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ABSTRACT

Computational Modeling of Conventionally Reinforad@dncrete Coupling Beams.
(December 2010)
Ajay Seshadri Shastri, B.E, Visvesvaraya Technalduniversity, Belgaum, India

Chair of Advisory Committee: Dr. Mary Beth D. Huest

Coupling beams are structural elements used toembriwo or more shear walls. The
most common material used in the construction afiptog beam is reinforced
concrete. The use of coupling beams along withrshialis require them to resist large
shear forces, while possessing sufficient ducttlitylissipate the energy produced due
to the lateral loads. This study has been undemtékgroduce a computational model
to replicate the behavior of conventionally reicka coupling beams subjected to
cyclic loading. The model is developed in the &nielement analysis software
ABAQUS. The concrete damaged plasticity model wsed to simulate the behavior
of concrete. A calibration model using a cantilebeam was produced to generate key
parameters in the model that are later adaptednadeling of two coupling beams
with aspect ratios: 1.5 and 3.6. The geometricatenl, and loading values are
adapted from experimental specimens reported iditdr@ature, and the experimental
results are then used to validate the computatimoalels. The results like evolution of
damage parameter and crack propagation from thidysare intended to provide
guidance on finite element modeling of conventibnatinforced concrete coupling

beams under cyclic lateral loading.
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1. INTRODUCTION

1.1 Background
Understanding the behavior of coupling beams isngrortant aspect in the seismic
resistant design of structures. Coupling beamsregaired when there are openings
created between shear walls, such as the provisiodoors in elevator shafts and
stairwells. Coupling beams are required to withdteery large shear forces, while also
possessing sufficient ductility to dissipate thergy produced during a seismic event.
Reinforced concrete coupling beams are generalgsdied based on the type of
reinforcement configuration provided and are termmmhventionally reinforced
coupling beams and diagonally reinforced coupliegrs. This study focuses on the
computational modeling of two conventionally reirded coupling beams subjected to
cyclic loading.
Reinforced concrete coupling beams are frequersiy and are classified based on
the reinforcement pattern as:
1. Conventionally reinforced coupling beams: These heams that are
reinforced with longitudinal reinforcement and aher amount of shear

reinforcement when compared to regular beams.

This thesis follows the style dburnal of Structural Engineering



The large shear produced at the face of the colmeoétween the coupling
beam and the shear wall is resisted by provisiodaode amounts of
transverse reinforcements near this zone. Figshiolvs a typical layout of

a conventionally reinforced coupling beam.
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Fig. 1.1. Typical Layout of Conventionally Reinforced CougjiBeam (Kwan and

Zhao 2002)

2. Diagonally reinforced coupling beams: These cogplineams are
reinforced with rebars that intersect at an angld are symmetrical
about the midspan. This angularity in the reinéonent helps to convert
the large shear force into an axial load by trug®a. It has been shown

that the performance of diagonally reinforced cougpbeams improves



with the higher inclination of the reinforcemenigF1.2 shows a typical
diagonally reinforced coupling beam. The diagoeaiforcement can be

formed out of either single bars or with group®bafs.
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Fig. 1.2. Typical Layout of Diagonally Reinforced Coupling@a (Kwan and Zhao

2002)

1.2 Scopeand Objectives

The design of the reinforcement for a coupling bedgpends on the aspect ratio,
which is the ratio of the clear length between #hear walls to the depth of the
coupling beam. It has been observed that couplemms with higher aspect ratios
behave significantly different when compared torbgavith a lower aspect ratio. The

use of experimental methods for predicting the biemaof coupling beams with



varying parameters is both expensive and time comgy Experimental methods also
provide an additional challenge of duplicating tlestraints a coupling beam would
experience during a seismic event. The objectivethid work is to produce a
computational model that replicates the behaviarosiventionally reinforced coupling
beams subjected to cyclic loading. The computatiom@del should be robust enough
to handle various boundary and load conditions. ddraputational model will utilize
the concrete damaged plasticity model and will egetbped in the finite element
analysis software, ABAQUS (ABAQUS 2008).

1.3 Methodology

The following tasks were performed to accomplishrisearch objectives:

Task 1: Identification of Experimental Data

The model proposed here is to be tested againstiexgntal results for conventionally
reinforced concrete coupling beams having diffeesptect ratios and different loading
and test conditions. The two experimental specinmbaswere chosen for this study
were tested by are Galano and Vignoli (2000) anst@&we (2000).

