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ANALYSIS OF CFRP RETROFITTED MASONRY INFILLED RC FRAMES
SUBJECTED TO CYCLIC LATERAL LOADS

SUMMARY

An analytical study consisting of the simulation of some experiments related with the
retrofitting of infilled RC frames with CFRP sheets tested in Structural and Earthquake
Engineering Laboratory of ITU, was conducted in the scope of this thesis. The evaluated
experiments in the analytical study include three groups of specimens which are
reference bare frame, infilled frame and CFRP retrofitted infilled frame. Each group of
specimens was subjected to quasi-static and pseudo-dynamic types of loading. The
quasi-static tests were performed by using displacement based cycles which were
gradually increased. For two different loading protocol, one and three repetition were
applied for each displacement target, respectively. Pseudo-dynamic tests were performed
for two different inertia mass conditions.

The simulation study was performed by using IDARC2D computer program. In the
program, columns and beam are modeled as frame members. Moment-curvature
relations were defined for the end sections of the frame members. These relations were
obtained from cross-sectional analysis program of XTRACT. Experimental results of the
material tests performed were used in the calculation. The contribution of the infill panel
is taken into account as a bilinear shear force-displacement relation whose parameters
were defined from 500500 mm masonry brick tests. Similarly, the contribution of the
retrofitted infilled panel was idealized as bi-linear shear spring. The main difference
from the infill panel is increased strength and coefficient of friction on the frame-infill
interface, and decreased strain capacity.

In the analyses performed by IDARC2D, to characterize the sectional behaviour under
the static and dynamic external loads, poligonal hysteretic model (PHM) and smooth
hysteretic model were used for beam-columns and infill panels, respectively.

The results obtained from the experiments which were subjected to quasi-staic loads,
were used in the calibration of sectional response parameters. There exist some
differences between the parameters of strength, stiffness and ductility for one cyclic and
three cyclic quasi-static loadings. The analytical responses were compared with the
corresponding experimental results.

Nonlinear time history analysis were performed for the selected acceleration records. In
the dynamic analysis, the sectional response parameters were used as those obtained in
the quasi-static tests. The analytical responses were compared with the existing
experimental results.

The infill panel constitutive model defined in IDARC2D were used for the CFRP
retrofitted infill panel with the modification of some parameters such as strength,
ductility, lateral yield force and friction. The comparison of the analytical and
experimental results obtained for the static and dynamic load cases shows that the
response of CFRP retrofitted infilled frame can be estimated accurately with the
analytical model.
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CFRP ILE GﬁcLENDHq;Nﬂs DOLGU DUVARLI BETONARME
CERCEVELERIN YATAY YUKLER ETKiSINDE KURAMSAL ANALIZi

OZET

ITU Insaat Fakiiltesi Yap1 ve Deprem Miihendisligi Laboratuvarinda tamamlanmis olan
ve karbon lifli polimerler (CFRP) ile dolgu duvarli betonarme c¢ercevelerin
giiclendirilmesini konu alan deneysel ¢alismada incelenmis bazi numuneler, bu tez
kapsaminda kuramsal olarak incelenmistir.

Yalin, dolgu duvarli ve gii¢clendirilmis dolgu duvarli betonarme cergeveler statik ve
dinamik etkiler altinda incelenmistir. Dogrusal olmayan statik analizlerde tek ve ii¢
cevrimli tersinir tekrarli yerdegistirme girdileri kullanilmistir. Dinamik analizlerde ise
Deprem Yonetmeliginde tanimlanmis tasarim ivme spektrumuna gore degistirilmis
gercek bir ivme kaydi parcasit kullanilmistir. Tim numuneler i¢in, dinamik analiz iki
farkli atalet kuvveti durumu i¢in gergeklestirilmistir.

Analitik ¢oziim i¢in IDARC2D yazilimi kullanilmistir. Kolonlar ve kiris ¢ubuk eleman
olarak modellenmistir. Kesit moment-egrilik iligkilerinin belirlenmesinde XTRACT
yazilimi kullanilmistir. Moment-egrilik iligkilerinin olusturulmasinda deneysel olarak
elde edilen malzeme karekteristikleri kullanilmigtir. Dolgu duvarin yalin gergeveye
katkist iki dogrulu yatay ylik-tepe yerdegistirmesi zarf egrisi ile ifade edilmistir. Dolgu
duvar davranig parametreleri 500x500 mm boyutlarindaki yalin ve giiclendirilmis dolgu
duvar eleman deneylerinden belirlenmistir. CFRP ile giiclendirilmis duvarda yalin duvar
durumuna gore dayanim, ¢evre elemanlarla olan siirtinme artmis buna karsilik sekil
degistirme kapasitesi azalmistir.

IDARC2D yazilimi ile yapilan ¢oziimlerde; statik ve dinamik tersinir yiikler etkisinde
kesit davranisini ifade etmek tizere kolon ve Kkiris tiirlii betonarme elemanlarda ¢okgen
¢evrimsel model (PHM) ve yalin ve giiglendirilmis duvar i¢in de egrisel ¢evrimsel model
(SHM) kullanilmustir.

Tersinir tekrarli statik yiikler etkisinde incelenen numunelere ait sonuglar, kesit
davranmigin1 tanimlayan ¢evrim parametrelerinin uyarlanmasi i¢in kullanilmistir. Tek
stineklik parametreleri agisindan farkliliklar olusmustur. Kuramsal olarak belirlenen
cevrimsel davramis biiyiiklikleri mevcut deney sonuclart ile farkli agilardan
karsilastirilmastir.

Tersinir tekrarl statik yiikler i¢in belirlenen kesit davranis parametreleri sabit tutularak,
secilen ivme kayitlar1 igin zaman tanim alaninda dogrusal olmayan analiz
gergeklestirilmigtir. Kuramsal olarak belirlenen davranis biiyiikliikleri mevcut benzesik
dinamik deney sonuglar ile kargilagtirilmigtir.

IDARC2D yaziliminda mevcut olan duvar davranis modeli, CFRP ile giiclendirilmis
dolgu duvarin modellenmesinde kullanilmistir. Statik ve dinamik yiikler i¢in elde edilen
kuramsal sonuglar mevcut deneysel sonuglar ile karsilasgtirilmistir.  CFRP ile
giiclendirilmis duvarda dayanim, siineklik ve ¢evre betonarme elemanlarla olan
strtinmedeki artis dikkate alindiginda genel sistem davranisinin basar1 ile elde
edilebildigi goriilmiistiir.
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1. INTRODUCTION

Although unreinforced masonry infill walls are often treated as non-structural
components, they will interact with the bounding frames when subjected to lateral
loads. Because of the complexity of the problem and lack of a rational and simple
analytical model, the contribution of infill wall is often neglected in the nonlinear
analysis of building structures. Such an assumption may lead to substantial
inaccuracy in determining the lateral stiffness, strength and ductility of the structure.
Determining strength and stiffness inaccurately can lead greater base shear force on
buildings subjected to earthquake load and structural members can subject greater
loads than their design loads. The retrofitting of infill wall with a rational method
yields that the infill wall contribution to the structural response should be taken into

account.

1.1 Objective of Study

The main objective of this study is to determine a consistent constitutive model
which combines analytical and experimental results for the masonry infill walls
retrofitted by CFRP. It has been tried to utilize an existing constitutive model of infill
panel in IDARC2D [1] which has capability of performing quasi-static cyclic
analysis and non-linear time history analysis, for the case of infilled walls retrofitted
by CFRP. In the framework of the study, the behavior of different types of frames
including bare frame, infilled frame and infilled frame retrofitted by CFRP are

analysed analytically and compared with the existing experimental results.

1.2 Literature Survey

The behavior of masonry infilled frames has been the subject of many studies
throughout the world since 1950’s in order to develop a rational method for the
analysis and design of such frames. The studies in this area can be categorized into

two groups which are experimental based and analytical based studies.



Early studies were mainly experimental (Polyakov 1952 [9]) and especially usefull in
understanding the behavior of infilled frames under in-plane forces. Klinger and
Bertero (1978), Bertero and Brokken (1983) [10], Zarnic (1980), Mander and Nair
(1994) [11] focused on evaluating the experimental behavior of masonry infilled
frame to obtain limit strength and equivalent stiffness. They have concluded that
proper use of masonry infill could result in significant increases in the strength and

stiffness of the stuructures [3].

Saatcioglu et al. (2004) [4] completed an experimental study for seismic performance
of masonry infill walls retrofitted with CFRP sheets and they concluded that
retrofitting with CFRP sheets controls cracking and improves elastic capacity overall

structural system.

More reliable analysis of masonry infilled frame structures requires analytical
models to obtain force-displacement response. Analytical studies can be classified
into two groups which are micromodel and macromodel approaches. In micromodel
approach, masonry infill is analyzed by finite element method (FEM) whereas in

macromodel approach, masonry infill is considered with equivalent members.

Dhanasekar and Page (1986) [12], Mosalam (1996), Shing et al. (1992) used FEM to
predict the response of infilled frame. Although the method is precise, it is time-

consuming approach especially for large structures.

Generalized macromodels seem more suitable for representing the global behavior of
components in the analysis of such structures. The control parameters of macromodel
can be calibrated using experimental data or micromodels to simulate real behaviour.
For analysis where the emphasis in on evaluating the overall structural response,
macromodels can be substituted for micromodels without substantial loss in accuracy

and with significant gains in computational efficiency [3].

