2021. 17(4). 366-378 ® =
CTPOUTENBHASI MEXAHUKA UHXXEHEPHBIX KOHCTPYKLIMA U COOPYXXEHUI

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
ISSN 1815-5235 (Print), 2587-8700 (Online)

HTTP://JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

DOI 10.22363/1815-5235-2021-17-4-366-378

UDC 624.04 RESEARCH ARTICLE / HAYYHAS CTATbA

Study on overstrength and ductility of reinforced concrete building
with different infill through nonlinear analysis

Hemchandra Chaulagain®8, Ram Giri

Pokhara University, Pokhara, Federal Democratic Republic of Nepal
B9 hchaulagain@gmail.com

Article history Abstract. The building structure with infill wall shows higher global stiffness along
Received: March 25, 2021 with the uncertain behaviour during 2015 Gorkha earthquake. It significantly increased
Revised: August 05, 2021 the collapse rate of structures during earthquakes. The response of buildings with dif-
Accepted: August 14, 2021 ferent infills during seismic excitations is not completely accounted by current seismic

codes in the region. On the other hand, due to the different geological region, availa-
bility of infill materials for reinforced concrete building also differs on region to re-
gion. In most of the situations the burnt clay brick, concrete blocks and stone block
are used as infill materials during building construction. In this scenario, this study
explores the importance of selection of right infill material for better seismic perfor-

mance during earthquakes. For this, building constructed at Pokhara Metropolitan
City is considered for case study. The structural model is prepared with and without
considering infills. The solid, hollow concrete block and clay brick masonry are taken
as infill material during analysis. The structural behaviour during earthquakes is studied
with non-linear static pushover. The result shows that the hollow concrete block ma-

For citation

Chaulagain H., Giri R. Study on overstrength
and ductility of reinforced concrete building
with different infill through nonlinear ana-
lysis. Structural Mechanics of Engineering

Constructions and Buildings. 2021;17(4): sonry infill (INHB) shows better structural performance compared to other infill types.
366-378. http://dx.doi.org/10.22363/1815- Keywords: non-linear analysis, infill masonry, pushover curve, inter-storey drift,
5235-2021-17-4-366-378 ductility factor

HccaenoBanue CBEPXMPOYHOCTH M IVIACTHYHOCTH ’KeJ1e300€TOHHOI0 31aHuA
C PA3JIMYHBIM 3aII0JTHEHUEM C IOMOIIIBIO HEJIMHEHMHOI0 aHAJIN3a

X. Yaynareiin 2%, P, Tupu

Yuusepcumem I[loxxapul, Iloxkxapa, @edepamusnasn Jemoxpamuyeckas Pecnybnuxa Henan
B hchaulagain@gmail.com

Hcropus ctaTbu AnHotauus. KoHCTpyKius 31aHYA € 3alI0IHSIOIIEN CTEHOH IPOJEMOHCTPUPOBalla
Ioctynuna B penakuuto: 25 mapra 2021 r. 0osee BBICOKYIO OOIIYIO )KE€CTKOCTh HapsLy ¢ HEHAISKHBIM IIOBEJCHUEM BO BpeMs
Jopaborana: 5 anpens 2021 r. semuierpsicernst 2015 roga B ['opkxe. IT0O 3HAUUTENBHO YBEIHUYKMIO CKOPOCTH 00pPY-
IMpunsra x mybnukamuu: 14 aprycra 2021 r. IIEHNs] KOHCTPYKIHIA BO BpeMs 3eMileTpsiceHnid. Peakiys 30aHuil ¢ pa3inuuHbIM 3a-

Hemchandra Chaulagain, Assistant Professor of the School of Engineering, Pokhara University, Pokhara Metropolitan City-30, Lekhnath, Kaski, Federal
Democratic Republic of Nepal; ORCID: 0000-0002-9483-5652, Scopus Author ID: 5553892720; hchaulagain@gmail.com

