III), and bare RC frame (Model IV). Static adaptive pushover analysis has been
performed for all structural models by using the SeismoStruct software. The double strut nonlinear cyclic model was used for
modeling the infill walls. In this study, three different compressive strengths of infill walls are taken into consideration, and the
effects on seismic design factors (namely, the response reduction factor, the ductility, the overstrength factor, and the deflection
factor) are calculated. The obtained values of the response reduction factor (R) are compared with the given values in the BIS code.
The results show that the R factors of all RC infilled frames are decreased when the compressive strength of the masonry infill
reduces. However, the R values of bare frames are less than the corresponding values recommended in the BIS code. It is worth
noting that the National Earthquake Hazards Reduction Program (NEHRP) provisions underestimate the deflection factors of the
reinforced-concrete (RC) frames according to the evaluated deflection factors of the herein studied RC frames.

1. Introduction

In developing countries, the model of multilevel reinforced-
concrete (RC) frames with infill walls is the most popular
type used in housing and business constructions [1, 2]. In
general, only the weight of the infill wall materials is taken
into consideration, and the other strength parameters are
ignored. The structural behavior of such frames considerably
depends on the dynamic characteristics, including stiffness,
bearing capacity, period, and damping level of the related

infill walls loaded laterally and vertically [3-6]. Out-of-plane
and in-plane infill walls damage are commonly seen after
destructive earthquakes [7, 8]. Therefore, the response of RC
structures with masonry infill walls under the impact of
earthquakes is worth calculating [9-11]. The infill wall
damage in RC structures after the earthquake also reveals the
importance of this issue [12-14]. Therefore, the “frame-
infill” interaction in earthquake-prone areas is one of the
most important parameters in RC structures. In this context,
a great deal of research work has been done on the infill in
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RC frames as a result of improvement in computational and
experimental methods [15-18]. In these studies, the effects of
different parameters on infill were examined. The response
reduction coefficient is one of these parameters.

The earthquake behavior of a 5-story RC existing
building in the city of Madinah due to the different infill
configurations in the frames was presented by Alguhane
et al. [19]. In that study, structural analyses were performed
using four different infill wall models according to ASCE 41-
06 [20]. They evaluated the response modulation coefficient
from the capacity design spectra for all structural models.
The authors concluded that the response modification co-
efficient of the bare frame did not meet the Saudi Building
Code (SBC 301) requirement. However, with the inclusion of
infill in the frames, the response modification coefficient and
the overstrength factor increased and met the code re-
quirement [19]. The evaluation of the response reduction
coeflicient of a 5-story RC structure for different earthquake
zones by considering the nonductile and ductile detailing
design provisions was performed by Goud and Pra-
deepkumar [21]. These authors concluded that the R value
given by the Indian code is more conservative. The R values
for zone II and zone III are on the safe side, and zone IV and
V are closer to the assumed value of R. The member sizes also
affect the R factor values of structures [21]. A study on
establishing the response reduction coefficient (R) and
displacement amplification factors (Cy) for buildings with
seismic design codes was made by Uang [22]. That author
derived the expression of response reduction factor and
displacement amplification factor used in the provisions of
the National Earthquake Hazards Reduction Program
(NEHRP) [23]. Both these factors depend on the structural
overstrength factor and ductility factor. In NEHRP provi-
sions, the C4/R ratio is also recommended, and it is totally
dependent on the structural ductility factor only. The effect
of damping is generally counted in the ductility reduction
coefficient. It was concluded that the values of R and Cy4
recommended by NEHRP are not consistent with various
structural systems, and these values should be reevaluated in
a more rational manner [22]. Shendkar and Pradeepkumar
[24] presented the numerical simulation of RC frames with
unreinforced masonry (URM) and semi-interlocked ma-
sonry (SIM). For this purpose, seven structural models by
different infill configurations were used for numerical an-
alyses. The pushover analysis was used for the calculation of
the response reduction coefficient by using the SeismoStruct
software. The R values were lower in the RC-URM panel
frame as compared to the RC-SIM panel frame because the
SIM panels show behavior as energy dissipating equipment
according to their geometrical shapes. Thus, the R factor is
also susceptible to the geometrical and material character-
istics [24].