Holmes (1961) [13], replaced the infill by an equivalent pin-jointed diagonal strut of

the same material with a width of the one-third of the infill’s diagonal length.

Stafford Smith (1966) and Stafford Smith & Carter (1969) proposed a theoretical
relation for the width of the diagonal strut linked to infill-frame stiffness parameter

Ah in which Zh is a coefficient less than 1.0.

Mainstone (1971) [14] obtained an empirical formulations in terms of Ah for the

same relation.



Elastic methods could not completely represent the actual behavior of the infilled
frame so attention was paid to theories of plasticity. Wood (1978) extended the limit
analysis of plasticity with the assumption of perfect plasticity. The method was
developed by May (1981) to predict the collapse loads and modes of infilled frames

with openings.

Zarnic (1990) also proposed an elastic perfectly plastic equivalent strut model with
parameters expressed as function of the dimensions of the infilled frame
subassemblies, linked to the mechanical properties of the component materials and

additional empirical parameters depending on frame-infill interaction.

Multi-strut model or named as compression-only three strut model investigated
Chrysotomou et al. (1992). Mosalam (1996) suggested a simplified model based on
the equivalent strut approach which accounts for slip along frame-masonry infill
interface. This model uses empirically determined correction factors to obtain

effective strut dimensions.

Mander et al. (1993) reported the results of cyclic pseudo-dynamic test performed on
masonry infilled frame subassemblies. The report presents the observed strength and
deformation limit states as well as the hysteretic characteristics such as strength and
stiffness degradation due to cyclic loading. The report also summarized the important
in-plane failure modes of masonry infilled frames which include; (1) torsion failure
of the columns, (2) flexural or shear failure of the columns, (3) compression failure
of the equivalent diagonal strut, (4) diagonal tension failure of the infill, (5) sliding

shear failure of the masonry along horizontal mortar beds.

Mander et al. (1995) proposed a computational method of the hysteretic in-plane
force deformation behavior of the masonry infilled frame based on tie and strut
approach. In this method masonry infill was modelled as a combination of three non-

parallel strut in each direction of loading.

Saneinejad and Hobbs (1995) [5] developed a method based on the equivalent
diagonal strut approach for the analysis and design of infilled frames subjected in-
plane forces. The method takes into account the elastoplastic behavior of infilled
frame considering the infill’s limited ductility. Infill aspect ratio, shear stresses at the

frame-infill interface, beam and colum strength are accounted in the method.






2. EXPERIMENTAL BACKGROUND

An experimental study related with the current topics was conducted in Structural
and Earthquake Engineering Laboratory of Istanbul Technical University.
Geometrically identical 12, 1/3 scaled reinforced concrete (RC) frame specimens
classified into three groups were produced and tested. First group specimen consisted
of bare frames, the second group was hollow brick infilled RC frames and the third

group consists of infilled frames retrofitted by CFRP in the form of cross bracing [6].

Four different types of tests were conducted. They are defined as follows: 1-cyclic
quasi-static tests, 3-cyclic quasi-static tests, low mass pseudo-dynamic (PSD) tests

(8.5 kNs?/m) and high mass (22.1 kNs*/m) PSD tests.

Although no axial force were affected to the columns, the beam was under the action
50 kN compression force arose from the fixation of the actuator to the specimen.
Therefore the beam of specimen is more stiff and has more strength compared with

the columns.

1/3 scaled specimen has 1000 mm height and 1333 mm span length. The foundation
has 400 mm height and 1533 mm witdh. The colums and beam have the same cross-
sectional dimensions of 200x100 mm and the same longitudinal (4¢8) and
transversal reinforcements (¢p6/140). Foundation longitudinal reinforcement is
12¢12. Concrete cover is supplied as 15 mm for all RC members. Unfortunatelly
for some of the specimens, it is obtained different thickness of the concrete cover.
Each specimens have identical reinforcement and concrete quality. The reinforcing

details are shown in Figure 2.1
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Figure 2.1: Reinforcement details of specimens

2.1 Test Specimen

2.1.1 Bare Frame

The dimensions of one-bay and one-storey test frame is given in Figure 2.2.
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Figure 2.2: Bare Frame

2.1.2 Infilled Frame

Infilled Frame has identical dimensions with the bare frame. 1/3 scaled hollow clay

bricks were produced and used in infill wall. Horizontal and vertical joints of infill

6



wall had 10 mm thickness. Both faces of the infill wall were covered with 10 mm
thick plaster. Dimensions of Infilled Frame and typical clay hollow brick are

illustrated in Figure 2.3.
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Figure 2.3: Infilled Frame and clay hollow brick dimensions
2.1.3 Retrofitted Infilled Frame

Infilled RC frames are retrofitted by using CFRP sheets. Epoxy resin was applied on
the plaster to adhere CFRP sheets in the form of X-bracing at both faces of the
infilled RC frame. The diagonal CFRP sheets were fixed at column to beam and
column to foundation joints with CFRP struts. The diagonal sheets at both faces of
the frame were connected each other by CFRP made anchorage members. Also,
some holes having 150 mm depth were used to place CFRP made anchorages.

Cross-Braced Frame dimensions are given in Figure 2.4.
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Figure 2.4: Retrofitted Infilled Frame



2.2 Material Tests

A variety of material tests have been conducted in order to use in the analytical

model.

2.2.1 Concrete Test

Several cyclindirical concrete samples were taken to be tested in the days of 28 and
90. The concrete standart compresive tests were performed in order to determine the
mechanical properties to be used in the analytical model. The stress-strain

relationship is demonstrated in Figure 2.5.
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Figure 2.5: Standart unconfined concrete test set-up and stress-strain relationship

2.2.2 Re-bar Tensile Tests

Reinforcement steel tensile tests were conducted in ITU Construction Materials

Laboratory as per defined in Turkish Code no. TS 708.

2.2.2.1 Transversal Re-bar tensile tests

3@¢6 mm transversal reinforcement samples were tested. Elongations were recorded
by using both comparator and straingauges. Test set-up and stress-strain relationship

of tensile test are depicted below:
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Figure 2.6: Transversal steel tensile test set-up and stress-strain relationship
2.2.2.2 Longitudinal Re-bar tensile tests

3@¢8 mm longitudinal reinforcement samples were tested. Elongations were
recorded by using both comparator and straingauges. Test set-up and stress-strain

relationship of tensile test are depicted below:
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Figure 2.7: Longitudinal steel tensile test set-up and stress-strain relationship

Strength and strain values obtained from the material tests for unconfined concrete,
longitudinal and transversal reinforcement steel which used in the analysis are
summarized in the Table 2.1. In the table, f; is concrete compression strength, f; is

steel yield strength, €, is corresponding strain for fj, f, is steel ultimate strength and

€y 18 corresponding strain for f,,.



Table 2.1:Frame members mechanical properties considered in analysis

Material f, [MPa] fy [MPa] gy [%] f, [MPa] €y [%]
Unconfined 18.3 NA NA NA 0.4
Concrete
Longitudinal . 410 02 490 9.5
Re-bar
Transversal
Re-bar - 550 0.2 550 3.0

2.2.3 Masonry Infill Tests

1/3 scaled perforated masonry bricks having a dimensions of 60x85x85 mm were
specially produced for this study. 500x500 mm masonry infill and CFRP retrofitted
masonry infill samples were produced and tested in the laboratory in order to define
the mechanical characteristics of infill wall. Since masonry infill is an anisotropic
material, three different types of tests were conducted. The first one was in brick’s
holes direction, the second one was in the perpendicular direction of brick’s holes

and the third one was in diagonal direction.
2.2.3.1 Tests in the Direction of Masonry Brick’s Holes

Unretrofitted and retrofitted infill wall samples were tested. The bricks holes were

the same with the loading direction. The tested specimens are shown in Figure 2.8.

Figure 2.8: Compression tests in the brick’s hole direction

The obtained axial stress-strain relationships are given in the Figure 2.9. The effect

of retrofitting on strength and ductility can be seen from the figure.
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Figure 2.9: Compression test results in the brick’s hole direction

The modulus of elasticity which is the initial slope of the stress-strain relation was

obtained as 3744 MPa.

2.2.3.2 Tests in the Perpendicular Direction of Masonry Brick’s Holes

Bare and CFRP retrofitted infill samples were tested. Bricks holes were
perpendicular to the loading direction. The tested specimens are shown in Figure

2.10.

Figure 2.10: Compression test in the brick’s hole perpendicular direction

The obtained axial stress-strain relationships are given in the Figure 2.11. The effect

of retrofitting on strength and ductility can be seen from the figure.
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Figure 2.11: Compression test results in the brick’s hole perpendicular direction

2.2.3.3 Tests in the Diagonal Direction of Masonry Brick’s Hole

This tests were conducted in order to determine infill’s diagonal compression
strength. The loading was applied to the samples in the diagonal direction. Infill and
CFRP retrofitted infill samples are shown in Figure 2.12.

Figure 2.12: Diagonal shear test

The shear stress-strain relationships are given in Figure 2.13. The maximum shear
strength for bare and retrofitted cases were determined as 0.9 MPa and 1.3 MPa,

respectively.
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Figure 2.13: Diagonal shear test results

The obtained test results are given together in Table 2.2.