Task 2: Establishing Material Properties

The accurate simulation of the experimental res@tgiires that the model replicates
the behavior of the materials involved. The corenetaterial model was developed
using the modified Popovics equation proposed bydéa et al.(1988). This model
incorporates the effect of confinement on the cetecbased on the amount of shear

reinforcement provided. The model has only one goudor both the pre- and post-



peak behavior of concrete, making it straightfovey implement in the formulation
of the concrete material behavior.

A key feature of the concrete damaged plasticiogeh is its ability to predict
the member behavior based on the evolution of dantaghe concrete. This requires
an estimate of the variation of the accumulatiodarhage with respect to the strain in
concrete. The selected damage plasticity consttuthodel parameters have been
adopted from Abu Al-Rub and Kim (2010).

Task 3: Parametric Study Using a Calibration Model

An important step before the actual modeling ofpdimg beams is to obtain a good
estimate of the parameters involved in the damagdemand to perform a mesh
refinement study. The dilation angle for the damagedel is determined as a key
parameter and is studied in this case. A typicaltiiever beam having material
properties similar to the experimental values isdeted using the analysis tool,
RESPONSE 2000 (Bentz 2000). RESPONSE 2000 usestitified compression
field theory for analyzing the behavior of reinfedcconcrete members. RESPONSE
2000 is a simple and accurate analytical tool,\aas therefore chosen in this study for
determining the behavior of the cantilever modédihe force deformation and the
moment curvature response obtained for RESPONSHE 2@0then compared to those
determined using the damage plasticity model géegren ABAQUS. The optimum
values of the dilation angle and the mesh dengtytlie finite element model are

chosen from the results obtained in this study.



Task 4: Modeling of the Coupling Beams

The final task is to model the coupling beams inARRJS using the material models
and the damage density parameter determined in Paskd the results of the
parametric study in Task 3. The coupling beam meded decided to be modeled in
two dimensions as the computational effort requfodh three dimensional analysis is
considerably greater. The stress across the segttih was assumed to be negligible,
and a plane stress formulation was adopted. Quadyabmetric order elements were
used as the effect of bending is considerable enpitoblem. Based on the loading
pattern a quasi static analysis is used as thesoption. The results obtained are then
compared to the experimental results. Graphicakpbthe force deformation curves,
variation of the stiffness and strength degradatoth respect to the cumulative
density, variation of strain along the coupling finedéhe evolution and distribution of
the crack pattern and the possible modes of fadueeto be obtained from this model.
A comparison of the predictions of the model bebavo the experimental results,
which vary with change in the aspect ratio and ilegdonditions, is also performed.
1.4 Summary

This research focuses on developing a finite elémeodeling approach using the
concrete damage plasticity model to replicate the Imear behavior of conventionally
reinforced coupling beams subjected to cyclic lngdiAn extensive literature review
on the experimental and analytical work for couploeams is conducted. Based on the
literature review two experimental works are choserthe process of validating of the

computational model. The parameters to be usethéomodel are determined using a



calibration model. The response of the model udimg obtained parameters are

compared to the experimental results.



2. LITERATURE REVIEW

2.1 Introduction

The use of shear walls as a construction pracaoeecinto effect during the 1950s to
increase the stiffness of a building during anhearake. These structural members are
required to possess enough resistance and capadigsipate the large lateral forces
that can be produced during an earthquake. Theymexi connecting members for
shear walls was a challenge, as these membersnhpthad to withstand the high
lateral load but also had to possess a higherliycthan that of the walls to prevent
damage to the structure. In a coupled wall stragtiire "frame" action of the coupling
beams, that is: the axial forces in the walls t@syifrom the accumulated shear in the
beams, is typically stiffer than the flexural respe of the individual wall piers. As
such, the coupling beams have greater ductilityatets than the shear walls.

Coupling beams generally require high amountshefas reinforcement to be
present at the face of the connection between dhbpling beam and the shear walls.
This problem was overcome by an alternate desigiesty proposed by Paulay and
Binney (1974). The reinforcement in the proposeddnally-reinforced” coupling
beams were placed at an angle to each other. daties was developed as a result of
this angular orientation of the reinforcement byickhthe reinforcement had to resist
only an axial load thereby increasing the couploeam capacity by a significant
amount. This arrangement of reinforcement allowadthe design to have a lower

amount of transverse reinforcement. The use ofratiaerials like steel plates in the