Ram Giri, student, School of Engineering, Pokhara University, Pokhara Metropolitan City-30, Lekhnath, Kaski, Federal Democratic Republic of Nepal;
ORCID: 0000-0002-0574-6181; er.ramgiri@gmail.com

Yaynazein Xemuanopa, nouent VuxenepHo# mwkobl, Yausepceuret [Tokxapel, ®eneparusnas Jemokparuueckas Pecriy6nnka Heman, Kacku, JlekxHar,
Pokhara Metropolitan City-30; ORCID: 0000-0002-9483-5652, Scopus Author ID: 55538927200; hchaulagain@gmail.com

Tupu Pam, crynent, UmxenepHas mkona, YHusepcurer [lokxapsl, @enepatuBnas Jlemokparnueckas PecnyOnuka Heman, Kacku, Jlekxuar, Pokhara
Metropolitan City-30; ORCID: 0000-0002-0574-6181; er.ramgiri@gmail.com

© Chaulagain H., Giri R., 2021
This work is licensed under a Creative Commons Attribution 4.0 International License
C https://creativecommons.org/licenses/by/4.0/

366 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES


https://orcid.org/0000-0002-9483-5652
https://orcid.org/0000-0002-9483-5652
https://orcid.org/0000-0002-0574-6181
https://orcid.org/0000-0002-0574-6181

YaynazedH X., lupu P. CTpouTenbHas MexaHnka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2021. T. 17. Ne 4. C. 366-378

MIOJIHCHHEM BO BpEMsI CEHCMIYIECKHMX BOJHEHHI HE TOJHOCTBIO YUHTHIBACTCS NEii-
CTBYIOLLIUMHA CEMCMUYECKUMH HOpMaMU B pPErUOHE, a HAJINYUC 3aIIOJIHUTEIICH JJIA
JKeNe300ETOHHOTO CTPOMTENBCTBA PA3INYaeTCsl OT PErHOHA K PErHoHy. B GosbimH-
CTBE CITy4yaeB 000MOKCHHBIN TIIMHSAHBIA KUPINY, OCTOHHBIC OJIOKK M KaMEHHBbIE 0110~
KU HCIIONB3YIOTCSL B Ka4YeCTBE 3aIOJHUTENEH MPU CTPOUTENbCTBE 3MaHuil. B aToM
KOHTEKCTE UCCIIELYETCs BAXKHOCTD BEIOOPA IPABUIIBHOTO 3aIIOJHSIOIETO MaTepraia
JUTSL YITyHIICHHS CEACMUYECKUX XapaKTePUCTHK BO BpeMst 3eMieTpsceHuit. Paccmar-

pHBaeTcs 37aHue, MOCTPOSHHOE B CTOIMYHOM ropoxe Ilokxapa. CtpykTypHas Mo-
JeNb COCTABILIETCS ¢ ydeToM U Oe3 yuera 3anonHeHus. IlomHoTensl, mycToTenblii
OeToHHBIC OJIOKH M KJIaIKa U3 TIMHAHOTO KUPIMYa IIPU aHAIN3e IPUHIMAIOTCS B
KadyecTBe 3amonHutens. lloBereHHe KOHCTPYKLUH BO BpeMs 3eMIETpsCeHHiH
n3y4aeTcs ¢ MOMOIIBIO HETMHEHHOTO CTaTHYECKOT0 TOMYKa. Pe3ynbTar mokassl-
BaeT, 4yTo 3anonHureny INHB neMoHCTpUpYIOT dydline CTPYKTYPHBIE XapaKTe-
PHUCTHKH IO CPABHEHUIO C IPYTUMHU TUIIAMH 3aII0JTHUTEIICH.
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Introduction

The territory of Nepal has geographically diversity in nature. It has higher probability of occurring earth-
quakes. The Himalayans and mountains are produced by the movement of large Indian and Eurasian tectonic
plates [1]. Since 1255 AD, nineteenth earthquakes of large intensities were recorded. The intensities of 7.7, 7.3,
6.5, 6.5 and 7.8 recorded in 1833, 1934, 1980, 1988 and 2015 respectively were quite detrimental causing hun-
dreds of deaths and loss of properties [2]. The post disaster needs assessment identified 32 districts were affected
by Gorkha earthquake 2015 in Nepal. The details building damage status is presented in Table 1.