0.000 0.004 0.008 0.012 0.016
Shear Strain [y]

(b)CFRP Retrofitted Infill

Table 2.2: Masonry infill mechanical properties considered in analysis

Hole’s

Hole’s Direction Perpendicular D}agopal
. Direction
. Direction
Specimen - -
fm ’ fm ? T
[MPa]  ©m™  [MPa] ®m mpa] '
Infill 4.5 0.006 2.5 0.0015 09 0.002
CFRP Retrofitted Infill 7.5 0.0035 3.5 0.0035 1.3 0.0035

According to manufacturer data sheet, CFRP material tensile strength and modulus

of elasticity are 3.9 GPa and 230 GPa, respectively.

13



14



3. ANALYTICAL MODEL

3.1 Analytical Software Used in Simulation
3.1.1 IDARC2D

For understanding the behavior of building structures during earthquake motions,
significant researches have been carried out. Due to the inherent complexities that
buildings have, often, researches have focused on understanding element behavior

through component testing.

Cyclic behavior of specimen was modeled by improved nonlinear computer analysis
program named IDARC2D which links experimental researches and analytical
developments. IDARC2D includes the following analysis types: Quasi-static cyclic
analysis, inelastic dynamic analysis, monotonic and adaptive pushover analysis and
long-term loading analysis. Behavior of concrete and masonry infill members in
IDARC2D is taken into account by two different hysteretic models, which are
Polygonal Hysteretic Model (PHM), and Smooth Hysteretic Model (SHM).

The typical tri-linear moment curvature envelop (M-y) have been used for the

section of RC members and illustrated in Figure 3.1.

Figure 3.1: Tri-linear Moment-Curvature idealization
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The idealized tri-linear M-y relation shown in Figure 3.1 includes the following
characteristics: EI (initial flexural stiffness), M. (cracking moment), M, (yield

moment), M, (ultimate moment), y, (yield curvature) and y, (ultimate curvature).

The infill panel is modelled in IDARC2D by the equivalent diagonal compression
struts. The contribution of the infill panel is represented by bi-linear shear force-
displacement envelope whose parameters depend on the material stress-strain

relationships. The force-displacement relation of infill panel is shown in Figure: 3.2.
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Figure 3.2: Infill panel lateral force-displacement relation
3.1.2 XTRACT

A cross-sectional analysis program of XTRACT was used for the creating of moment
curvature envelopes for IDARC2D. XTRACT generates moment-curvature and

axial force-moment interaction curves.

Mander concrete model was used in the analysis. Default strain values in XTRACT
were used for unconfined concrete model. The strain at peak stress is taken as 0.2%
and the crushing and spalling strains are taken as 0.4% and 0.6%, respectively. The
unconfined concrete stress-strain diagram is given in Figure 3.3. The model is

described in the following equations;
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stress

€ SCC=0.002

strain( € )

Scu=0.004

€

sp

Figure 3.3: Stress-strain diagram for the Mander unconfined concrete model

For strain - ¢ < 2. ¢, fo=0 [3.1]
For strain - ¢ <0 f,=s-E, [3.2]
For strain - ¢ < ¢, f. = feoxer [3.3]
r—-1+x"
E—¢&
For strain - € <&, f.=". +( foo— fcu) < [3.4]
o~
x=_5_ [3.5]
gCC
E
r= : 3.6
EC - ESEC [ ]
;
E. =—% [3.7]
ECC

Where & is concrete strain, f_ is concrete stress, E

c

elasticity, E,

cC

C

is concrete modulus of

is secant modulus, &, is strain capacity in tension, &, 1s strain at peak

stress (0.2%), &,, is ultimate concrete strain (0.4%), & is spalling strain (0.6%), fc' is
28-day compressive strength, ., is stress at &, and f_, is post spalling stress.
The formulation of confined concrete model is described in following equations and

general stress-strain diagram is given in Figure 3.4.
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Figure 3.4: Stress-strain diagram for the Mander confined concrete model

Forstrain- ¢ <2.¢, f.=0
For strain- ¢ <0 f.=¢-E,
For strain - ¢ < ¢, f, = e [3.8]
r—1+x"
£
X=—
gCC
¢
£, = o.ooz{us(%— ﬂ [3.9]
EC
r =
EC - Esec
fo
E =—< [3.10]

Where f_is confined concrete strength.

The formulation of bilinear with parabolic strain hardening steel model is described

in following equations:
For strain- ¢ < 2 s f —E.g [3.11]
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For strain - ¢ < P fo=f [3.12]
2
. Ey — €&
For strain - e<g, fo=1,—(f, - fy)-(w—j [3.13]

Where & is steel strain, f is steel stress, fy is yield stress, f, is rapture stress, & 1s
yield strain, &g is strain at strain hardening, & is failure strain E is modulus of
elasticity.

For all specimens, strain at strain hardening is taken as 0.02 and ultimate strain is
taken as 0.095. The typical stress-strain relationship of steel model is depicted in

Figure 3.5.
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Figure 3.5: Stress-strain diagram for steel model

Trilinear moment-curvature relationships are obtained by using XTRACT. The

typical column and beam moment curvature relations are given in Figure 3.6.
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Figure 3.6: The Typical Moment-Curvature Relation for Specimens
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The reinforcement and confined concrete stress-strain relationships which express
the failure mode in section are shown in Figure 3.7 and Figure 3.8, respectively.
From the figures one can evaluate that column failure mechanism occurs due to
reinforcement rupture and beam failure mechanism occurs due to crushing of

confined concrete.
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Figure 3.7: Column and Beam Re-bar Stress-Strain Relation
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Figure 3.8: Column and Beam Concrete Stress-Strain Relation
3.2 Analytical Model for Bare Frame

The created analytical model for bare frame based on polygonal hysteretic model
(PHM) with concentrated plasticity. Three types of PHM’s are included in
IDARC2D namely tri-linear, bilinear and vertex oriented. Depending on the results
of the sensitivity analysis, it is obtained that tri-linear PHM is the convenient one for
this study. The corresponding model includes stiffness degradation, strength

deterioration and pinching effects.

Stiffness degradation expresses the decrease of the load-reversal slope due to
increasing ductility. A corresponding stiffness degrading parameter in PHM (o) is

defined having a range of 2 to 200. Strength deterioration includes an envelope
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degradation, which occurs when the maximum deformation attained in the past is
exceeded, and continues energy based degradation. Corresponding parameters for
strength deterioration are ductility based (f,) and energy based (/f3,) strength
deterioration parameters. These parameters vary from 0.01 (no degrading) to 0.60
(severe degrading). Pinching hysteretic loops usually are the result of crack closure.
Corresponding parameter for pinching is » which varies from 0 (no slip) to 1.0

(severe slip). Mean values of the degradation parameters of hysteretic models were

determined by comparing experimental and analytical results.
3.3 Analytical Model for Masonry Infill

3.3.1 The Force-Displacement Envelope for Masonry Infill

According to many researchers an infill wall can be represented by equivalent
diagonal compression struts. The axial rigidity of these struts depends on the
thickness, modulus of elasticity and width of the infill wall. The idealization of

masonry infill are based on the study of Saneinejad and Hobbs, Figure 3.9.
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Figure 3.9: Equivalent diagonal strut model

In Figure 3.9, h is the height of the column measured on center of beam, h' is the

height of the infill. | is the length of the beam measured center of columns. l'is

length of the infill. I' is aspect ratio and defined as follows.
r=h/l [3.14]
0 is sloping angle of infill and can be determined as
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O=atan(h/I") 3.15]
@ is sloping angle of masonry diagonal strut at shear failure and was obtained

from the relation:
0' =atan|(1-a,)(h'/1)] [3.16]

The upper bound or failure normal contact stress at the column-infill interface o,

and beam-infill interface O, are calculated from Tresca Hexagonal Yield Criterion

as:
S P 3.17]
P Lot
f

c [3.18]

Opp = ———
Y 13

Where 1 is coefficient of friction of the masonry infill-frame interface and specified

in ACI 530-88 [7] as 4, = 0.45.

f. is effective (factored) compressive strength if the infill and calculated as

f,=0.6¢f, [3.19]
Where f is prism strength of masonry.
The given formula for f_ is based on ACI 530-88 [7].

When the infilled frame is subjected to lateral loading, the comperssive strut cause
compression at the infill-column and infill-beam interfaces. Saneinejad proposed

rectangular stress block which takes into account this effect as shown in Figure 3.10.
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Figure 3.10: Masonry infill model

The length of stress block is defined as a portion of length of column or beam. If &

is defined as normalized length of the interface contact length «, and «,

correspond column and beam contact lengths, respectively. «, can be determined as:

2M . +28 M ,
ah= \/ i+ 2AM <0.4h [3.20]
Ot

o, can be determined as:

<0.4h [3.21]

Where M is plastic moment capacity and subscripts C and b designates column and
beam, respectively. M ; is joint plastic resisting moment and taken as the least of the

beam and the column plastic resisting moment.