construction of coupling beams is now in practiteese are however beyond the
scope of this report and only reinforced concretgpting beams are discussed.
2.2 Review of ACI 318 Provisions
The ACI 318-08 building code requirements dealhwibe design of structural
concrete members (ACI Committee. 318, 2008). A fbatudy of the primary
requirements related to the design of coupling lseand coupled shear walls has been
made below. Chapter 21 of ACI 318-08 contains neguoents for the design and
construction of reinforced concrete structures ectied to earthquake motions, on the
basis of energy dissipation in the nonlinear ranf@esponse. Section 21.5 details
requirements related to frame members but thesafigagions are also recommended
for coupling beams.
2.2.1Aspect Ratio
Section 21.9.7 of ACI 318-08 addresses couplingmseand the minimum design
requirements. The classification of the couplingrhe is made based on the aspect
ratio (i.e., the ratio of the clear distance of leaml,, to the depth of the beah):
1. Beams with an aspect ratigh > 4 shall satisfy the following requirements
[Section 21.5].
* The factored axial compressive force on the mendbail not exceed
Agf'/10 [Section 21.5.1.1].
* The width-to-depth ratio shall not be less than 0.3
* The width shall not be

0 Less than 10 inches.
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0 More than the width of the supporting member phesdistance on each
side of the supporting member should not exceeeetfourths of the
depth of the beam [Section 21.5.1.4].

Sections 21.5.1.3 and 21.5.1.4 are required iflthem does not possess sufficient lateral
stability.
2.2.2Longitudinal Reinforcement

The amount of reinforcement to be provided in aptiog beam should not be less

then, 20, d / fy and the reinforcement ratio shall not exceed Q.@25least two

bars shall be provided continuously at the top lasttom. The minimum reinforcement
requirements can waived if at every section tha afeensile reinforcement provided
is at least one-third greater than that requiredrmslysis [Section 21.5.2.1].

The positive moment strength at the joint facdlsi@ be less than one-half of
the negative moment strength provided at any féd¢bheojoint. Neither the positive or
negative moment strength at any face shall betlemss one-fourth of the maximum
moment strength [Section 21.5.2.2].

Lap splices are permitted only if hoop or spiehforcement are provided as
they have been found to be more reliable as cordp@rdap splices of transverse
reinforcement. The maximum spacing of the trangveesmforcement shall not exceed
d/4 or 4 inches [Section 21.5.2.3]. Lap splices simait be used in the following
locations:

a) Within the joints,

b) Within a distance of twice the member depth fromftkce of the joint and
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c) At locations where analysis indicates flexural giefy caused by inelastic

lateral displacement of the frame.
2.2.3Transverse Reinforcement
Transverse reinforcement are required primarilgdafine the concrete and maintain
lateral support for the longitudinal reinforcing rbain regions where yielding is
expected. They are required in the following regiohcoupling beams:

a) Over a length equal to twice the member depth miedstuom the face of
the supporting member towards midspan at both esidthe flexural
member [Section 21.5.3.1],

b) Over a length equal to twice the member depth dh bmles of a section
where flexural yielding is likely to occur in corgt®mn with inelastic lateral
displacement of the frame.

The first hoop shall be located not more than hascfrom the face of a supporting
member [Section 21.5.3.2]. The maximum spacing slvdlexceed:

a) d/4,

b) eight times the diameter of the smallest longitatbars,

c) 24 times the diameter of the hoop bars, and

d) 12 inches.

When hoops are not required, stirrups with seidmigks at both ends shall be spaced
at a distance not more thdff throughout the length of the member [Section 3143.
Hoops in flexural members shall be permitted¢éomade up of two pieces of

reinforcement; a stirrup having seismic hooks ahlends and closed by a crosstie.



12

Consecutive crossties engaging the same longitudarashall have their 90 degrees
hooks at opposite sides of the flexural membethdf longitudinal reinforcing bars
secured by the crossties are confined by the sdabenly one side of the flexural
coupling beam, the 90 degree hooks of the crosstials be place on that side [Section
21.5.3.6].

2.2.4Shear Strength Requirements

The design shear forc®,, corresponding to the equivalent lateral forceregsenting
the earthquake, shall be determined shall fronsidenation of the statical forces on
the portion of the member between faces of thetgoift shall be assumed that
moments of opposite sign corresponding to the grebidexural moment strengtiVl,,

act at the joint faces and that the member is kbadéh factored tributary gravity load
along its span. It is assumed the frames dissipatearthquake energy in a nonlinear
range of response. Unless the frame is designe@-fbitimes the design force it is
assumed to yield in the event of major earthqudke required shear strength of a
coupling beam is related to the flexural strengthhe designed members rather than
the factored shear force.