Researchers highlighted that the selection of structure types built on seismically active region like Nepal is chal-
lenging task. The structures constructed in the region seems vulnerable due to lack of proper design, improper construc-
tion technologies and dilemma on selection of proper construction material types. In these days, the trends of RC buil-
ding construction is rapidly increased in urban areas of Nepal replacing adobe, stone, clay brick, concrete block masonry
building construction. RC framed building are constructing with different infill materials based on the availability in lo-
cality. Field study indicates that the existing RC buildings have highly structural deficiencies like insufficient structural
strength, lack of ductile detailing, poor construction technologies, soft storey at ground floor due to replacing masonry
infills by rolling shutters and weak column strong beam [3; 4]. Most of codes consider infills as a non-structural element.
The study finds that the infills increases the robustness index of building which prevents the building from collapse by
providing the alternative load path [5]. H. Chaulagain et al. (2014) upon their parametric studies determined the lower
value of inter-storey drift favoring the performance of building. The infills casted on site has best responses which has
similar behavior as of the monolithically constructed infills and frames [6]. The presence of infills on RC buildings upon
the case studies of previously build buildings upon their seismic vulnerability infills creates the soft storey failure as well
as torsion if the vertical irregularities are present on buildings which has no or some infills at some levels [7]. The main
factor governs the infilled RC building depends on frame and infill panel interface, strength of concrete and reinforce-
ment on frames, interaction between masonry units and mortar, strength of masonry panel and presence of opening,
etc. [8]. As indicated in Figure 1, the test result of different techniques subjecting in-plane horizontal loading also shows
the status of different infill panels and surrounding frames greatly effect on structural performance [9].

In the context of Nepal, clay brick masonry infills are used in terai region. In hilly regions, clay brick or
concrete blocks are popular. At mountain area stone masonry infills is used on RC frames. In these references,
this study compares the bare frame models with different infill walls. Three infills viz solid concrete block, hol-
low concrete block and clay brick masonry are selected and numerical analysis of selected four storey RC buil-
ding is done to achieve objective.

Table 1
Building damage status in 2015 Gorkha earthquake [10]
Building types Fully damaged Partially damaged
Low strength masonry buildings 474.025 173.867
Cement mortared masonry buildings 18.214 65.859
RC buildings 6.613 16.971
Total 498.852 256.697
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Figure 1. Typical shear force-story drift diagrams from test results on reinforced concrete (RC) frames [9]

Masonry infills used in Nepalese building structures

Solid concrete masonry infills. Solid block units have the net concrete cross-sectional area greater than
75% of the gross cross-sectional area. Concrete blocks are made of Portland cement, aggregate and with sand,
fine aggregate for blocks with high density. Concrete blocks having lower densities could be made up of the
wastage from industries which could have better durability, strength, sound as well as thermal resistance and
economic too. Size of solid block found in Nepal lies around 300%150%200 mm. The solid concrete blocks shall
conform standards as mentioned on [11]. For grade C, the block density of solid concrete shall not less than
1800 kg/m® and must have minimum 28 days average compressive strength of 4.0 and 5.0 N/mm? respectively.
Figure 2 shows: a — the sample of solid concrete block; b — the RC framed school building with solid concrete
block infill constructed at Pokhara metropolis.