Generally, seismic design codes incorporate the non-
linearity present in the structure by the response reduction
factor (R). This R factor decreases the elastic to the inelastic
response. The R factor, which differs according to the codes
of different countries, has taken names such as “response
reduction factor,” “response modification coeflicient,” “be-
havior factor,” and “response reduction coefficient.” The
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Bureau of Indian Standard (BIS) code does not give any
specific explanation on different issues like the effect of infill
wall consideration (with and without openings), structural
and geometrical configuration, and irregularities. There is
also a need to study the effect of the compressive strength of
infill on the major seismic parameters of different structures.

In this research, the following objectives are undertaken:

(i) Finding the realistic response reduction factor and
deflection factor of RC infilled frames for different
infill configurations along with the opening in infill
walls, by using the adaptive pushover analysis, and
comparing them with the values recommended by
the BIS code and NEHRP provisions.

(ii) Computing the influence of compressive strength of
masonry infill on the actual response reduction
factor and deflection factor of different RC frames.

(iii) Evaluating the performance point of the different
structures and its correlation with the response
reduction factor.

(iv) Identifying the actual damage pattern of different
RC infilled frames based on the material strain limit
approach.

2. Methodology

2.1. Adaptive Pushover Analysis. Pushover analysis is widely
used to control the nonlinear response of structures [25, 26],
and it is one of the effective analysis types for nonlinear
dynamic analysis of buildings under earthquake impact. One
of the limitations of such approaches in tall buildings is that
the effect of high modes is ignored. Therefore, it is suggested
by Kalkan and Kunnath [27] and Gupta and Kunnath [28]
that higher mode effects should be taken into account by
adaptive pushover procedures involving changes in dynamic
characteristics like frequency and time period. The adaptive
pushover analysis was used herein in all structural models.
The adaptive pushover analysis, which is applied to the
estimation of the horizontal capacity of any building, takes
full account of the influence of the latter’s deformation and
input motion frequency content on the dynamic response
characteristics. The participation factors and mode shapes
obtained from the results of the eigenvalue analysis are taken
into account at each step during the adaptive pushover
analysis. The types of load control used in adaptive pushover
analysis are similar to conventional pushover analysis
[29-32]. The shape of the loading vector in this analysis is
automatically defined and updated at each step of analysis
[33]. In this study, for spectral amplification, the time-
history record of the Chi-Chi earthquake (place: Taiwan,
date: 20 September 1999, source: PEER database [34]) was
considered. The flowchart of the adaptive pushover analysis
is shown in Figure 1 [30, 35] for this analysis type.

2.2. Response Reduction Factor (R). The nonlinear response
of a building under earthquake impact via a response re-
duction factor (R) is included in many current seismic
design codes [36, 37]. The response reduction factor is
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FiGure 1: Flowchart of an adaptive pushover analysis.
defined as the ratio of elastic strength to inelastic design v Elastic Strength
strength. Three main factors, such as overstrength, redun- T S ]
dancy, and ductility factors, affect the R factor (ATC 19) 5 Idealized Envelope ,/ Ra=Ve/Vy
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BIS code (IS 1893 (Part 1): 2016 [39]): | |
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The relationship between these three factors is shown in
Figure 2 [36].

The recommended values by the IS 1893 (Part 1): 2016
[39] for the response reduction factor are given in Table 1.

The ductility reduction factor is basically related to the
fundamental period and ductility of any building. The
displacement ductility (u) is identified as the ratio of
maximum displacement (A,,,) to the yield displacement
(4,). The maximum displacement corresponds to peak
base shear, and the yield displacement is obtained via the
reduced stiffness approach [40]. The ductility reduction
factor is calculated based on the Newmark and Hall theory
[41]. The overstrength factor measures the reserved
strength present in a building. In this study, the redun-
dancy factor is taken into consideration with the over-
strength factor.

2.3. Deflection Amplification Factor (C4). The deflection
amplification factor is used to calculate the maximum in-
elastic displacement according to NEHRP [23], as shown in
Figure 3 [42].

The deflection amplification factor C4 can be expressed
as by Uang [22] as follows:

Cd =uXx Ro' (3)

Top Displacement

FIGURE 2: The relationship between R, R;, and R, factors.

TaBLE 1: Response reduction factor by 1S1893 (Part 1): 2016 [39].
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FIGURE 3: Inelastic behavior on seismic response.

In addition,

A=A xCy, (4)



where A, is the maximum inelastic deflection and A is the
deflection computed from the elastic static analysis of
structure. In seismic design, it is important to calculate the
maximum inelastic displacement due to many reasons,
including the following:

(a) Evaluating the minimum building separation dis-
tance to avoid pounding effect.