2.2.5Transverse Reinforcement for Shear Strength

From experimental studies it has been shown thae steear reinforcement is required
to ensure that members fail in flexure first wherbjected to cyclic loading. The
necessity of an increase of shear reinforcememgtser when there is absence of axial

load is reflected in the requirements as per Sec#t.5.4.2 according to which
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transverse reinforcement shall be portioned tostesdiear assuming. = 0 when both
of the following conditions occur:
a) The earthquake induced shear force calculated septe one half or more
of the maximum required shear strength with thesgths;
b) The factored axial compressive force inclining lequiake force is less then
Agf ' /20.
Coupling beams with aspect ratigh < 4 are permitted to be reinforced with two
intersecting groups of diagonally placed bars syimoa about midspan [Section
21.9.7.2].

Coupling beams with an aspect ratigh<2 with a factored shear forcé,
exceeding 4\/?; A, (in-lb units) shall be reinforced with two intecsieg bars of

diagonally placed bars symmetrical about the midspaless it can be shown that the
loss of stiffness and the strength will not impthie vertical load carrying capacity of
the structure or egress from the structure, otirtteggrity of nonstructural components

[Section 21.9.7.3].

2.3 Experimental Research

2.3.1Coupling Beam Failure Modes

This section presents a review of experimental amese on reinforced concrete
coupling beams. Various types of failures obseruedcoupling beam tests are

discussed in this section including the following:
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Shear compression (SC): This failure is usuallynsée conventionally
reinforced coupling beams. The beams fail at tmetjon of coupling beams
with the shear walls. The concrete is crushed edetpoints when the stress is
above the concrete compressive strength.

Shear Sliding (SS): This failure is usually obsdrvn conventionally
reinforced coupling beams. A large amount of sis¢ér@ss is produced between
the connection between the shear wall and the caupkams. This is found to
happen when the shear strength of the reinforcemelower than the shear
stress at the joint.

Flexural Failure (FF): This is a general case afufa for beam with
insufficient flexural strength. These failures aeen particularly in the case of
conventionally reinforced coupling beams.

Shear Tension (ST): This failure is seen usuallganventionally reinforced
coupling beams. The beams fail at the junction mipting beams with the
shear walls. The concrete cracks when the tensiteadds on concrete exceed
the cracking stress capacity.

Buckling of Diagonal Reinforcement (BDR): This fai is seen in diagonally
reinforced coupling beams. The diagonal reinfora@nage provided to convert
the high amount of shear reinforcement into axahpression/tension. When
the compression demands on the reinforcement extteetuckling load, the

beams fail.
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* Local Diagonal Reinforcement Failure (LD): Thisldee occurs in beams with
diagonal reinforcement only at joints between shealis and coupling beam.
The diagonal reinforcement fails either in tensmmcompression causing a
failure in the coupling beam.
» Diagonal Tension (DT): If the axial tension in tbde&agonal reinforcement is
higher than the axial strength of the reinforcem#re coupling beams fail.
2.3.2Summary of Experimental Research Work
Tables 2.1 and 2.2 summarize the experimentabrelsevork done in the field of
coupling beams. Key parameters are provided foh egmecimen followed by a

description of key points in each of the reseataliss.

Table. 2.1. Experimental Research on Conventionally Reinfoi€edpling Beams.

Reference | SpecimgnA.R |Lengtl Concrete |Ultimate|Reinforcemery UDD* FailureJ‘
ID (In/hy| (mm) | Compressivg Steel Ratiop = Mechanis
Strength | Strength  Ag/(bd) *
(MPa) (MPa)
311 1.29 1016 36.8 313.8 1.58 - SC
312 1.29 1016 35.2 313.8 1.58 - SC
313 1.29 1016 44.5 313.8 1.58 - SC
314 1.29 1016 44.8 313.8 1.58 - SC
Paulay, 1970 315 1.29 1016 40.0 313.8 1.58 - SC
391 1.02| 1016 315 315.9 1.06 - SC
392 1.02] 1016 37.7 315.9 1.06 - SC
393 1.02] 1016 30.8 315.9 1.06 - SC
394 1.02] 1016 43.2 315.9 1.06 - SC
Paulay and
Binney?/1974 315 1.29 1016 40.0 315.9 - 3.0 SS
Barney et al. C2 1.40| 423.5 20.7 414.0 - SS
1980 C5 1.40| 423.5 20.7 414.0 - SS
Tassios. 1996 CB1A | 2.50| 500 33.0 484.0 0.70 3.1 SC
' CB1B | 1.40| 500 33.0 484.0 1.10 5.6 SC
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Table 2.1 (cont.)