Hollow concrete block masonry infills (INHB). Hollow concrete blocks are manufacturing in Nepal either
by hand mound or mechanically which has net concrete cross-sectional area less than 75% of the gross cross-
sectional area. The dimensions range from 400x200x100, 400%200%150 and 400%x200%200 with shell thickness
of 35, 40 and 40 mm respectively [12]. Based on standard code IS code [11], the hollow concrete blocks shall
confirm two grades:

— grade A — block density of this types of concrete blocks is minimum 1500 kg/m?, which shall be produced
for minimum 28 days average compressive strengths of 3.5, 4.5, 5.5, 7.0, 8.5, 10.0, 12.5 and 15.0 N/mm? respectively;

— grade B — block density of this types of concrete blocks lies in between 1100 and 1500 kg/m?, which
shall be produced for minimum 28 days average compressive strengths of 3.5 and 5.0 N/mm? respectively.

Clay brick masonry infills. Clay brick is extensively using as infill material in Nepal. Clay brick is com-
posed up of silica (sand), alumina (clay), lime, iron oxide, magnesia with their respective proportions. As a con-
struction material they are strong, durable, weather resistance, resistance against fire and durable, if properly
manufactured. There are various types of bricks based upon their strength, physical and chemical composition.
Brick shall comply with the requirements mentioned on [13]. According to Nepal building code [14], the stan-
dard brick size is 240x115x57 mm with tolerances along L, B, H as +/-10, +/-5, +/-3 mm respectively.
The structure with clay brick masonry infills is presented in Figure 2.

Stone masonry infills. Stone boulders are also using on Nepal mostly on areas where availability of clay
brick and concrete blocks are lesser and somewhere at certain faces of RC frames which is directly in contact
with earth so as to retain the soil pressure, and also to minimise water seepage. Relatively using stone masonry is
costly as it consumes more labours for dressing stones and more mortar due to large voids hence not preferred by
most house owners. Figure 2 shows sample of stone block units (a¢) and RC framed building constructed with
stone masonry infills at Annapurna rural municipality — 3, Kaski, Nepal (b).
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Figure 2. RC building construction trends:
a — masonry unit; b — structures with masonry infills

Description of building model. In recent years, the trends of RC building construction significantly in-
crease in Nepal. Most of the residential buildings have the plinth area in the range of 400—1100 sq. ft. In the con-
text of Pokhara Metropolitan City, buildings are built in the area 820—1800 sq. ft.

Most of the old residential buildings in Pokhara metropolis has corridor at central areas with at least 2 bay
spans with higher structural span and corridor with lower structural span ranging around 0.9—2 m. Considering archi-
tectural point of view, nowadays the trend of constructing modern residential buildings eliminate the need of corridor
and constructed on medium plots has only two structural spans along the frontage. In economical point of view during
construction phase if the structural span is less in such a condition, there is no need to provide extra row for corridor.
This trend of construction is emerging to isolate each storey by providing the staircase from outer part of building
so that the building owner could offer it on rent separately for personnel with single family. Considering this fact,
the study building is chosen with parameters as indicated in Table 2, the plan of the building is presented in Figure 3.
Similarly, the structural parameters such as reinforcement detailing of columns and beams used on the buildings are
shown in Tables 3 and 4 respectively. Reinforcement on floor slab with thickness 125 mm is taken as 10 mm diameter
TMT bars at spacing of 125 mm center — center. Grade of all concrete is taken as M20. As a masonry unit — solid con-
crete block, hollow concrete block and clay brick are taken here with uniform thickness of 101.6 mm.
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Table 2
Architectural parameters of selected building
Properties Parameters
Location of building Pokhara-08, Chautari marga, Nepal
Propose of building Residential
Type of building Class ‘B’
Plinth area of Building 100.81 m?
Plot area 168 m?
Ground coverage 60% < 70% as per NBC
Floor area ratio 2.4 <4 as per NBC
Building (L) x (B) 9.24 m x 10.91 m
Floor height 3.048 m
Number of storey 4
Number of bays Two bays along x-direction and 3 bays along y-direction

Structural spans on building
Dimension of RC columns
Size of beam
Size of plinth/tie-beam
Thickness of slab
Size of infills