The unloaded corners of the infill remain elastic when infill reach ultimate load. A
coefficient is defined by Saneinejad based on finite element analysis and the

resulting moment values of column and beam at the unloaded corners as follows:

M,=f.M, M, =M, 3.22]

A value of f,=0.2 is introduced as nominal or rather upper bound, value of the

reduction factor of £, and
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The permissible compressive stress of infill in its central region f, is calculated as:

I 2
_ _| e 3.23
f.=1 [1 [40t” [3.23]

Where | is unsupported length of wall under diagonal compression stress and to be

calculated as:

l, = \/ [(1—(10 ) h? +|‘2} 3.24]

The actual normal contact stress o, and o, are calculated using the following

methodology:

If A > A then

O, =0,y = O, =0, [i} [3.25]

A,

If A, > A then

O, =0, = 0, =0y, [i} [3.26]
A,

Where

A =1, (1-a, —ur) 3.27]

A, =0y, (1=, = p1,1) 3.28]

The contact shear stresses at the column-infill interface 7, and beam-infill interface

7, were given as, respectively:
T, = M I‘zo'C [3.29]

Ty =H; Gy [3.30]

Three types of failure mode can be classified which are corner crushing (CC),
diagonal crushing (DC) and shear failure (SF). Diagonal and corner crushing strength

can be calculated as follows:
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V. =Af cosd [3.31]

Where A, is cross-section area of the equivalent diagonal strut and given below:

(l—ac)acth%+abt|%” th'ifEa
A, = - £=<0.5 <
cosf cos @ [3.32]

The left part of the Equation 3.32 corresponds to cross-section area for corner
crushing mode and the right part corresponds to cross-section area for diagonal

crushing mode.

Horizontal load carried by only infill at horizontal shear failure is given by

Saneinejad as;

vtl’
Vi = (1 —0.45tan 9')

<0.83tl [3.33]

where Vis cohesion or shear strength of infill wall.

Maximum lateral force carried by infill wall is the smallest value of the three distinct
failure modes which are corner crushing, diagonal crushing and shear failure. The

force displacement relationship of the infill panel is shown in Figure 3.11.

Figure 3.11: Strength envelope for masonry infill

In Figure 3.11, V,_ is maximum lateral force carried by infill wall and calculated by

the smallest value of Equations 3.31 and 3.33.
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U, is corresponding displacement for V. As described earlier V,, and U depend

on the constitutive model which is shown in Figure 3.12.
8;,] is corresponding strain for fr;]
U

 1s calculated from the following formula:

el

u, =" [3.34]
cos @
“ En = 2Egec
Egc= fm/En
f! Etan = d‘fm/dgm
;E
2
B
w
=1
S
&
g
g
S

strain[€,]

Figure 3.12: Constitutive model for masonry infill

K. 1s secant stiffness of the masonry infill at the peak load and defined as follows:

K, =-—m [3.35]

The initial stiffness can be taken as twice the secant stiffness at the peak load untill a
more consistent value is established for initial stiffness. And initial stiffness of the

masonry infill and can be represented as:
Vm
KO = 2(@] [3.36]

Lateral yield force of the infill panel can be determined as follows:

V. -U Ko
Vo =tmZn®
=g 3.37)

Where & is post-yield stiffness ratio and taken as 1% .

Lateral yield displacement of the infill panel can be determined as follows:
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U :Vm _UmKoa
(1=K,

[3.38]

3.3.2 The Hysteresis Model for Masonry Infill

The response envelop of masonry infill are modeled in IDAR2D by its initial

stiffness (K;) and lateral yield force capacity V . The hysteretic behavior is
represented by a smooth hysteretic model (SHM) based on the Wen-Bouc model.
The input parameters for hysteretic modelare A, B, v, n, &, A, Z, , Z’ Sk » Sy

s Sy, and g

A, B and y are constants that control the shape of the generated hysteresis loops.
The default values are taken for this parameters A=1, #=0.1 and »=0.9. To satisfy

viscoplastic conditions the present development assumes that A = S+y=1.0. The
parameter 77 controls the rate of transition from the elastic to the yield state. A large
value of 77 approximates a bilinear hysteretic curve, while a lower value will trace a
smoother transition. Parameter & is post yielding stiffness ratio for infill panel

which is defined as percent of initial stiffness. An important characteristic in the

hysteretic response of infill panels is the loss of stiffness due to deformation beyond
yield. s, is a control parameter used to vary the rate of stiffness decay as a function
of the current ductility, as well as the maximum attained ductility before the start of

the current unloading or reloading cycle. A value of S, =0 simulates a non-

degrading system. The parameters s and s , control the rate of strength

deterioration. g, is ductility capacity of infill panel. A, is a control parameter to vary

slip length which may be linked to the size of crack openings or reinforcement slip.

The parameter Z that controls the sharpness of the slip, is assumed to be

independent from the response history. In order to shift the effective slip region to be
symmetric about an arbitrary Z = Z, the value of Z used for slip may be offset by

avalue Z .
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3.4 Methodology of the Study

The methodology used in this study can be summarized by a flow chart as follows.
Material tests is the first step. Frame material tests consists of concrete compression
test and steel tensile tests. The material test results were used as the input for
XTRACT to obtain the moment-curvature envelopes. The nominal infill strength
obtained by conducting compression tests. Infill dimensions and test results were
used to obtain the infill force-displacement envelope. Sectional moment-curvature
relations for frame members and shear force-displacement relation for infill panel

were used in IDARC2D to simulate the behaviour.

Concrete compression strength, corresponding strain and modulus of elasticity were
obtained from the compression test. Steel yield, ultimate strength, corresponding
strains, modulus of elasticity were obtained from the tensile tests. Standart infill
samples were tested in different directions and nominal infill strength and strain

values are obtained.

Frame Meterial Infill Panel Infill Panel
Tests Tests Geometry
v \ 4
XTRACT INFILL PARAMETERS TABLE
Based on the Saneinejad Infill Model

\ 4
IDARC2D

g 3 E

g g 2

8= o 11T ‘_w‘«‘u‘w NW" i Y § “"‘H““MM\“. il W“H‘Hu i
72} <= 2 | &

[ «n A -

: e 2

m & 8

Top Displacement [mm] Time [sec] Time [sec]
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First step of the mothodology is summarized below:This step consist of a series of

material tests.

Concrete Steel Tensile Infill Panel Infill Panel
Compression Test Tests Tests Geometry
|
A 4 , A 4 v v v
[ f, &.,E. ] £y, €y, fuy €0,Es Hole’s Perpendicular Diagonal
. Direction Direction Direction

v v

y

f.en hLh’,I%t

A 4

If XFRP ue=0.75

In the second step, frame member’s moment-curvature envelopes were obtained in

XTRACT by using the results of material tests to simulate hysteresis response in

IDARC2D. Infill panel and CFRP retrofitted infill panel shear force-displacement

envelopes were obtained by a calculation table defined in the previous pages, based

on Saneinejad’s infill wall model.

v
[ XTRACT ]

Moment Curvature Relations
Cracking Moment

Cracking Curvatures

Yield Curvatures

A 4

INFILL PARAMETERS TABLE
Based on the Saneinejad Infill Model

Mpba Mpc, ij

Yield Moments
Ultimate Curvatures
Ultimate Moments

l

Trilinear

Ko :Initial Stiffness

Vo Maximum Lateral Force
U Corresponding Displacementfor V

»
>

Idealisation

Bilinear IDARC2D

{ Moment Curvature

A 4

IDARC2D I
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Polygonal Hysteretic Model [PHM] was used for bare frame. PHM was used for
infilled frame columns and beam, Smooth Hysteretic Model [SHM] was used for
masonry infill hysteresis. Mass-proportional damping was used for bare frame and
stiffness-proportional damping type was used for infilled frames. Related procedure

is summarized below.

[ IDARC2D ]
[ Damping Type ] [ Hysteretic Model ]
Bare Frame Infill wall Bare Frame llnﬁu wall
Mass Stiffness PHM  PHM for frame members
Proportional ~ Proportional SHM for infill panel
8 o =
= o =]
52 folP [ romap F{,}keﬁ‘:“p@‘/ )W‘ il g
%ﬁ. g_ﬁ"uw I ‘\‘w f é‘é
© 7] 29
4 qgf a
m 2 ﬁ
Top Displacement [mm] Time [sec] Time [sec]
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4. SIMULATION STUDY

Two set of analysis, which are quasi-static cyclic analysis and non-linear dynamic
analysis, were conducted. Firstly, 1-cyclic and 3-cyclic quasi-static analysis were
performed to determine hysteretic model parameters which consist of characteristics
such as stiffness degradation, strength deterioration and pinching for each specimen
type. Secondly, the reliability of determined hysteretic parameters were investigated
by performing non-linear dynamic analysis for two mass levels which are nominated

as low mass (8.5 kNs?/m) and high mass (22.1 kNs*/m) for each specimen.

The methodology for finding the hysteretic parameters can be explained as follows;
first, PHM degrading parameters for bare frame were determined. Then, by using
same model parameters for frame members, the SHM model parameters for infill
panel and retrofitted infill panel were determined based on both series of
experimental test results. The used hysteresis model types for specimens are listed in

Table 4.1.