(b) Evaluating the maximum story drift.

(c) Checking the deformation capacity of the critical
structural members.

The suggested values for deflection amplification factor
in NEHRP [23] are given in Table 2. Note that, in this study,
the calculated deflection factor is based on (2).

2.4. Performance Point. In this study, the performance point
is calculated according to the displacement coefficient
method. This approach employs a direct numerical opera-
tion to calculate the expected displacement of the structures
under earthquake impact. It is an approach that does not
need to transform the capacity curve into spectral coordi-
nates. Performance point is also called target displacement.
The target displacement for structural models is calculated
according to ASCE 41-06 [20].

T 2
S, = C0C1C28a4—;2 9 (5)

where &, is the target displacement; C, is the modification
factor calculated from displacements of the building such as
the roof displacement and the spectral displacement of an
equivalent (SDOF) system; C; is also a factor for modifi-
cation that is used to relate the expected maximum inelastic
displacement to the calculated displacement for the linear
elastic response; C, is also a modification factor corre-
sponding to the impact of strength deterioration, cyclic
stiffness degradation, and pinched hysteresis shape on the
peak displacement response; S, is the response spectra ac-
celeration; T, is the effective fundamental period; and g is the
gravity acceleration. These modification factors are calcu-
lated from Table 3-2 in ASCE 41-06. The calculation of C,
and C, is given in (6a)-(6¢) as follows:

C =1 +—aT§ 9 (6a)
2
1 (R-1
C,=1+— , 6b
2 +800( Tg) (6b)
S
R=—"2"_C,
VW (6c)

where «a is the site class factor that can be determined
according to 3.3.3.3.2 of ASCE 41-06; T, is the effective
fundamental period; Vy is the strength at yield point; W is
the total seismic weight of building; C,,, is the effective mass
factor obtained from Table 3-1 in ASCE 41-06; and R is a
ratio calculated from two parameters such as the yield
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strength coefficient and the demand elastic strength. The
parameter S, is expressed as

S, = SxSKi—2)1+O.4],for0<T<T0,

Bl Ts
Sss
Sa=p> forTo<T<T, (7)
1
S
S, = (BT;“)’ forT>T,,

where T is the characteristic period of the response spectra,
Sxs is a parameter that indicates design short-period spectral
response acceleration at 0.2sec; Sy; is a parameter that
expresses design spectral response acceleration at 1sec; T'is
an effective fundamental period; and T is the period cor-
related with the variable acceleration segment of the spectra.
T, and T, expressions are given as per ASCE 41-06.

T, = = (8a)

T, = 0.2T,. (8b)

The parameters Sy, and Sy; can be calculated as per
Tables 1-6, ASCE 41-06. In the present study, we considered
the moderate seismicity region (Sys=0.48 and Sy; =0.18).
The value for B, can be calculated from the following
equation:

4

B = 56— n(100B)T

(9)
where B is the effective viscous damping. According to clause
1.6.1.5.3 of ASCE 41-06, B is 0.05.

As per clause 3.3.3.2.1 of ASCE 41-06, the general re-
quirement is to take 150% of the target displacement (J,)
which is meant to encourage engineers to investigate the
building performance and behavior of the model under
extreme load conditions.

3. Model Description

A 4-story RC symmetrical sample building model with 3 bay
frames in both directions was considered as a reference
structural model in this study. The story height was selected as
3 m for all stories in the sample model. The seismic zone was
accepted as the 4th zone for the RC building model selected as
an example in this study. All structural models were produced
by the authors through the SeismoStruct. Four different
structural models were created, namely, Model I (full RC
infilled frame in both directions), Model II (corner infill at
ground story RC infilled frame in both directions), Model III
(open ground story RC infilled frame in both directions), and
Model IV (bare frame in both directions). The plan of the
building and the 3D structural models are given in Figure 4.
These different models allow the comparison of the perfor-
mance of RC frame structures for different infill configura-
tions to make realistic, practical models.
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TABLE 2:

Lateral load-resisting system of RC frames

Deflection amplification factor in NEHRP [23].

Special moment-resisting frame
Ordinary moment-resisting frame

R factor Deflection amplification Deflection factor
factor (Cy =% R,) (DF = C,/R = u/R,)
8 5.5 0.69
3 2.5 0.83

X LA
1% 4

I

\WaYA"
‘, ;v ™
Ars.