Along x-direction 2 x 4.445 m and 2 x 4.148 m, 1 x 2.286 m along y-direction

Two types are used 0.3 m x 0.3 m and 0.45 m x 0.45 m

0.23mx 0.435m
0.23 m x 0.350 m
0.125m

For uniformity on all types of infills, selected thickness is 0.1016 m.
Solid concrete block basonry infill, clay brick masonry infill and hollow concrete block masonry infill

Type of masonry infills
Table 3
Reinforcement detailing of columns
Floor Column C3 Column C2

8NOS.-20mm @ —300 4.4 NOS.-25, 20 mm @

Ground floor level § ) Q )
8 mm@ Stirrups 8 mm@ Stirrups
@ 100 C-C @100C-C

~—300

8 NOS.-20 mm @

o 1eRe

8 NOS.-20 mm @
8 mm@ Stirrups %

First floor level & mm@ Stirrups
@ 100 C-C @100 C-C
4.4 NOS.-20,16 mm @ —S80 4.4 NOS.-20,16 mm @
Second floor level to roof § B i B o —
@100 CcC @100C-C
Floor Column C1 Column C0
350 350
8 NOS -25 mm @ — 4NOS.-25 mm @
’ ‘ o il 8 NOS.-20 mm @
Ground floor level g 8 "}’5’3 CS_:':"UES 8 mm@ Stimups
\ ‘ @ @ 100C-C
350 350
4,4NOS.-2520mm @ 44 NOS.-2520 mm @
First floor level ' l 8 mm@ Stirrups i ‘ 8 mm@ Stirrups
\ ‘ @100C-C \ @100C-C
4,4 NOS.-20,16 mm @ 8NOS-20 mm @
Second floor level to roof i. 8 mm@ Stirups § i ‘ %&5
‘ O)| ewcc A4
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Figure 3. Typical floor plan of study building structure (all dimensions are in mm)

Table 4
Reinforcement detailing of beams
Near Supports 3 TmT 162[TH. 0.]+ | Mid Span
2 TMT 16@[EX) 3 TMT 16@[TH. O.]
s B < T il T
Floor beam sections at all storeys [ I [ |
s g o H : b
3 TMT 16@(TH. O]+
3 TMT 16@[TH. O.] 2 TMT 16Q[EX.
8mm dia. stirrups 100mm C-C 8mm dia. stirrups 125 mm C-C
3 TMT 16@ [TH. O.]
. . . 8mm dia. stirrups 100mm C-C
Tie-beam sections at all grids SlTngQns SHups 155mm near
8mm dia. stirups 125 mm C-C at
mld-sgan
3 TMT 168 [TH. O]
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Non-linear analysis

In order to assess the seismic capacity of the four building structures defined, several non-linear analyses
were performed; in a first study it was performed a pushover analysis, with three load distribution, namely uni-
form, triangular and first mode. Finally, these results are compared with an adaptive pushover analysis. To com-
plement this analysis series of dynamic time history analysis with different earthquake records were performed.
In the following section the assumption considered for the analysis are briefly described.

Static pushover analysis. The static pushover analysis is used to estimate the horizontal capacity of
the structures. Due to simplicity in operation and minimum computational efforts, static pushover method has
become more popular for nonlinear analysis of structures [15; 16]. It can be performed as either force-controlled
or displacement controlled depending on the nature of the load and the behaviour expected from the structure.
Force-controlled option is useful when the load is known and the structure is expected to be able to support
the load [17]. Displacement-controlled procedure is used when specified drifts are sought, where the magnitude
of the applied load is not known in advance, or when the structure can be expected to lose strength or become
unstable [18]. Static pushover analysis is sufficiently accurate to assess the displacement capacity of regular low-
rise buildings [19]. Considering this, a pushover analysis with uniform, triangular distributed loading and first
mode pushover analysis is performed in each direction (X and Y) to evaluate the performance of the structure.
With the obtained results it is possible to verify the sensitivity of the buildings to lateral load patterns [20].