Table:4.1 Specimens hysteresis model used in simulation

Specimen Columns and Beam Infill Panel
Hysteretic Model Hysteretic Model

Bare Frame PHM -

Infilled Frame PHM SHM

Cross-Braced Frame PHM SHM

4.1 Bare Frame

The analytical model for bare frame is idealized as 3 frame members which

correspond two columns and a beam as shown in Figure 4.1.
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Figure 4.1: Analytical model of specimens

The concentrated plasticity is used in the nonlinear analysis of frame members. The
typical moment curvature relations for columns and beam end sections were given in

Figure 4.2.

In the analytical study, some assumptions were made depending on the experimental
results. At the beginning of the analysis, the cracked stiffness was used depending on
the photograph taken at a drift ratio of 0.072%, Figure 4.2, where some early cracks

arc seen.

BF. 03.1L s 4
14.05.2009

Figure 4.2: The specimen photograph taken at % 0.072 drift ratio

The rigid-ends for column was not used because of the existency of the initial cracks

shown in Figure 4.3.
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Figure 4.3: Observed cracks at column-beam intersections

4.1.1 Quasi-static Cyclic Analysis

Quasi-static cyclic analysis are performed by applying piecewise linear cyclic

displacement history which was used in the experiments.

4.1.1.1 One-Cyclic Quasi-Static Analysis

The displacement pattern for one-cyclic quasi-static analysis is shown in Figure 4.4 .

60

40 -

20

Top Displacement [mm]
(e

Figure 4.4: One-cyclic quasi-static displacement pattern

A calibration process is successfully completed to determine the optimum PHM
degrading parameters by comparing the experimental and analytical force-
displacement responses. The PHM degrading parameters and corresponding damage

levels are given in Table 4.2.
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Table 4.2: PHM parameters for frame members (colums and beam)

Parameter Meaning Value Effect
o Stiffness Degrading Parameter 10 Moderate
B1 Ductility-Based Strength Degrading Parameter  0.01 No degrading
B> Energy-Based Strength Degrading Parameter  0.01 No degrading
Y Slip or Crack Closing Parameter 0.30 Moderate

The calculated damage parameters demonstrate that there exist no strength
deterioration whereas moderate stfifness degradation and moderate pinching were
observed. In the experimental study, the concrete cover intended was 15 mm.
Unfortunately, two re-bars moved from their original position and 40 mm concrete
cover was observed at one face of columns, Figure 4.5. There exists quite difference
between positive and negative shear force capacity of the specimen as shown in
Figure 4.6. The moment-curvature relation of the columns was modified in the
analytical model in order to reach similar force displacement relations with the

experiment.

200
15 145 40
[ ®
o o

40
30
20
10

0

Base Shear Force [kN]

-50 40 -30 -20 -10 O 10 20 30 40 50
Top Displacement [mm]

Figure 4.6: Difference in positive and negative shear capacity due to imperfection
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The comparison of simulation with the experimently obtained top displacement
versus base shear relation is illustrated in Figure 4.7.
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Figure 4.7: Base shear force- top displacement relation

Envelope curves of the experimental and analytical hysteresis for base shear force-

top displacement are given in Figure 4.8.

45
— Experiment AT ===
Z 30 || ====- IDARC2D 11
— [
8 15 1
=
<
S 0
=
nn -15 d
2 A
& 30 | tmmTmTmTmmS 1
-45

-50 -40 -30 -20 -10 O 10 20 30 40 50
Top Displacement [mm]

Figure 4.8: Envelope curves of the experimental and analytical hysteresis

The comparison of one-cyclic quasi-static test stiffness-drift ratio relationships of

simulation and experiment are shown in Figure 4.9.
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Figure 4.9: Lateral stiffness-drift ratio relations

The comparison of lateral stiffness for experiment and simulation is given in Figure

4.10.

—
S
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1
*

IDARC2D Stiffness [kN/mm]
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Experiment Stiffness [kN/mm]
Figure 4.10: Comparison of lateral stiffness in experiment and analysis

Energy dissipation capacity is the sum of the area under the hysteretic loops in the
base shear-top displacement relation diagram. Comperatively cumulative dissipated

energy in experimental and analytical studies are given below.
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Figure 4.11: Experimental and analytical cumulative energy- drift ratio relations

The energy dissipated at each displacement cycle is given in Figure 4.12. As seen the

dissipiated energy values are sufficently close in experiment and analytical works.
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1000
800
600
400
200

0

Loop Energy [kNmm]
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Figure 4.12: Dissipated energy at each experimental and analytical cycles

4.1.1.2 Three-Cyclic Quasi-static Analysis

The quasi-static displacement pattern in which three repetition is existing for each

diplacement target is illustrated in Figure 4.13.
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Figure 4.13: Three-cyclic quasi-static displacement pattern

The comparison of experimental and analytical base shear versus top displacement
relations obtained by using three-cyclic displacement pattern are shown in Figure

4.14.
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Figure 4.14: Base shear force- top displacement relation

In the analytical study, the degrading parameter of y was taken as 0.23. Because the
damage accumulation in three-cyclic test is more severe than one-cyclic test. The
photographs seen in Figure 4.15 shows the final damage states at the end of tests for

two different loading cases.
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(a)One-cyclic (b) Three-cyclic
Figure 4.15: Final damage states
Envelope curves of the experimental and analytical hysteresis of base shear-top

displacement are given in Figure 4.16.
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Figure 4.16: Envelope curves of the experimental and analytical hysteresis

The comparison of lateral stiffness versus story drift ratio relationships is given in

Figure 4.17.
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Figure 4.17: Lateral stiffness-drift ratio relations

The lateral stiffness obtained from the experiment and analytic work has been

compared for varios drift levels and given in Figure 4.18.
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Figure 4.18: Comparison of lateral stiffness in experiment and analysis

Cumulative dissipated energy obtained from the experimental and analytical works

are given in Figure 4.19 comperatively.
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Figure 4.19: Experimental and analytical cumulative energy- drift ratio relations

The cumulative dissipated energy in experiment is coincide with analytical results

until a drift ratio of

energy dissipated at
3000
— 2500
g
§ 2000
)
>
&n 1500
(D]
=
= 1000
o
g
S 500
0

3%. The cumulative error in total dissipated energy is 14%. The

each displacement cycle is given in Figure 4.20.
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Figure 4.20: Dissipated energy at each experimental and analytical cycles

4.1.2 Non-linear Time History Analysis

Non-linear time history analyses for two mass conditions which are low mass (8.5

kNs*/m) and high mass (22.1 kNs*/m) have been performed to compare with the

results of corresponding PsD tests. The damping is modeled as mass proportional

and taken as 5% of the critical damping.
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Base shear force lateral top displacement relations for 0.2 and 0.4 PGA levels are
given in Apendix: Al. Lateral top displacement histories for 0.2 and 0.4 PGA levels
are given in Apendix: A4. Base shear force histories for 0.2 and 0.4 PGA levels are

given in Apendix: A7.
4.1.2.1 Low-Mass Dynamic Case

In PSD experiments, specimen was subjected to a series of acceleration records.
Firstly, a sinusoidal type acceleration record was used, Figure 4.21. The time

increment and total duration of the record are 0.02 sec and 6 sec, respectively.

win o VN
s v V \V \/ v

-0.375

Acceleration [g's]

0 05 1 15 2 25 3 35 4 45 5 55 6
Time [sec]

Figure 4.21: Sinusoidal wave acceleration record

Secondly, the modified Duzce Earthquake acceleration record was applied repeatedly
for increasing peak accelerations which are 0.2g, 0.4g, 0.6g. The modified Duzce
Earthquake acceleration record sampled by 0.01 sec time intervals and the duration
of record is 10 sec. The modified Duzce Earthquake acceleration record for 0.2 PGA

level is given in Figure 4.22.
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Figure 4.22: The modified Duzce Earthquake PGA=0.2¢g
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The complate acceleration record that applied to bare frame is given in Figure 4.23.
Total duration is 36 seconds which include a sinus wave and three modified Duzce

Earthquake with increasing PGA values of 0.2g, 0.4g and 0.6g, respectively.
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Figure 4.23: Acceleration record used in low mass case

The numerical integration time step in the analytical work is selected as 0.00005
(At/200) sec to assure numerical stability. The performance of the hysteretic model is
investigated by three relations which are time-displacement, time-base shear and

force-displacement. The comparison of top displacement-base shear relations are

given in Figure 4.24.
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Figure 4.24: Base shear force- top displacement relation
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The comparison of top displacement history is given in Figure 4.25.
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Figure 4.25: Lateral top displacement history for low mass case

The base shear force history obtained analytically is compared with the experimental

one, Figure 4.26.
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Figure 4.26: Base shear force history for low mass case

4.1.2.2 High-Mass Dynamic Case

The full acceleration record that applied to bare frame is given in Figure 4.27. Total
duration is 32 seconds which include a triangular wave and two modified Duzce

Earthquake with increasing PGA values of 0.2g and 0.4g, respectively.

44



0.5
0.4 1
0.3
0.2
0.1

0 XA T L [ I i \I[” \
-0.1
-0.2
-0.3
-0.4

1
-
—

Acceleration [g's]

0 2 4 6 8 10121416 18 20 22 24 26 28 30 32
Time [sec]

Figure 4.27: Acceleration record used in low mass case

The comparison of top displacement versus base shear force relations are given in

Figure 4.28.
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Figure 4.28: Base shear force- top displacement relation
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The comparison of top displacement history is given in Figure 4.29.
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Figure 4.29: Lateral top displacement history for high mass case

The comparison of base shear history is given in Figure 4.30.
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Figure 4.30: Base shear force history for high mass case

4.2 INFILLED FRAME

The infill panel is modeled by equivalent diagonal compression struts. The

contribution of infill panel to bare frame is taken into account as a bilinear shear
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spring. The initial stiffnesss K, and lateral yield force capacity V, of infill panel is

calculated in Table 4.3.