Reference| Specimen A.R |[Length Concrete |Ultimate|Reinforcemen UDD* Failure
ID (In/h) | (mm) | Compressive Steel Ratiop = Mechanism
Strength |Strength  Ay/(bd)
(MPa) (MPa)
CCB1 | 1.17| 700 37.8 525.4 - 4.0 ST
CCB2 | 1.40| 700 38.8 525.4 - 5.0 e
ng:\?)n;gg’_ CCB3 | 1.75| 700 39.8 525 ( - 5.0 sS
’ CCB4 | 2.00| 700 40.8 525.4 - 6.0 FF
CCB12 | 1.17| 700 42.8 525.0 - 4.3 SS
P01 1.50 | 600 49.0 567. 0.52 ] SS
Ga!anol.""” P02 | 1.50| 600 445 567.0 0.52 - SS
Vf’(;‘é’o" P03 150 | 600 52.4 567.( 052 - ss
P04 1.50 | 600 48.7 567. 0.52 - SS
. CB4A | 1.00| 500 29.8 281.4 ; 5.2 FF
T"i‘gsg'gs' CB4B | 1.66| 500 31.3 281.4 - 41 FF
CB5A | 1.00| 500 32.3 4844 0.70 2.7 e
Notes :

AR - Aspect Ratio
+SC - shear compression, SS -Shear Sliding, Féxuifal Failure, ST- Shear Tension
* UDD - Ultimate Displacement Ductility
is defined as the ratio of the ultimate displaceinterthe displacement at yiehistis defined as th
area of the longitudinal tensile reinforcement.

linch = 25.4 mm, 1ksi = 6.89 MPa

Table. 2.2 Experimental Projects on Diagonally Reinforced GmgpBeams.

Specimerl A.R | Length| Concrete |Ultimate| ReinforcementUDD* | Failure
Reference ID (In/h) | (mm) |Compressiv¢ Steel Ratiop = Mechanism
Strength | Strengthl  Ag/(bd)
(MPa) (MPa)
C7 2.8 | 846.9 20.7 414 - SC
C8 2.8 | 846.9 20.7 414 - BDR
Barney et al. 423.4
1980 C1 2.50 20.7 414 - BDR
C3 2.50| 4234 20.7 414 - LD and 5C
C4 2.50] 4234 20.7 414 - LD and 5C
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Table 2.2 (cont.)

Reference| SpecimgnA.R [Length Concrete |Ultimate|Reinforcemen UDD* Failure
ID (In/hy | (mm) | Compressiv¢ Steel Ratiop = Mechanism
Strength |Strength  Ay/(bd)
(MPa) (MPa)
C6 1.40 | 4231 20.7 414 - BDR
Fortney, | DCB-1 | 257 | 914 37.6 418 5.20 - BDR
2008 DCB-2| 3.00| 914 55 461 3.10 - BDR
P10 1.50| 600 46.8 567 0.52 - BDR
P11 1.50| 600 40 567 0.52 - BDR
P12 1.50| 600 41.6 567 0.52 - BDR
Galanoand™p13 | 150] 600| 475 567 0.52 i BDR
Vf’é‘é’é" PO5 | 1.50| 600 39.9 567 0.52 - BDR
P06 1.50| 600 46 567 0.52 - BDR
P07 1.50| 600 54 567 0.52 - BDR
P08 1.50| 600 53.4 567 0.52 - BDR
Kwan and
Zhao, 2002 ccB11| 1.17| 700 41.8 517 - 4 DT
Paparoni,
1'3972 - 1.96 | 450 - - 0.01 3.4 BDR
Paulay and__ 316 1.29 | 1018 33.3 287.6 - 3.3 BDR
Binney, 317 1.29 | 1018 50.7 306.2 - 6.4 BDR
1974 395 1.03| 101§ 355 289 - 6 BDR
CB5B 1.66 | 500 33.1 484 1.10 1.6 SC
. CB 2A 1 500 28.5 281 - 2.8 BDR
Ti‘gsg'gs' CB2B | 1.66 | 500 26.3 281 - 4.6 BDR
CB3A | 1.00 | 500 31.7 484 0.70 1.6 LD and SC
CB 3B 1.66 | 500 33.8 484 1.10 2.9 LD and SC
Notes
AR - Aspect Ratio
+SC - shear compression, SS -Shear Sliding, Féxurfal Failure, ST- Shear Tension
*SC -Shear Compression, BDR -Buckling of DiagonalnRecement, SS -Shear Sliding, LDLocal
Diagonal reinforcement failure, DT -Diagonal temsio
linch = 25.4 mm, 1Ksi = 6.89 MPa