Non-linear modelling. The numerical analyses developed and described in the present paper with diffe-
rent non-linear modelling strategies were performed using the computer program [21]. The program includes
models for the representation of the behaviour of spatial frames under static and/or dynamic loading, considering
both material and geometric non-linearities. Seven types of analyses can be performed, namely: static and dy-
namic time-history, conventional and adaptive pushover, incremental dynamic analysis, modal analysis, and sta-
tic analysis (possibly non-linear) under quasi-permanent loading.

In this work elements with lumped plasticity were considered. Different studies have proposed expressions
to estimate the plastic hinge length (Lp) of RC elements to be adopted in lumped plasticity models. In the ana-
lyses performed in this paper, half of the larger dimension of the cross-section was considered as the plastic
hinge length with fibre discretization at the section level. The consideration of non-linear material behaviour
in the prediction of the RC columns’ response requires accurate modelling of the uniaxial material stress-strain
cyclic response.

Concrete model is based on the Madas uniaxial model, which follows the constitutive law [22]. The cyclic
rules included in the model for the confined and unconfined concrete [23; 24]. The confinement effects provided
by the transverse reinforcement were considered. The uniaxial model coupled with the isotropic hardening rules
was adopted for the steel reinforcement representation in these analyses [25; 26]. This steel model does not
represent the yielding plateau characteristic of the mild steel virgin curve. The model takes into account
the Bauschinger effect, which is relevant for the representation of the columns’ stiffness degradation under cy-
clic loading. The model adopted in the analyses performed in this study is represented in Figure 4.

In this study, the computer program is used for modelling the infill panels of the structures [21]. It is based
on a finite element package capable of predicting the large displacement behavior of frames under static or dy-
namic loading, considering both geometric non-linearities and material inelasticity. For numerical analyses
of masonry panels, the finite element program of an advanced double-strut nonlinear cyclic model is used.
The double-strut model is satisfactorily precise and less complicated than the single and triple strut models,
and can represent more accurately the local effect between infill and frame [27]. The idealization of an infill
panel is based on the assumption that there is no bond between frame and infill. The brick masonry infill is mo-
delled as a diagonal strut member whose thickness is the same as that of the masonry and whose length is equal
to the diagonal length between compression corners of the frame. The effective width of the diagonal strut de-
pends on various factors, including contact length, aspect ratio of the infill, and the relative stiffness of the frame
and the infill. The infill panel openings are taken into account by reducing the value of strut area (i.e., the com-
pression/tension strut cross-section) by a value that ranged between 30 and 50% [28]. These percentages are
comparable with the past study [29].

Selection/calculation of infill properties. Infill panel elements are represented by four axial struts and two shear
struts, which could also be named as double strut nonlinear cyclic model to represent the hysteretic response [27].
The panel elements can be categorized into three groups. First one relates about the physical characteristics, second one re-
lates on compression & tension of struts curve parameters and third one is represented by shear curve parameters to define
the shear strength characteristics of infills. Curvature Properties of Masonry infill strut as defined and adopted in [21; 27].
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a b

Figure 4. Bare framed buildings BFSB, BFCB, BFHB, BF (a) and masonry infilled building INSB, INCB, INHB ()

Computation procedure. In this study, the following approach is considered for computation of ductility
reduction factor, overstrength factor and response reduction factor.

Ductility factor. The ductility factor measures the inelastic capacity of a structure as a whole. The choices
of ductility factors depend on the expected response during earthquakes and on the design and detailing criteria.
It allows the reduction of elastic force to inelastic force. For estimating R,, the relationship as indicated in equa-
tions (1)—(3) suggest by past study is used in this study [30].

R,=1.0 for 7<0.2 sec. )
R,=./2p—1 for 0.2 sec < 7'<0.5 sec. 2)
R, =p for T> 0.5 sec. 3)

In the above expression p is the displacement ductility. It is the maximum inelastic deformation ex-
perienced by the structure, represented by the ratio of the ultimate displacement A, to the yield A, displace-
ment (4). The presence of ductility allows a structure to undergo large deformation in an elastic-plastic manner
before it collapses [31].

w=A,/ A, @)

Over strength factor. The structure could take the forces considerably larger than they were designed for.
This is due to the presence of reserve strength in the structure which is not accounted for in the design. The pre-
sence of overstrength helps the structure to stand safely during earthquakes with less elastic strength demands.
The primary sources of the overstrength are sequential yielding of the critical region, material overstrength, partial
safety factor used for load and material, concrete confinement, strain hardening, non-structural elements [32].
Mathematically, it is the ratio of strength at the first yield to the design strength.