The compression strength of masonry f_ is taken from the infill panel tests of 500 x

500 mm, [8]. The average of compressive strengths obtained in two main directions
is 4.5 MPa and the corresponding strain value is 0.006. Basic shear strength of

masonry V is 1.1 MPa which is specified in ACI 530-88.

Lateral yield force V, and initial stiffness K, are 80.8 kN and 19.4 kN/mm which

are close to the calculated values of 77.0 kN and 17.7 kN/mm in Table 4.3.

The following assumptions are used in the analytical study. Tri-linear moment
curvature idealization was used in the analytical model. Initial cracks were not
existing at the top and bottom sections of the columns, see the photograph taken at
0.078% drift level in Figure 4.33. Therefore gross-sectional flexural rigidity is used

as the initial rigidity for RC members.
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Figure 4.31: Specimen state at 0.078% story drift

At top end of the columns, a rigid end having 100 mm depth was taken into
consideration. The photograph taken at 0.16% drift level shows no crack in and

around the beam-column connection, Figure 4.32.
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Table: 4.3 : Strength and Stiffness Calculation for Infill Panel

Parameter Meaning Value Unit
h Height of column measured on center of beams 900 mm
h Height of infill 800 mm
| Length of column measured on center of columns 1133 mm
I Length of infill 933 mm
r Aspect Ratio 0.7944
Sloping angle of diagonal infill 0.7088
6 Sloping angle of masonry diagonal strut at shear failure 0.5740
Hs Coefficient offriction of the frame-infill interface 0.45
fn; Prism strength of masonry 4.5 MPa
f, Effective(factored) compressive strength of infill 45 MPa
O Column-infill nominal (upper bound) uniform contact normal stress 40 MPa
o Beam-infill nominal (upper bound) uniform contact normal stress 3.5 MPa
M, Plastic resisting moment of the column 6592  kN.mm
M, Plastic resisting moment of the beam 10300 kN.mm
M ol Joint plastic resisting moment 6592 kN.mm
t Infill thickness 80 mm
a, Normalized contact length of column-infill interface 0.25
o, Normalized contact length of beam-infill interface 0.22
A Column-Infill interface contact stress 20 MPa
A Beam-Infill interface contact stress 3.0 MPa
o, Actual normal stress column-infill interface 40 MPa
o, Actual normal stress beam-infill interface 2.7 MPa
A Contact shear stress column-infill interface 1.1 MPa
Ty Contact shear stress beam-infill interface 1.2 MPa
L Effective length of the equilavent diagonal struts 1111 mm
f, Permissible stress 3.9 MPa
A Area of the equilavent diagonal struts 22768 mm’
v Basic shear strength or cohesion of masonry 1.1 MPa
V., Maximum lateral force 77.78 kN
& Corresponding strain for masonry prism strength 0.006
U, Corresponding displacement for Vm 8.87 mm
K, Initial stiffness 1771  kN/mm
a Post-yield stiffness ratio 0.01
Vv, Lateral yield force 76.99 kN
y Lateral yield displacement 434 mm
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Figure 4.32: Specimen state at 0.16% story drift

4.2.1 Quasi-static Cyclic Analysis
4.2.1.1 One-Cyclic Quasi-static Analysis

The applied displacement pattern for one-cyclic static test is given below:
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-60
Figure 4.33: One-cyclic quasi-static displacement pattern
A calibration process is successfully accomplished to determine the smooth
hysteretic model (SHM) parameters in IDARC2D for infill panel by comparing the
experimental and analytical force-displacement relations. The obtained parameters

are listed in the Table 4.4. The polygonal hysteretic model (PHM) parameters used

for the RC frame members are the same obtained for bare frame.
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Table: 4.4 : SHM paramaters for infill panel

Parameter Meaning Value
K, Initial Elastic Stiffness of Infill Panel 19.4 kN/mm
Vy Lateral Yield Capacity 80.8 kN
A Parameter A in Wen’s Model 1.0
B Parameter 3 in Wen’s Model 0.1
e Parameter y in Wen’s Model 0.9
n Parameter 1 in Wen’s Model 2.0
a Post Yielding stiffness Ratio 0.001
A Control parameter for slip length 0.83
Z, Parameter that controls the sharpness of the slip 0.20
v Offset value for slip response 0.0
S, Control parameter to vary the rate of stiffness decay  0.001
Sy Parameter to control the rate of strength deterioration 0.01
Spo Parameter to control the rate of strength deterioration 1.0
M, Ductility capacity of infill panel 7.5

Top displacement-base shear relationships obtained in the experimental and

analytical studies are shown in Figure 4.34.
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Figure 4.34: Base shear force-top displacement relations

Envelope curves of the hysteresis are illusrated in Figure 4.35. The general form of

the analytical curve is similar to the experimental one.
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Figure 4.35: Envelope curves of the experimental and analytical hysteresis

The comparison of lateral stiffness versus story drift ratio relation obtained in

experimental and analytical studies is given together in Figure 4.36.
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Figure 4.36: Lateral stiffness-drift ratio relations

The comparison of the lateral stiffness obtained for different displacement cycles is
given in Figure 4.37. If a point coincides on the line with a slope of 45°, it means
that the lateral stiffness obtained from the experimental and analytical works are
equal to each other. From Figure 4.37, one can evaluate that lateral stiffness of

analytical model is relatively greater than the experiment.
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Figure 4.37: Comparison of lateral stiffness in experiment and analysis

The comparison of cumulative dissipated energy obtained from analytical and
experimental studies is shown in Figure 4.38. The cumulative relative error in final

stage is around 13%.
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Figure 4.38: Experimental and analytical cumulative energy- drift ratio relations

The hysteretic energy dissipated at each cycles in experimental and analytical works
1s given in Figure 4.39. It 1s clearly seen that dissipated energies at experimental and

analytical loops sufficently close each other.
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Figure 4.39: Dissipated energy at each experimental and analytical cycles

4.2.1.2 Three-Cyclic Quasi-static Analysis

The quasi-static displacement pattern in which three cycles for each ductility level

are repeating is given below:
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Figure 4.40: Three-cyclic quasi-static displacement pattern

Similar to bare frame, quasi-static displacement pattern in which three cycles for
each ductility level are repeating caused more damage on the frame members
compared with one-cyclic quasi-static test. After a calibration process, the PHM
strength degrading parameters (5= /3, ) for the frame members were determined as
0.30 instead of 0.01 obtained for one-cyclic quasi-static test. The comparison of top

displacement versus base shear relationships of simulation and experiment is

illustrated in Figure 4.41.
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Figure 4.41: Base shear force-top displacement relations

Envelope curves of the experimental and analytical hysteresis for base shear force

versus top displacement are given in Figure 4.42.
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Figure 4.42: Envelope curves of the experimental and analytical hysteresis

The comparison of lateral stiffness obtained from experiment and analytical works

are made for various drift ratios, Figure 4.43.
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Figure 4.43: Lateral stiffness-drift ratio relations

The comparison of the average lateral stiffnesses at each displacement cycles is

given in Figure 4.44. The points are positioned generally above the 45° line. It means

that the lateral stiffness obtained from the analytical work is a slightly greater than

the ones obtained in the experimental work.
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Figure 4.44: Comparison of lateral stiffness in experiment and analysis

The comparison of cumulative dissipated energy obtained in the analytical and

experimental work is made in Figure 4.45. The cumulative relative error in final

stage is around 17%.
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Figure 4.45: Experimental and analytical cumulative energy- drift ratio relations

The hysteretic energy dissipated at each cycles in experimental and analytical works
is given in Figure 4.46. It is seen that there is quite differences between experimental

and analytical results.
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Figure 4.46: Dissipated energy at each experimental and analytical cycles

4.2.2 Non-linear Time History Analysis

Stiffness proportional damping is used in nonlinear time history analysis performed
in IDARC2D. Base shear force-lateral top displacement relations for 0.2 and 0.4
PGA levels are given in Apendix: A2. Lateral top displacement histories for 0.2 and
0.4 PGA levels are given in Apendix: AS. Base shear force histories for 0.2 and 0.4
PGA levels are given in Apendix: AS.
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4.2.2.1 Low-Mass Dynamic Case

The specimen was subjected to successive acceleration records. A sinusoidal wave
which consists of three 0.25g and three 0.375g cycles was applied initially, Figure

4.47. The time intervals of the sine wave is 0.02 sec and the total duration is 6 sec.
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Figure 4.47: Sinusoidal wave acceleration record

The modified Duzce acceleration record is used with increasing intensities of 0.2g,

0.4g, 0.6g, 0.8g.
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Figure 4.48: Acceleration record used in low mass case
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The damage parameters obtained for the quasi-static displacement pattern has been
used in nonlinear time history analysis. Because of the initial cracks observed in
experiment, initial stiffness of the infill panel is taken as 12.0 kN/mm instead of 19.4

kKN/mm.