FIGURE 4: Structural models in this study: (a) plan of the building; (b) Model I; (c) Model II; (d) Model III; (e¢) Model IV.

The detailed information about the material and sec-

tional properties that were considered in the structural
analyses is given in Table 3.

The cross-sections of columns and beams for structural

models are given in Figure 5, and detailed information about
cross-sections is given in Table 4.
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TaBLE 3: Material and sectional properties of models for structural analyses.

Type of structure

Special moment-resisting frames

Number of stories

Seismic zone

Story height

Bay length

Infill wall thickness

Compressive strengths of masonry infill (f,,)
Young’s modulus of masonry infill
Type of soil

Column size (mm)

Beam size (mm)

Slab depth (mm)

Live load (kN/m?)

Material

Damping in structure

Importance factor

4
v
3m
4m along the X direction and Y direction
230 mm
5MPa, 4 MPa, 3 MPa

2750 MPa, 2200 MPa, 1650 MPa (taken as 550 times f;,, as per IS 1893 (part 1):2016)

Medium stiff soil
300 x 450
250 x 450

150
3

M 25 grade concrete and Fe 415 reinforcement

5%
1.5

TABLE 4: Detailed information about column and beam cross-sections of the building.

Element Size (mm) Main reinforcement Shear reinforcement
All columns 300 x 450 4¢16 at corners and 2¢16 on the longer sides $8/100
All beams 250 % 400 2¢16 at the top as well as at the bottom $8/100
(a) (b)
FIGURE 5: Cross-sections of columns and beams.
The infill walls are modeled as infill panel elements Wy, = (1-2.5A,)W,, (10)

(inelastic) [43] in all structural models. In this study, three
different values of the compressive strength of masonry
infill are considered, namely, 5 MPa, 4 MPa, and 3 MPa,
and their impact on the R values of the four different
structural models is evaluated. This infill element was
developed by Crisafulli [43], and it is characterized by four
axial struts and two shear springs, as shown in Figure 6
[43]. The infill panel element separately accounts for shear
and compressive behavior of masonry infill and ade-
quately represents the hysteretic response; it shows a high
level of accuracy. This model is also known as the “double
strut nonlinear cyclic model” [43].

The presence of an opening in the infill will directly affect
the structural integrity of structures, and the effect can be
incorporated by minimizing the width of the diagonal strut.
The stiffness reduction factor to consider the opening effect
in infill in the numerical modeling is given by

where A, is the ratio of opening area to the overall area, i.e.,
face area of infill. Equation (10) is valid for opening in walls
greater than 5% and less than 40% [21]. In this study,
opening in infill is considered as 1.2mx1.2mand Imx 1 m
(total opening area=2.44 m?), which means that approxi-
mately 20% of the opening area is considered in the infill.

4. Results and Discussion

In this study, the effect of infill walls was investigated for four
different structural models through static adaptive pushover
analysis. The strength, ductility, and R factors were obtained
from adaptive pushover analysis curves. The comparison of
pushover curves for all structural models is given in Figure 7.
These pushover curves are represented for the 5MPa
compressive strength of the infill wall. It is understood that
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FIGURE 6: Inelastic infill panel element (developed by Crisafulli [43]).
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FiGure 7: Comparison of pushover curves from all structural models.

RC infilled frames have maximum capacity compared to
bare frames due to the effect of infill in the seismically active
zone.

4.1. Base Shear. The comparison of the base shear for all
structural models in both (X and Y) directions for different
strength of infill is given in Figure 8. The base shear was
lower in bare frames than in full RC infilled frames. There isa
minor change in the base shear for the different structural
models in both directions due to the symmetry of the
building model. Average 114.45%, 104.21%, and 100.29%
base shear increase were obtained in the fully infilled RC
frame as compared to the corner infill at ground RC infilled
frames for 5, 4, and 3 MPa compressive strength of infill,
respectively. Similarly, in the case of the corner infill at
ground RC infilled frame and the open ground story (i.e.,
soft story RC infilled frame), there is an average base shear
variation of 119.19%, 113.69%, and 107.73% for 5, 4, and
3 MPa, respectively. Additionally, the base shear increased

by an average of 23.02%, 22.96%, and 22.73% in the open
ground story (i.e., soft story) RC infilled frames as compared
to the bare frames for 5, 4, and 3 MPa, respectively.