Ry = Vly/ Va. (5)

In (5) V1, is the first yielding strength and Vg is the design strength.

Redundancy factor. Redundancy factor R, of any structure is represented in terms of its capacity to resist
lateral forces with the emergence of first plastic hinges at the most stressed section and ultimately in the overall
structure. It is the ratio of global yield force to the first yield force. Generally, the redundancy factor depends
on the number of the vertical members which are capable of resisting seismic forces. The standard guidelines
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recognized redundancy as one of the three elements of the R factor and introduced redundancy effects into buil-
ding design [33]. In their report, the number of vertical lines of moment frames was used to measure the redun-
dancy of a building.

Response reduction factor
The evaluation of the R factor is based on the formulation proposed by the standard guideline [33]
defined as

R=R,XR,XR,. (6)

In (6) R, is the ductility factor, R, is the strength factor, R, is the redundancy factor. As presented in Figu-
re 5, in any structure its ductile capacity and assign overstrength values are evaluated from post-yield behavior
which is obtained from the nonlinear static analysis.
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o Maximum load F, p==--------------7 - Jesng ;e
5 capacity ' i
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Figure 6. Plot showing bilinear representation idealisation of capacity curve for BF (a) and INHB (b) respectively

Formulation used in this study. In the present study, the relationship as presented in (2) is used by assu-
ming over strength and redundancy factor as a single unit as described in section 3.3, which matches the struc-
ture designed with Indian Standard Code provision. The Indian Standard Code [34] provides an elastic shear
force for structure and divides that force by 2R to account for the nonlinearity of the structure. To evaluate all
these components from the force-displacement relationship, bilinear idealization of the curve is needed.
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2R = (Elastic strength demand) / (Design strength) =Ry X Ry =V, / Va= V) / (V) X (V) (Vo) =Ry X Rs.  (7)

Bilinear idealization of the capacity curve. For this purpose, a bilinear curve is fitted to the capacity
curve. For bilinear idealization of the capacity curve, it is necessary to simplify the capacity curve for an elastic
perfectly plastic regime. The initial stiffness of the idealized system is determined in such a way so that the areas
under the actual and idealized force-deformation curves are equal [35]. In the present research, the calculation of
the displacement ductility demand of the structure is based on the ATC-40 procedure. The bilinear idealization
of capacity curve is presented in Figure 6.

Results and discussion

The results are obtained from the analysis are discussed in this section. In the first section, the obtained re-
sult is presented in terms of comparison of capacity/pushover curves. In second section, natural period of struc-
tures. The third section highlighted status of ductility reduction factor, overstrength factor and finally response
reduction factor of the structures with different infills.

Comparison of capacity/pushover curves. From Figure 7, it can be easily seen that infilled framed buil-
ding has high base shear resisting capacity than bare framed. Among the infills, infill with high stiffness has
higher resisting capacity but lower will be the ductile nature. Infills with high stiffness could create sudden brit-
tle failure if the columns have insufficient reinforcement and inadequate structural sections, since here the con-
sidered building has adequate structural parameters so not much sudden changes on capacity curves seen.

Plot for bare framed buildings (BFSB, BFCB and BFHB) shows that it behaves with overall high ductility
having lower value of base shear than that of infilled building (INSB, INCB and INHB). For bare framed buildings
the capacity curve seems somehow similar irrespective of different types of gravity loadings for (BFSB, BFCB,
and BFHB). Also, the roof displacement of infilled building is quite lesser than that of bare framed building.
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Figure 7. Comparison of capacity curve («) and inter-storey drift ratio of RC buildings with different infills (b)
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Figure 8. Natural period of structures with different infill structures
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Natural period of the structure. In the study, the period is calculated from structural flexibility and mass to ob-
tain the ductility reduction factor. The natural period of RC buildings with different infills are presented in Figure 8.