2.3.3 Paulay, 1970

The primary work done on coupling beams was anrtefioimprove the behavior of
shear walls. The behavior of conventionally reinéat coupling beams was described
by Paulay (1970). It was observed here that cogdi@ams that were tested need to
simulate the exact end conditions that would eatsits connection to a shear wall.

This was done with free boundary conditions exgsta the extension of the coupling
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beams which was assumed to be simulating the adgpghear walls. The load pattern
is as shown in the Fig. 2.1. The length to deptinsa(aspect ratios) tested were 1.29

and 1.02.

Fig. 2.1. Loading Pattern and Principal Dimensions of TesicBpen (Paulay, 1971)

An equivalent truss model was later developedittulate the experimental
results. It was concluded that for coupling bearith & small aspect ratio, the flexural
reinforcement cannot be analyzed as a doubly mesietbsection as both the tension
and compression reinforcement would be in tensfter aracking. The shear strength
in beams is equal to the combined strength of tineigs interrupting the shear crack.
A safe design must ensure that shear strength waoatidjovern the design and the
shear strength requirement must be at least egula¢tflexural strength requirement.
2.3.4Paparoni, 1972
The use of diagonal reinforcement in coupling beamas conducted by Paparoni

(1972). The paper describes that coupling beamsxatohave a high dead load
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requirement but they do need to possess enoudhestf and shear strength to resist
the loads from the shear walls. The author propasesw method of reinforcing the
beam by introducing diagonal reinforcement in thenf of bent bars and providing
extra stirrups. Fig. 2.2 shows the reinforcemeagblt of the coupling beam used in

the experiment.

BAR REINFORCED LINTEL

43 o

Fig. 2.2. Reinforcement Layouts for Coupling Beam Specimeapéroni, 1972)

The tests on this reinforcement pattern indicétted these reinforcement details
provided better performance when compared to cdiomeal reinforcement. The
author concluded that careful architectural plagnirs required for effective
performance of structures. Simple assumptions cadenif this system is analyzed

using conventional elastic methods but better meali models were required.
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2.3.5Paulay and Binney, 1974
Paulay and Binney (1974) conducted the initial wiirkmake use of the truss action
provided by inclined reinforcement. The authors cdesd that the diagonal
reinforcement would convert the large amounts afashproduced into axial forces
acting along the length of the members. Reinforsitegl, which possess a higher axial
tensile and compressive capability, enhances tlemgih of the coupling beam to a
great extent. This formed a major breakthroughedesign of coupling beams. The
diagonal reinforcement also increased the ductditfhe beam when compared to a
conventional reinforced coupling beam. Althoughesgsh on the subject of diagonal
reinforced coupling beams was started in the ea@y0s, the provision for this
reinforcements appeared in codes of practice maten. |

The experiments compared the behavior of convealliip reinforced coupling
beams and diagonally reinforced coupling beamss Was achieved through testing
two conventionally reinforced coupling beams anar fdiagonally reinforced coupling
beams. The test beams had aspect ratio of 1.04.28d The test setup is as shown in
Fig. 2.3. The comparison of the two types of beafesarly indicated the improved
performance of the diagonally reinforced couplimgms in terms of both strength and
ductility. The conventional beams were found td B sliding shear. The diagonal
reinforced coupling beams were found to have amate rotation of 12 times the

yield rotation.
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Fig. 2.3. Loadng Pattern and Principal Dimensions of Test Speti(Raula and

Binney, 1974)

The authors conclud that in both beam type$fie main reinforcement a
under tension at thé&ilure load. The diagonal reinforcement were seerail by
buckling after thewrounding concrete had broken away froi
2.3.6Barney et al., 1980
The tests conducted Hyarneyet al., (1980)involved subjecting eight reinforce
concrete coupling beaspecimerto load reversalt simulate their behavior during .
earthquake. The beanitzave a spéeto-depth ratio ranging from 2.5 to 5. T

specimens were chosen with three beams havingylstrimngitudinal reinforcemen
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three beams having diagonal bars at the hingingmegand two specimens having full
length diagonal reinforcement. The experimentalsetonsisted of two coupling
beams framed into abutment walls replicating the eonditions when they are
connected to shear walls as shown in Fig. 2.4. athement walls were supported on
thrust bearings and loads were applied though hjidraams on one end while
maintaining the end condition of the other edgéddixed, thereby inducing a lateral
load in the beams. Loading was controlled by niagei of applied force before

yielding and through deflections after the onseyiefding. The loads ranged from 7
\ f'. for the beams with conventional reinforcement ﬂo\/ﬂ for beams with

diagonal reinforcement.