The comparison of the seismic design factors for all
structural models for three different values of the com-
pressive strength of the infill is given in Table 5.

As per Table 5, the ductility obtained is higher for the open
ground story RC infilled frame and the corner infill at ground
story RC infilled frame as compared to all other frames because
infill panels are absent at the ground level. The ductility in-
creases in the open ground story RC infilled frames by an
average of 19.57%, 13.76%, and 11.31% as compared to the bare
frames for compressive strength of infill 5, 4, and 3 MPa, re-
spectively, because of the absence of the infill panel at ground
level; furthermore, the initial stiffness of the open ground story
RC infilled frame is higher than that of the bare frame. Thus,
the yield point of the open ground floor RC infilled frame is less
than that of the bare frame.

The ductility reduction (Rd) factor values are calculated
on the basis of the time period and ductility. The ductility
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FiGure 8: Comparison of base shear from all structural models.

reduction factor increases in the corner infill at ground RC
infilled frames by an average of 2.85% as compared to the
open ground story RC infilled frames for 5 MPa compressive
strength of the infill. In addition, the Rd increases in the open
ground story RC infilled frames by an average of 3.45% and
38.93%, as compared to the corner infill at ground RC
infilled frames for 4 and 3 MPa (compressive strength of
infill). In the case of the bare frame, the ductility reduction
factor is the same as the ductility because the bare frame
behaves as a long-period structure.

The obtained overstrength factor values are higher for
the full RC infilled frame as compared to all other frames
because more infill panels are present in that frame. The
overstrength factor increases by an average of 119.39%,
113.85%, and 107.39% in the corner infill at ground RC
infilled frames as compared to the open ground story (i.e.,
the soft story) RC infilled frame for 5, 4, and 3 MPa
(compressive strength of infill), respectively, due to the
greater number of infill panels at a ground story. In the case
of the open ground story RC infilled frame and the bare
frame, there is an average overstrength factor variation of
23.36% for 5, 4, and 3 MPa (compressive strength of infill)
due to the soft story effect, and the failure of members at a
ground story is also more in the case of the open ground
story RC infilled frame as compared to the bare frame.

The comparison of the R factors for all structural models
is given in Table 5. The obtained response reduction factor
(R) is higher for the full RC infilled frame than that of all
other structural models. Since the R factor is more depen-
dent on the overstrength factor, the behavior of these two
factors is obtained quite similarly for all frames. The R factor
was increased in the full RC infilled frames as compared to
the corner infill at ground RC infilled frames by an average of
37.23%, 48.29%, and 75.97% for 5, 4, and 3 MPa (com-
pressive strength of infill), respectively. The R factor is less in
the open ground story RC infilled frame and the bare frame
as compared to all other frames, so these frames are highly

vulnerable to the seismic action as compared to other
frames. The R values for the full RC infilled frames are
slightly decreased as the compressive strength of the infill is
reduced. In the case of the corner infill at ground RC infilled
frames, the R values slightly decrease more as compared to
the full RC infilled frames when the compressive strength of
infill reduces. The deflection factors for all structural models
are almost more than the value 1.

4.2. Time Period. Figure 9 shows the time period of different
structural models. The time period of the bare frame is more
as compared to all others due to the absence of infill in the
structure. The full RC infilled frame shows the minimum time
period as compared to other models. Moreover, as per the
compressive strength of infill, the 3 MPa RC infilled frame has
more time period than the other RC infilled frames (i.e., the
4MPa and 5MPa RC infilled frames) due to the smaller
compressive strength of infill present in these structures.

4.3. Performance Point. Table 6 shows the average per-
formance point (in X and Y direction) of all four RC
models, along with the different compressive strength of
infill (i.e., 5MPa, 4 MPa, and 3 MPa). Full RC infilled
frame and corner infill at ground story RC infilled frame
are showing the minimum performance point as com-
pared to the other two models due to the presence of
maximum infill in the RC frame. On the other hand, the
bare frame and open ground story RC infilled frame are
showing the maximum performance point as compared to
others due to less infill present in these RC frames.
Furthermore, as the compressive strength of the infill
increases, the performance point of the structure de-
creases because the infill plays an important role in en-
hancing the stiffness and strength of the structure. In
general, the performance point of the structure should be
minimal to get a good seismic response.
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FIGURE 9: Comparison of the time period from all structural models.