Comparison of ductility factor, overstrength factor and ductility reduction factor. The results indicate that initial
tangent stiffness of infilled building is higher (with ascending values for INHB < INCB < INSB) as compared to bare
framed buildings which are ductile in nature with lower values of stiffness (see details in Table 5 and Figure 9). Ductility
factor is calculated by considering the maximum displacement at CP performance level on the building. In this sense
the ductility factor of INSB is 1.24 times greater than BF, INCB is 1.09 times greater than BF and INHB is 1.15 times
greater than BF. For infilled the ductility factor goes on decreasing from INSB > INCB to > INHB. As defined in previ-
ous section, the ductility factor represents the ability of structure to be displaced beyond the elastic limit and ability to
dissipate the energy, here we can conclude that the INSB has greater ability of energy dissipation/damping. Whereas
the BF has higher energy dissipation capability. But the scenario seen more stiffer building too has higher ductility factor
as compare to less stiff although it is compatible to but it requires further researches to verify.

As defined in previous, overstrength factor generates from the sequential formation of plastic hinges generated
by applied loads and is the ratio of yield strength to the designed strength, so here it is found that INHB has better
overstrength factor greater than other infilled building and BF has better overstrength factor than other bare framed
with infills gravity loading. BF has lesser value than infilled but higher than bare frames with infills gravity loading.

The combined effect of effective period and energy dissipation capability results as well as denoting
the inelastic behaviors of structures generate the ductility reduction. Here the ductility reduction for INSB seen
greater as compare to other infilled buildings, which indicates that it is stiffer buildings which could have brittle
nature of failure nature rather than the ductile nature on INHB. In case of bare framed building with infills gravi-
ty loading the ductility reduction factor for BF seen quite greater than other.

Table 5
Response reduction factor associated with associated parameters with different infills
Building type 2 Ru R
gop (displacement ductility)  (overstrength factor) (ductility reduction factor) (response reduction factor)
INSB 5.75 3.57 3.24 5.78
INCB 4.25 3.90 2.74 5.33
INHB 3.79 4.02 2.57 5.15
BF 2.18 3.86 2.18 4.20
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n Q Ry R
OINSB INCB 2 INHB @TBF

Figure 9. Comparison of ductility factor, overstrength factor and ductility reduction factor

Conclusion

Masonry infills has predominant effect on building performance so, its effect should be considered while
designing a structure. The extent of structural response depends upon the type of infill masonry used. It mainly
depends on modulus of elasticity, diagonal compressive strength, tensile strength, shear strength, type of mortar
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used between infill units, interaction between frame and so on. In this study, the response of most popular infill
material namely: solid concrete block masonry, hollow concrete block masonry and clay brick masonry in Nepal
was studied through non-linear analysis. The main conclusions are summarised as:

— infill wall in RC frame significantly reduces top story displacements (about 50% of bare frame);

— the solid concrete block masonry (INSB), clay brick masonry (INCB) and hollow concrete block mason-
ry (INHB) increases the lateral stiffness of structures by 11.66, 8.29 and 6.53 times respectively as compared to
bare frame structure. On the contrary, the base shear value is increase by 2.46, 2.37 and 2.20 times in INSB,
INCB and INHB respectively compared to bare frame structure;

— the presence of INSB, INCB and INHB reduces the fundamental time period by 45.24, 45.86 and
56.14% respectively;

— stiffer infill masonry unit results the lesser inter-storey drift (INSB, INCB);

— infill masonry with stiffer masonry unit lowering the overstrength and ductility factor of the structure.
In the study, INSB and INCB have lower ductility factor compared to INHB (INSB < INCB < INHB).
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