The comparison of top displacement versus base shear relations for low mass case is

given in Figure 4.49.
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Figure 4.49: Base shear force-top displacement relations

Top displacement and base shear history are given in Figures 4.50, 4.51.
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Figure 4.50: Lateral top displacement history for low mass case
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Figure 4.51: Base shear force history for low mass case

4.2.2.2 High-Mass Dynamic Case

The complate acceleration record that applied to infilled frame is given in Figure

4.52. Total record length is 32 seconds and it includes successive triangular wave and

the modified Duzce Earthquake with increasing intensity.
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Figure 4.52: Acceleration record used in high mass case
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The comparison of top displacement versus base shear relations for high mass case is

given in Figure 4.53.
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Figure 4.53: Base shear force-top displacement relations

Top displacement and base shear history are given in Figures 4.54, 4.55.
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Figure 4.54: Lateral top displacement history for high mass case
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Figure 4.55: Base shear history for high mass case
4.3 RETROFITTED INFILLED RC FRAME

The methodology for modeling cross-braced type retrofitted infill panel is same with

the created analytical model for infill panel.

Compresion strength of infill wall an1 , 1s taken from the material tests of 500 x 500

mm CFRP confined panels. The average of the compression strengths obtained in
two perpendicular directions of the panels is 7.5 MPa and the corresponding strain is

0.0035. Basic shear strength of infill wall is 1.1 MPa, [8].

Lateral yield force V, and initial stiffness K, are calculated as 109 kN and 42.1

kN/mm (Table 4.5) whereas initial stiffnes value of 42.1 kN/mm is consistent with
the three-cyclic quasi-static test. The calculated stiffness values for all analysis cases

for the retrofitted infilled frames are given in Table 4.6.
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Table: 4.5 : Strength and Stiffness Calculation for Retrofitted Infilled Frame

Parameter

Meaning Value Unit
h Height of column measured on center of beams 900 mm
h Height of infill 800 mm
| Length of column measured on center of columns 1133 mm
I Length of infill 933 mm
r Aspect Ratio 0.7944
Sloping angle of diagonal infill 0.7088
6 Sloping angle of masonry diagonal strut at shear failure 0.6042
M Coefficient of friction of the frame-infill interface 0.55
fn; Prism strength of masonry 7.5 MPa
f, Effective(factored) compressive strength of infill 7.5 MPa
(o Column-infill nominal (upper bound) uniform contact normal stress 6.4 MPa
Cho Beam-infill nominal (upper bound) uniform contact normal stress 54 MPa
M pe Plastic resisting moment of the column 6592  kN.mm
ob Plastic resisting moment of the beam 10300 kN.mm
M, Joint plastic resisting moment 6592  kN.mm
t Infill thickness 80 mm
a, Normalized contact length of column-infill interface 0.19
a, Normalized contact length of beam-infill interface 0.18
A Column-Infill interface contact stress 3.0 MPa
A Beam-Infill interface contact stress 4.0 MPa
o, Actual normal stress column-infill interface 6.4 MPa
o Actual normal stress beam-infill interface 43 MPa
A Contact shear stress column-infill interface 22 MPa
T, Contact shear stress beam-infill interface 23 MPa
et Effective length of the equilavent diagonal struts 1133 mm
f, Permissible stress 6.5 MPa
A, Area of the equilavent diagonal struts 19340 mm
v Basic shear strength or cohesion of masonry 1.1 MPa
V., Maximum lateral force 110.11 kN
g,'n Corresponding strain for masonry prism strength 0.0035
U, Corresponding displacement for V| 523 mm
K, Initial stiffness 42.13 kN/mm
a Post-yield stiffness ratio 0.01
Lateral yield force 109 kN
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Table: 4.6 : The differencies between analysis cases for retrofitted infilled frames

. Initial Elastic Stiffness Ductility
Analysis case

(kN/mm) (u)
1-cyclic quasi-static 20 10
3-cyclic quasi-static 42 20
Low-mass nonlinear time history 20 10
High-mass nonlinear time history 32 16

The determined damage parameters used for cross-braced member are the same with
thus used for infill panel element except for the control parameter of strength

deteration (s, ). This parameter is taken as 1.0 for cross-braced member and 0.01 for

infill panel member.
4.3.1 Quasi-static Cyclic Analysis

The rigid-end assumption and trilinear moment-curvature relationship is used for

frame members as used in infilled frame.
4.3.1.1 One-Cyclic Quasi-static Analysis

The applied displacement pattern for one-cyclic static test is given below:
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Figure 4.56: One-cyclic quasi-static displacement pattern

Top displacement versus base shear hysteresis obtained for one-cyclic quasi-static
test are compared in Figure 4.57. The envelop curves for experimental and analytical
works are also given in Figure 4.58. From these diagrams, one can evaluate that

initial stiffness, ultimate strength and descending branch are consistent each other.
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Figure 4.57: Base shear force-top displacement relations
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Figure 4.58: Envelope curves of the experimental and analytical hysteresis

The comparison of stiffness-drift ratio relation for one-cyclic quasi-static test is

illustrated in Figure 4.59.
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Figure 4.59: Lateral stiffness-drift ratio relations

The comparison of the calculated lateral stiffness obtained for each displacement

cycle is also given in Figure 4.60.
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Figure 4.60: Comparison of lateral stiffness in experiment and analysis

The comparison of the cumulative dissipated energy versus story drift relation
obtained in the experimental and analytical works is shown in Figure 4.61. The

cumulative relative error in total dissipated energy is around 3%.
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Figure 4.61: Experimental and analytical cumulative energy- drift ratio relations

The dissipated energies at each displacement cycles are compared in Figure 4.62.
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Figure 4.62: Dissipated energy at each experimental and analytical cycles

4.3.1.2 Three-Cyclic Quasi-static Analysis

The applied displacement pattern for three-cyclic quasi-static test is given below:
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Figure 4.63: Three-cyclic quasi-static displacement pattern

Three-cyclic quasi-static displacement pattern caused more damage to the specimen
compared with one-cyclic quasi-static displacement protocol. Based on the
calibration process, the PHM strength degrading parameters ( g, = g, ) for the frame
members were determined as 0.20 instead of the value of 0.01 used for one-cyclic

quasi-static test.

The comparison of top displacement-base shear relationships obtained in the

experimental and analytical works is given in Figure 4.64.
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Figure 4.64: Base shear force-top displacement relations

Envelope curves of the experimentally and analytically obtained base shear versus

top displacement relations are given in Figure 4.65.
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Figure 4.65: Envelope curves of the experimental-analytical hysteresis

The comparison of lateral stiffness versus story drift relation for three-cyclic quasi-

static test is illustrated in Figure 4.66.
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Figure 4.66: Lateral stiffness-drift ratio relations

The comparison of lateral stiffnesses at each displacement cycles for experiment and
analytical cases is made in Figure 4.67. The points shown are the average value of

the three cycles.
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Figure 4.67: Comparison of lateral stiffness in experiment and analysis

The comparison of the cumulative dissipated energy calculated for the experimental
and analytical cases is illustrated in Figure 4.68. The cumulative error in total

dissipated energy is around 14%.
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Figure 4.68: Experimental and analytical cumulative energy- drift ratio relations

The dissipated energies calculated for each displacement cycles are given in Figure

4.69.
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Figure 4.69: Dissipated energy at each experimental and analytical cycles

4.3.2 Non-linear Time History Analysis

Stiffness proportional damping type is used in nonlinear time history analysis

contrary to mass proportional damping type used in bare frame.

Base shear force-lateral top displacement relations for 0.2 and 0.4 PGA levels are
given in Apendix: A3. Lateral top displacement histories for 0.2 and 0.4 PGA levels
are given in Apendix: A6. Base shear force histories for 0.2 and 0.4 PGA levels are

given in Apendix: A9.

4.3.2.1 Low-Mass Dynamic Case

The specimen was subjected to consecutive acceleration records. A sinusoidal wave
which was also used for infilled frame (Figure 4.49), was applied first. Then the

acceleration record of Duzce Earthquake was repeated with the incremental PGA.
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Figure 4.70: Acceleration record used in low mass case

The comparison of top displacement versus base shear history is given in Figure

4.71.
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Figure 4.71: Base shear force-top displacement relations
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Top displacement history obtained in the experimental and analytical works are

compared in Figure 4.72.

- Experiment
B IDARC2D

Top Displacement [mm]

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [sec]

Figure 4.72: Lateral top displacement history for low mass case

Base shear histories obtained in the experimental and analytical works are compared

in Figure 4.73.
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Figure 4.73: Base shear force history for low mass case

4.3.2.2 High-Mass Dynamic Case

The specimen was subjected to consecutive acceleration records. A triangular wave
was applied first. Then the acceleration record of Duzce Earthquake was repeated

with the incremental PGA, Figure 4.74.
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Figure 4.74: Acceleration record used in high mass case

The comparison of top displacement versus base shear history is given in Figure

4.75.
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Figure 4.75: Base shear force-top displacement relations
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Top displacement histories obtained in the experimental and analytical works are

compared in Figure 4.76.
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Figure 4.76: Lateral top displacement history for high mass case

Base shear histories obtained in the experimental and analytical works are compared

in Figure 4.77.
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Figure 4.77: Base shear force history for high mass case
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5. CONCLUSIONS AND RECOMMENDATIONS

This thesis aimed to simulate the results of various experiments which were
conducted in Structural Earthquake Engineering Laboratory of ITU. The experiments
consists of three groups of specimens which are the reference bare frame, the infilled
frame and the retrofitted infilled frame (cross-braced frame) with CFRP sheets. Each
group of specimens was tested in the laboratory by using quasi-static and pseudo-
dynamic testing techniques. The quasi-static tests were performed with gradually
increasing displacement based one cyclic and three cyclic reversals. Pseudo-dynamic
tests were performed for two different inertia mass condition. The simulation study

was performed by using IDARC2D software.

