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Abstract. This study investigates the possible adver se effects of the infill walls on the seismic
response of the deficient reinforced concrete structures. It is shown herein that neglecting the
presence of infill walls may not always a safe design approach. First the modeling approach
is verified against available pseudo dynamic test results. Afterwards, the response of a 4-story
3-bay RC frame was examined with and without infill wall schemes. 7.14 magnitudes 1999
Duzce Earthquake was applied as the ground motion record in the nonlinear time history
analyses. In order to simulate failure of infill walls accurately, element removal algorithm
was employed in the middle bay of RC frame with strut and tie model. Analysis results indi-
cated that, including infill walls with element removal algorithm led unsafe results in terms of
inter-story drift ratio in first story and rotations at the critical plastic hinge location. Asa re-
sult, neglecting infill wall contribution to the lateral stiffness and strength is not always a
conser vative design approach.
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1 INTRODUCTION

Numerical simulations have been playing an impantale on both design and assessment
processes of the building structures. Infill walte usually neglected in numerical approaches
due to their limited effects on the lateral strénghd stiffness of the system. Including infill
walls also increases the complexity of the nonlimeanerical models which is not desired for
time history analyses. There are several studisitivestigate the lateral load resisting sys-
tems consisting unreinforced infill members. Bebawf masonry-infilled non-ductile rein-
forced concrete frames was studied in several estudi]. [2] developed a three-strut model
for concrete masonry-infilled steel frames. [3]fpened one-story and five story structural
systems that have deficient columns and infill e&lth unreinforced masonry. An analytical
formulation that implements automated removal dfapsed elements during an on-going
simulation was proposed [3].

This study deals with numerical simulation of R@nfires with infill walls by employing
strut and tie model and element removal algorithirst, validation of the proposed algorithm
is presented by comparing simulation results wgbualo dynamic test results. Afterwards, a
case study is presented to demonstrate the expeftests of including infill walls and their
failure.

2 NUMERICAL VALIDATION

2.1 TEST FRAME

In order to gain confidence on the applied simatai@lgorithm simulation technique that
will be described later in the paper, results weakdated against recently obtained pseudo
dynamic test data. A two story-three bay RC franas wonstructed and tested in that study.
Figure 1 indicates the frame dimensions and teégps&his RC frame was tested by utilizing
pseudo dynamic test procedures. The details ofesteframe and test results are available in
elsewhere [4].

The north-south component of the 1999 Duzce eaattwjas seen in Figure 2 was used for
the pseudo dynamic test. This figure also showsspeetral acceleration vs. time plot of the
Duzce earthquake and spectrum defined in Turkisthgaake Code (TEC 2007) [5] and the
fundamental period the analyzed frames. It can lemwed that spectrum of the Duzce
ground motion is expected to cause more demanbterconstant acceleration region while
being relatively close to the code specified speotr

2.2 NUMERICAL MODELING

Nonlinear time history analysis (NTHS) of test sture were performed by utilizing
Opensees Simulation Platform [6] to observe thktylbf estimating the dynamic response
of a analyzed frame. Although general modeling apgi of the test frame was mentioned in
this study, compressive data about test frame estdiita are available in elsewhere [4].

In order to compare the effect of infill walls onadyzed frame two NTHAs were con-
ducted; frame with and without infill walls. Bareame analysis was conducted without add-
ing any new structural component to the systemth@rother hand, frame with infill wall was
analyzed with the diagonal strut model with tharedat removal algorithm. It was assumed
that infill wall had a width of 150 mm (110 mm btjcA0 mm mortar). Compressive strength
of the mortar was taken as 14 MPa.

Force based fiber frame elements were used to nimehs and columns. The material
model used for concrete (Concrete01) follows tHesrof the confined and unconfined con-
crete models proposed by [7] with plastic offséesy8]. Due to welding of longitudinal rein-
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forcements to the foundation in the column endsidkglip was not observed at test frame.
Hence, reinforcing steel was modeled using a laliredasto-plastic model (Steel 02) with a
kinematic hardening slope of 1%. The infill waller® modeled using compression only truss
elements connected to the diagonal nodes of thedawy frame.
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Figure 1: Test frame and setup (adopted by [4])
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Figure 2: Duzce ground motion and spectrum

Erame Concrete Compressive  Longitudinal Reinforcement Transverse Reinforcement
Strength (Mpa) Yield Strength (MPa) Yield Strength (MPa)

Analized Fram 9.0 220 220

Test Frame 7.4 330 290

Table 1: Mechanical properties of the materials.
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Figure 3: Infill wall layout and analytical modefl the test frame.