TaBLE 6: Comparison of the performance point for all structural models.

Frame system

Average performance point (mm)

Compressive strength of infill (MPa)

5 4 3
Bare frame 76.83 76.83 76.83
Open ground story RC infilled frame 76.33 77.1 77.98
Corner infill at ground story RC infilled frame 39.3 41.52 42.07
Full RC infilled frame 8.31 15.79 22.78

4.4. R Factor versus Performance Point. Figure 10 shows the
R factor versus performance point relationship for all
structural models. As per Figure 10, as the compressive
strength of the infill decreases, the performance point of
structure increases, while the response reduction factor
decreases. In the case of the full RC infilled frame, the
behavior of points is almost linear as the compressive
strength decreases due to regularity in the structure; on the
other hand, in the case of the corner infill at ground RC
infilled frame, there is a sudden drop-down in the behavior
of points as the compressive strength decreases due to some
irregular stiffness present in the structure. In addition, in
the case of the open ground story RC infilled frame, the
points are very close to each other, which means there is no
significant effect on the structure as the compressive
strength of infill decreases because of the drastic change in
the stiffness of the structure. The bare frame shows a higher
performance point as compared to other models because
the infill is absent in this frame. Generally, the response
reduction factor of the structure should be high to obtain
good stiffness, strength, and ductility in the structure, so
based on the observation, as the performance point of the
structure decreases, the response reduction factor
increases.

4.5. Damage Pattern. In this study, the damage patterns of
all structural models were also compared. For this purpose,
the performance criteria based on the material strain are

R-factor vs Performance Point

6 *
|

5 . oA

4 x
S X
é 3 ®
o~

*
1 B
0 1 1 1 1 1 1 1 1 5
0 10 20 30 40 50 60 70 80 90

Performance Point (mm)

Full RC infilled frame (5 MPa)

Full RC infilled frame (4 MPa)

Full RC infilled frame (3 MPa)

Corner infill at ground RC infilled frame (5 MPa)
Corner infill at ground RC infilled frame (4 MPa)
Corner infill at ground RC infilled frame (3 MPa)
Open ground story RC infilled frame (5 MPa)
Open ground story RC infilled frame (4 MPa)
Open ground story RC infilled frame (3 MPa)

—+— Bare frame

SEEEEERE

FIGURE 10: R factor versus performance point graph for all
structural models.

used herein as follows: (i) unconfined concrete’s crushing
strain limit: 0.0035, (ii) confined concrete’s crushing strain
limit: 0.008, (iii) yield strain limit for structural steel: 0.0025,
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FIGURE 11: Damage patterns for the bare frame.
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FIGURE 12: Damage in open ground story RC infilled frame for different values of the compressive strength of infill: (a) 5 MPa; (b) 4 MPa;
(c) 3MPa.
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FI1GURE 13: Damage pattern of the corner infill at ground RC infilled frame for different values of the compressive strength of infill: (a) 5 MPa;

(b) 4 MPa; (c) 3 MPa.

and (iv) fracture strain limit for steel: 0.06 [44-47]. The
values of the damage pattern for Model IV (bare frame) are
given in Figure 11.

The first yield of the reinforcement has occurred at a
base shear of 960.82 kN and displacement of 64 mm. This
yield displacement is more as compared to all other frames
because of the low stiffness in the bare frame. The “first
crushed unconfined concrete” (i.e., spalling of concrete
cover) occurred at base shear of 1217.58 kN and dis-
placement of 128 mm; the “first crushed confined con-
crete” (i.e., of the core portion of concrete) occurred at
970.66 kN base shear force and 240 mm displacement; and
the first fracture occurred at 699.82kN base shear and
336 mm displacement; i.e., the bare frame goes up to its
ultimate stage.

The damage patterns for the open ground story RC
infilled frame for different compressive strengths of the infill
are given in Figure 12. The first yield point for reinforcement
occurred at base shear of 1442.81 kN and displacement of
28.67 mm for infill compressive strength of 5 MPa. This yield

displacement is less as compared to the bare frame because
of the high stiffness in the open ground story frame as
compared to the bare frame. The first crushed unconfined
concrete (i.e., spalling of concrete cover) occurred at base
shear of 1505.64kN and displacement of 43 mm; the first
crushed confined concrete (i.e., the core portion of concrete)
occurred at base shear of 1145.06 kN and displacement of
129 mm; and the first fracture occurred at base shear of
549.19 kN when the displacement reached 358.33 mm. The
damage for the RC frames starts early for the case of 3 MPa
compressive strength of infill as compared to other values of
compressive strength of infill.