Based on the quasi-static experiments the performances of hysteretic model
parameters for each group of specimens were evaluated in terms of stiffness,
strength, absorbed energy and ductility. The correctness of the hysteretic model
parameters were inspected with pseudo-dynamic test results by performing non-
linear time history analysis. According to the nonlinear time history analysis result, it
can be concluded that the analytical assumption made on the hysteretic model

parameters, works well with the experimental results up to 1% story drift ratio.
The following conclusions can be driven according to the simulation study;

For all of the analytical models, there are some common assumptions. The
concentrated plasticity assumption is made for the all models. Regarding the
hysteresis properties of the frame members, tri-linear polygonal hysteretic model

(PHM) is selected.

1- The frame members namely beam and column’s sectional behavior (moment-
curvature) were idealized as bilinear envelope that is formed with two critical co-
ordinates yielding and ultimate points. The supposed tri-linear polygonal hysteretic
model (PHM) degrading parameters that are extracted from the quasi-static tests are
o=10, $;,=0.01, B,=0.01 and y=0.30. The defined PHM degrading parameters result

in a well convergence with the nonlinear time history analysis. Therefore they are
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strongly recommended to be used as hysteretic model parameters in the frame

members.

In the nonlinear time history analysis of bare frame, 5% mass proportional damping
was used. The stiffness values obtained analytically and experimentally are nearly
the same for higher drift ratios. The analytical energy dissipation variation is also
adequately close to those of obtained in experiments. The hysteretic model
parameters those are used in three cyclic quasi-static tests were also same with the

one cyclic quasi-static test except just only one “y” parameter. This parameter is

taken “0.3” in three cyclic tests instead of 0.23 used in one-cyclic tests.

2- A tri-linear moment-curvature relation is assumed for the frame members namely
columns and beam. The moment-curvature relation consists of the characteristic
coordinates of cracking, yielding and ultimate points. Due to the fact that the column
section is not cracked at the very beginning of the tests for the infilled frame case.
Therefore the initial stiffness of the frame members is used as non-cracked stiffness.
For infilled frames, rigid ends of the members are taken into account. The hysteretic
degrading parameters of the members of infilled frame are the same with the one that

are used in bare frame (=10, $,=0.01, $,=0.01 and y=0.30).

The infill panel is modeled by using equivalent diagonal compression struts. The
contribution of infill panel is taken into account indirectly as a bilinear shear-spring.
The initial stiffness Ko and lateral yield force capacity Vy of infill panel is calculated
by using Saneijad’s model. The inputs of this analytical model are h (height of
column measured on center of beams), | (length of column measured on center of
columns), h* (height of infill), I'(length of infill), s (friction co-efficient of the
frame/infill interface), f_ (prism strength of masonry), ¢ (corresponding strain for
prism strength of masonry), t (infill wall thickness), M. (plastic resisting moment of
column), Mp, (plastic resisting moment of beam), My (joint plastic resisting
moment),a (post yield stiffness ratio). ¢, and f_ are strain and strength values
determined from singular brick element experiments. A reduced strength value of f;
is used for the infill panel. Instead of using unique brick experiment, the strain and

stress values of ¢, =0.006 and f_ =4.5MPa are obtained from the compression

tests performed on the masonry walls which were 500x500 mm in size. g is taken

as 0.45 which is specified in ACI 530-88. My; is the minimum of column and beam
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plastic resisting moment capacities. Thickness of infill wall consists of the infill and
mortar thickness at two faces. A smooth hysteretic model (SHM) based on Wen-

Bouc model is used for infill panel. Calculated degrading parameters for one-cyclic

quasi-static tests are: A=1, p=0.1, y=09, p=2, a=0.001, A =0.83,

Z,=0.20,Z=0,5=0001,s,=001,s,, =10 and 4 =7.5.

This parameters yield adequate accuracy in NTHAs and recommended to be used as
hysteretic model parameters for infill panel. In NTHAs 5% stiffness proportional
damping is assumed. The stiffness and absorbed energy calculated from simulation
study are compared with one-cyclic quasi-static experimental results. The stiffness
values calculated from simulation are in good agreement with the experimental
results. The cumulative relative error in terms of absorbed energy in final stage is
around 13%. In three cyclic quasi-static tests strength degrading parameters for
frame members are calibrated as ;=B,=0.30. The other degrading parameters for
frame members and infill panel are taken as the same with thus used in one-cyclic
quasi-static tests. The stiffness values calculated from three cyclic simulations are in
good agreement with the experimental results. The cumulative relative error in terms

of absorbed energy in final stage is around 17%.

3- The analytical model prepared for the infilled frame retrofitted by CFRP is same
with infilled frame’s except some minor revisions. The parameters representing the
contribution of CFRP retrofitting is compression strength, ductility and friction

coefficient for infill wall-frame interface.

Tri-linear moment curvature relations, rigid end assumption and the same hysteretic
model parameters (PHM) (a=10, B;=0.01, B,=0.01 and y=0.30) are used in the
analytical model of retrofitted infilled frame with CFRP sheets.

The contribution of CFRP sheets to infill panel is taken into account by changing the

input values of ¢, f, and g The stress-strain values of &, =0.0035 and

m

f ' =7.5MPa are taken from the tests of 500x500 mm masonry prisms.

If one wish to use the approximate characteristics for the retrofitted infill panel, the
infill panel strength must be multiplied by a constant of 7.5/4.5= 1.65 and the infill
panel strain must be divided by 2. The friction coefficient g4 which is used for infill

wall-frame interface, is taken as 0.55 instead of 0.45. All the other parameters in

77



order to calculate the initial stiffness Ko and shear force Vy are the same with the

infilled frame.

The calculated smooth hysteretic model (SHM) parameters are also same for the case
of infill wall except for the parameters g and Spi. z& should be taken as 20 if the
initial damage does not exist. Sp; is taken as 1.0 in the retrofitted infill panel instead

0f 0.01 used in infill panel.

These parameters yield accurate results in NTHAs and it is recommended to be used
as hysteretic model parameters for retrofitted infilled frame (cross-braced frame)
with CFRP sheets. In NTHAs 5% stiffness proportional damping is used. The
stiffness and dissipated energy calculated from the simulation are compared with
one-cyclic quasi-static experimental results. The stiffness and dissipated energy
values calculated from simulation are in good agreement with the experimental
results. The observed relative errors are not significant. In three cyclic quasi-static
tests, strength degrading parameters for the frame members are calibrated as
B1=P>=0.20. The other degrading parameters for frame members and infill panel are
taken as the same with thus used in one-cyclic quasi-static tests. The stiffness values
calculated from three cyclic simulations are in good agreement with experimental

results. The cumulative error in total dissipated energy is around 14%.
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APPENDICES

APPENDIX A.1 : Bare Frame Base shear force-top displacement relations
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APPENDIX A.2 : Infilled Frame Base shear force-top displacement relations
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APPENDIX A.3 : CFRP Retrofitted RC Frame Base Shear Force-Top Displacement
Relations
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APPENDIX A.4 : Bare Frame Lateral Top Displacement History

10.0
7.5 A
5.0
2.5
0.0

-2.5

-5.0

-7.5 1

-10.0

----- Experiment
——IDARC2

4

Top Displacement [mm]

6 7 8 9 10 11 12 13 14 15 16
Time [sec]

Figure A.13: Low mass 0.2 PGA

25 i
g 20 4 ===-=- Experiment
& 15 4| _—IDARC2D
5 LR
5 B
Q v
ks »U
o,
.Z‘J -10 T ‘V ]
st -15 - v ! !
ﬁ -20 -
-25
le 17 18 19 20 21 22 23 24 25 26
Time [sec]
Figure A.14: Low mass 0.4 PGA
__ 40
=
Q
&
O
Q
=
o,
A
A -
a vy ew - Experiment
ﬁ — IDARC2D

o 1 2 3 4.5 6 7 8 9 10
Time [sec]

Figure A.15: High mass 0.2 PGA

87



Top Displacement [mm]

»n

----- Experiment
—— IDARC2D

10 11 12 13

14 15 16 17 18 19 20
Time [sec]

Figure A.16: High mass 0.4 PGA

88



APPENDIX A.5 : Infilled Frame Lateral Top Displacement History
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APPENDIX A.6 : CFRP Retrofitted RC Frame Lateral Top Displacement History
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APPENDIX A.7 : Bare Frame Base Shear Force History
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APPENDIX A.8 : Infilled Frame Base Shear Force History
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APPENDIX A.9 : CFRP Retrofitted RC Frame Base Shear Force History
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