The material properties and relevant equations fASCE/SEI-41 guidelines [9] were em-
ployed. In this way it was possible to observe ghecess of estimating the natural period of
the test structure with these stiffness valuesediiffe strut area for the infill walls was calcu-
lated according to ASCE/SEI-41 guidelines and foasd®.025 and 0.021%or the first and
second stories using the following equations:

a= 0175 x gy ) *riee 1)
i V4
J = [ Ems(i nE+It pgsmw} )



U. Akpinar, R. Ozcelik, B. Binici

Above, he, is the column height;y is the diagonal length of infill panél,is the angle whose
tangent is the infill height to length ratig, andEs are the modulus of elasticity of concrete
and the plaster-infill composite abhgdandt, are the thicknesses of brick units and the plaster
The modulus of elasticity of the plaster-brick camsipe, Es,, was computed as 10000 MPa
from Binici and Ozcebe 2006 [10]:

g = Sinfin*Enlp 3)

ly

whereE;, andE,, are the modulus of elasticity of the infill waté mortar/plaster, ang, and

tm are the thickness of the infill wall and mortarccardingly, Ei, was taken as 7700MPa
(550F) based on ASCE/SEI-41 recommendations gnevas calculated as 16200 MPa
(4700VF) using ACI 318-05 [11] equation.

The observations made during the test showed ihgbdal cracks formed in the central
region of the infill in both directions. Later tleesracks extended in a step pattern indicating
the failure of bed joints along the diagonal. Cajusmtly, compressive strength of the strut
(Fem) was computed from ASCE/SEI-41 assuming that bed-shear strength governs the
strength of the diagonal strut either in the forimaaliagonal crack or a single horizontal bed
joint by using equations:

Vss = fr’rlvl-(tin +tp) (4)
fom =Vg/(acos8) (5)

in which Vg is the total shear resistance along the wall lengts the length of the infill wall,
frv is the shear strength of bed mortar/plaster mixckwhvas taken from ASCE/SEI-41 as
0.25 MPa for masonry in good condition. Popovicsatipn [12] was employed for the com-
pressive stress-strain behavior of the infill strgConcrete 04) as suggested by [13]. The
strain at peak compressive strength and diagondl fsilure were taken as 0.002 and 0.004,
respectively.

Although the infill diagonal strut fails in one dation in the numerical simulations, the
strut in the opposite direction at the first stdrgd still significant capacity and stiffness.
Hence the frame could not deform in the oppositection upon failure of only one diagonal
strut. In order to overcome this modeling erroene¢nt removal algorithm as suggested by [3]
was adopted. When the failure strain of the diabetrat is exceeded in one direction, the
struts in both directions are removed from the rhddpon element removal, internal forces
were redistributed to achieve an equilibrium stttéailure time. In this way, failure of the
strut in one direction results in complete failofeghe infill wall.

Nodes were constrained to act as rigid diaphragmalf stories. Lumped mass approach
with a Rayleigh critical damping of 5% was utilizédring the analyses by also incorporating
the second order nonlinear geometric effects. Tétaild of modeling and the properties of
effective truss model are given in Figure 3. TheHATresults of the test frame indicate that
the proposed model of the infill wall was able &pture the load deformation behavior (Fig-
ure 4) in a fairly accurate manner. It can be oleithat inclusion of the element removal
algorithm is necessary in order to capture the d@nsdate of the test frame at the verge of
collapse.
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Figure 4: NTHA results of the test frame

3 CASE STUDY

3.1 FOUR STORY-THREE BAY RC FRAME

An exterior frame of a deficient existing 4-stor Ruilding was analyzed with and with-
out infill strut model to reflect the importance iofill modeling and element removal algo-
rithm. The first floor plan view of this building indicated in Figure 5. The evaluated 4-story
3-bay frame is given in Figure 5 where the comptietiils of the analyzed building are avail-
able elsewhere [14]. The frame had 250x400 mm cafuwhich were oriented in their strong
axis for B-axis and their weak axis for A, C andakes. All the beam dimensions were
150x500 mm. Interior bay of the frame (B-C axesjengsed for installing infill walls as truss
members. Table 1 indicates the mechanical progesfithe materials. Accordingly, uniaxial
compressive strength of the concrete was 9 MPatlandield strength of reinforcing steel
was 220 MPa. Stirrup spacing was 260 mm for beards280 mm for columns with a clear
cover of 25 mm. Beams, columns and further stratulgtails are given in Figure 5.