The damage patterns for the corner infill at the ground
RC infilled frame of different values of compressive strength
of infill are given in Figure 13. The first yield of rein-
forcement occurred at a base shear of 2694.10 kN when the
displacement had reached 26.67 mm. This yield displace-
ment is less as compared to all other frames because of the
high stiffness, and so it gives more ductility. The first crushed
unconfined concrete (i.e., spalling of concrete cover)
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FIGURE 14: Damage pattern of the full RC infilled frame for different values of the compressive strength of infill: (a) 5 MPa; (b) 4 MPa;

(c) 3MPa.

occurred at a base shear of 3125kN and the displacement
had reached 53.33 mm,; the first crushed confined concrete
(i.e., the core portion of concrete) occurred at a base shear of
2482.32 kN when the displacement had reached 133.33 mmy;
finally, the first fracture occurred at a base shear of
1542.39 kN when the displacement had reached 360 mm.

The damage patterns of the full RC infilled frame for the
three different values (5MPa, 4 MPa, and 3 MPa) of the
compressive strength of infill are given in Figure 14.

In the case of infill compressive strength of 5MPa
(Figure 14(a)), the first reinforcement yield occurred at 35 mm
displacement and 4688.56 kN base shear force. The full RC
infilled frame sustains more loads as compared to all other
frames. The first crushed unconfined concrete occurred when
the displacement was 81.67 mm, and the base shear was
6529.16 kN. The first crushed confined concrete occurred at
5254.25kN base shear and 151.67 mm displacement.

As observed in Figure 14, the damage starts earlier for the
case of 3 MPa infill compressive strength as compared to the
values 4 MPa and 5 MPa of the compressive strength of the infill.

5. Conclusions

Masonry infill has a positive contribution to the earthquake
behavior of RC buildings. As per the presented computational
results, the conclusions from this research are as follows:

(1) The incorporation of infill panels in frame structures
expressively enhances the stiffness of structures, and
it results in the reduction in fundamental periods.

(2) As the compressive strength of infill reduces, the
performance point of structures increases, while the
response reduction factor decreases.

(3) The ductility and ductility reduction factors are
higher in the open ground story RC infilled frames as
compared to all other frames because the yield
displacement point is minimal compared to all other
frames due to high stiffness. However, as the com-
pressive strength of masonry infill reduces, the
ductility is also slightly reduced in the open ground
story RC infilled frames because the change in
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stiffness between ground and other stories is
minimal.

(4) The overstrength factor is significantly affected by the
presence of infill in the frame. Furthermore, as a
result, the response reduction factor of the full RC
infilled frame is higher than that of the other frames
in seismically active zones.

(5) The computed values of the R factor for bare frames
obtained by the adaptive pushover analysis of buildings
are less than the value suggested in the BIS code (IS 1893
(Part 1): 2016). It is worth noting that, after incorpo-
ration of infill in frames for different infill configura-
tions along with openings to make a realistic structure,
the computed values of the R factor for the open ground
story (i.e., soft story RC infilled frame) and the bare
frame are less than the value recommended by the IS
1893 (Part 1):2016, because the BIS code is silent about
different issues like geometrical configurations, irreg-
ularities, and incorporation of infill.

(6) As per the damage pattern of this study, the open
ground story RC infilled frame and the bare frame
are unsafe; therefore, the R values of these frames are
less than the recommended value by the BIS code.
Additionally, the corner infill at the ground story RC
infilled frame is also in an unsafe condition when the
compressive strength of the masonry infill is 3 MPa.

(7) According to the present study, the R factor is
overestimated in the BIS code for the bare frame (i.e.,
moment-resisting frame), which, in turn, leads to a
significantly lower estimate of the design base shear
resulting in a more seismically vulnerable structure.

(8) The deflection factor can be higher than 1.0 for a
ductile frame system with infill. The deflection factor
recommended by the NEHRP provisions for special
moment-resisting RC frames is low and therefore
needs to be modified. Additionally, the BIS code (IS
1893 (Part 1): 2016) should incorporate the value of
the deflection factor for different structural systems.
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