The beams having conventional full length diagaeatforcement were found
to fail due to sliding shear at the beam to watkifaces. This was the case even
though shear reinforcement was provided. Sinceinglicshear cracks developed
through this reinforcement the shear reinforcemeats found to be ineffective.
However, the rate of deterioration depended on ribember of cycles and load
intensity. The results obtained indicated that bearnth large concrete cores perform
better in the inelastic zone. Beams with diagaeaiforcement at hinging regions
were found to perform better, but not enough ttifjuthe cost and complexity of their
construction. It was concluded that the use of the of reinforcement is not an
economical solution.

The best performance was given by beams with feligth diagonal

reinforcement. Beams with a smaller aspect ratidopmed better than those with a
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larger aspect ratio. The test also revealed thatityrloads play an important role in
the performance of diagonally reinforced concretamiers and an ideal aspect ratio
ranges from 1.4 to 2.8. The reinforcement also riedok well anchored for superior
performance. It is also suggested that actual dypafcthe beams be used as a way to

test the beam strengths rather than the yielddesfethe materials.

Abutment
Wall
Raller
Gulde Coupling Beoms

A NSH e

7 \‘Ahulmunt
Wall

Fig. 2.4. Boundary Condition of the Specimen (Barney et 18180)

2.3.7Tassios et al., 1996

Five different coupling beam patterns were tesigdassios et al., (1996). Coupling
beams with shear ratios varying from 0.5 to 0.83ewtested with 10 specimens. The
shear ratio is defined as ratio of the length & toupling beam to twice its depth,
JIn/2h. The layouts of the reinforcement are shown in Ri$. It was found that the

ductility and shear strength varies based on differeinforcement layouts of the

coupling beams.
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Fig. 2.5. Reinforcement Layouts for Coupling Beam Specimédisgios et al., 1996)

The specimens were tested in a vertical positiwh were subjected to cyclic
shear displacements using the testing rig showkign2.6. One end of the specimen
was free, while the other was fully fixed to thecgon frame by means of wedged
steel elements, and a hydraulic jack imposing ateorh compressive force to the fixed
part. The displacements were induced from the &ee producing a symmetrical

moment diagram with zero moment in the middle eftheam.
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Fig. 2.6. Boundary Condition and Testing Mechanism for GimgpBeam Specimen

(Tassios et al.,1996)

It was found that the specimen with diagonallynf@icement showed better
performance among the tested beams. The introductfobent-up bars led to an
increased ultimate capacity and overall behaviommared to conventionally
reinforced beams. The specimens with short dowdlsiot exhibit any sliding at their
ends. However, they were found to be the mostid@iinong all the specimens tested.
The specimens with long dowels behaved slightlyebeéhan the specimens with short
dowels. The authors conclude by saying that membihsa higher shear ratio had a
higher ductility compared to the ones with a lowkear ratio. A shear ratio of 0.75 is
optimum for a diagonally reinforced beam.
2.3.8Galano and Vignoli, 2000
Galano and Vignoli (2000) tested 15 coupling be&angng an aspect ratio of 1.5 and

with varying reinforcement patterns and loadingtdries. The loading pattern was
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unique for the coupling beams tested in this sti@hth ends of the coupling beams
were provided with hinges so to simulate the rotetiof the shear wall. The coupling
beam had a length of 600 mm with a depth of 450ancha thickness of 150 mm. The
shear walls were 1100mm long. The dimensions ofcthgling beam are shown in

Fig. 2.7. and the section and reinforcement detdithe specimen P02 are as shown in

the Fig. 2.8.

thickness
5= 150 mm

f e

g30 h=400 mmI : :
i ] +
150
1100 lr= 600 1100
A —):’"T A #-

Fig. 2.7. Dimensions of the Coupling Beam (Galano and Viig2@00)
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Fig. 2.8. Section and Reinforcement Details of Specimen B&2ano and Vignoli