3.2 NUMERICAL MODEL OF FOUR STORY-THREE BAY RC FRAME

The modeling approach of the case study was sirt@l#rat of test frame. It was assumed
that infill wall had a width of 150 mm (110 mm b«jcd0 mm mortar) which is same as width
of beams in analyzed structure. Effective struadog the infill walls was calculated accord-
ing to ASCE/SEI-41 guidelines and found as 0.042 @ompressive strength of the mortar
and the elastic section modulus of the infill waltre taken as 14 MPa and 10000 MPa, re-
spectively. The analytical model is shown in Figére

3.3 ANALYSIS RESULTS OF THE FOUR STORY-THREE BAY FRAME

The NTHA results of the frames with and withoutilinivalls are presented in Figure 7.
For the analysis of the test frame with infill vealthe element removal algorithm was incor-
porated. The structure excluding the presencefiff walls exhibited a peak first-story drift
ratio (DR) of about 3.6%. However, the structuréhvinfill walls experienced more than 8%
DR upon automatically removing the wall struts fréme system. Structure with infill walls
suffered higher DRs than the structure withoutllinfialls and finally it collapsed under the
extreme first-story DR demands. Effect of soft-gtfmrmation could be seen more clearly in
Figure 8.
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Figure 6: Infill wall layout and analytical modefl the test and 4 story-3story frames.

According to results structure without infill wakkstisfied inter story drift ratio (IDR) lim-

its of TEC 2007 for the collapse prevention (CR)itistate and remained in the high damage
region. Results reveal that neglecting infill wdlls design purposes may not ensure designer
to stay on the safe side for all the cases. Then ddference between the results of two
frames is the sudden collapse of the infill waltlasihange of dynamic properties of the test
frame during the ground motion. The infill walldth@ugh beneficial and control inter story
drift deformations at low deformation demands, ewsignificant amplification of deforma-
tions (' story in this example) when sudden collapse ofrifik wall occurs. The estimation

of deformations when infill walls are neglected nrat necessarily be on the safe side for

design purposes.
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Figure 7: Comparison of simulation results with avid infill walls.
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Figure 8: Comparison of inter-story DR with and wibll walls.

Base shear versus top story DR responses are igi\Vegure 9. Results show that incorpo-
rating infill walls to the system increased both #tiffness and the lateral load capacity of the
frame significantly. However, after crushing ofsfistory infill wall, this capacity dropped to
the same level that was observed on the resulteeobare frame. Therefore, capacity en-
hancement of infill walls to the system is not agu@able at large deformation demands. The
presence of an element removal algorithm clearlyoses more demand on the RC members

than the case without the infill walls.
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Figure 9: Base shear versus top-story DR with afedingill walls.

Performance evaluation of the both frames led rt@lar results for the first story (Figure
10). For the case without infill walls 75% of thelumns passed beyond CP performance
limit at first story. However, for the case witHilhwalls, all the first story columns of the test
frame passed beyond CP performance limit as exghetteorporating infill walls in the
NTHA also changed the response on the upper stdfrasne without infill wall mainly ex-
perienced damage at the interior columns of firet aecond stories and exterior beams of
first story. Violation of CP performance limit wabserved for these beams. For the case with
infill walls, formation of soft story oriented trdistribution of damage to first story and pre-
vented upper stories experiencing any significamhage. Both of the systems did not satisfy
the overall performance criteria of TEC 2007 anghtbto be in collapse region.
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Figure 10: Performance evaluation of RC frame memiaéh and w/o infill walls.

4 CONCULUSIONS

For assessment purposes, contribution of infilllsvalay be included to have a better esti-
mation of displacement demands. Results showedAB&E-SEI-41 recommendations for
strut modeling may lead to satisfactory estimatatong with the use of element removal al-
gorithm. The formation of a soft story mechanisnmsv@und to be better simulated with the
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use of such a removal algorithm. Performance etialuaf the 4 story-3 bay frame showed
that after failure of the infill wall, all the fitstory columns passed the CP limit state and sus-
tained heavy damage due to excessive IDR levels wsult, for design purposes neglecting
infill walls may not always lead to safe desigragsessment results.
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