2000)

The load was applied through a set of braces artlie shear wall adjoining
the coupling beam. The test setup is as showngnZ9. Galano and Vignoli (2000)
were able to use this setup to determine the fdefermation, strength degradation,
and stiffness degradation of the coupling beamse Gpecimen (P02) from the

experimental program is chosen for the validatibthe proposed analytical model.
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Fig. 2.9. Loading Setup for Specimen P02 (Galano and Vig2@aio)

The authors concluded that the rhombic layouhefrhain reinforcement gave
the highest rotational ductility values. The rhomlayout, however, produced lower
values of strength with the same geometrical peéacgnof steel area. The concrete
compressive strength greatly affected the seismi@bior of the coupling beams that
were reinforced with diagonal bars. Comparable ggnealissipation quantities were
achieved with the diagonal and the rhombic layofitslight superiority, however, was
found for the rhombic configuration that dissipaseligher average hysteretic energy.
2.3.9Bristowe (2000)

Bristowe (2000) conducted a series of full scalststefor predicting the seismic
behavior of normal and high strength concrete sires. The work details the testing

of four coupling beams, two specimens of normakrgith concrete and two
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constructed using high strength concrete. The @ogipeams had an aspect ratio of 3.6
and varying transverse reinforcements to alterdingtility of the beam. The length of
the coupling beam is 1800 mm with the depth ats@® The overall dimension of the
coupled shear wall system is 5400 mm. Additionaifoecement was provided at the
juncture of the coupling beam and the shear wad]. E.10 shows the section and

reinforcement details of the specimen.
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Fig. 2.10. Section and Reinforcement Details of Specimen N&#&{owe 2000)

The test setup used y Bristowe (2000) is similaH#ories (1995). The shear
walls were post-tensioned to two steel reactiormseto induce the compressive load
on the walls simulating the self-weight of the stuwe. One of the shear walls was

fixed to the floor while the load was applied te tbther wall using loading ram and



30

was leveled using a loading beam and a leveling fidra test apparatus is as shown in

Fig. 2.11.
toaded wall
il
I, I
1 I
i vertical
past-tensioning
n
fixed I
beam it
! inading

beam

n

! leveling ram
l| «— posi-tensioned clamps —»

v .
“*+ negative loading through reaction fioor

Fig. 2.11. Test Setup of Specimen NR 4 (Bristowe 2000)

2.3.10 Kwan and Zhao, 2002

Aspect ratio plays an important role in the behawb coupling beams. Kwan and
Zhao (2002) tested six coupling beams with aspis less than 2.0 to compare their
performance under cyclic loading. Five of them weoaventionally reinforced and
one was diagonally reinforced. The aspect ratiesl digr the conventionally reinforced
coupling beams were 1.17 and 1.40 and aspect @&tib20 and 1.17 were used for the
diagonally reinforced coupling beam with differenginforcement layouts. The end

conditions to simulate the earthquake loading wasosed by keeping one end of the
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beam fixed while the applying the necessary fottcth@ other end of the beam. The
details of the beam are shown in Fig. 2.12.

The experiments indicated that after the appearahtclined shear cracks, the
load resisting mechanism of the conventionally foered coupling beams gradually
reduced with all the longitudinal reinforcement 9ar tension. No zero stress zones
existed in the longitudinal reinforcement bars ahgve inside the beams. The

elongation strains of the beams were on the orfdébao 2.5 percent.
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Fig. 2.12. Reinforcement Layouts for Coupling Beam SpecimewdK and Zhao,

2002)

The measured shear strength was much higher irdilgonally reinforced

coupling beam showing its superior performance. ©heserved load displacement
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graph is shown in Fig. 231 The displacement ductility factors of the six cong!
beams tested varied fron04o €.0, being generally higher at a larger span/deptb.i
On the other hand, the ultimate drift ratios ranffedh 2.6 to 5.7 percentAmong the
coupling beams tested, the diagonally reinforcedpling beams had a more sta
hysteretic loaddisplacement curve and a much better energy dissip&apacity
However, theirdrift ratios were about the same as those of thevextionally

reinforced coupling beams with the same asped.!
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Baczkowski and Kaung (2008) proposed a new tectenitpr testing of
coupling beams to overcome some of the shortfdllthe earlier experiments. The
authors discuss in detail earlier experiments aed tleficiencies and validate the new
testing methodology proposed.

The earliest method of testing coupling beams desloped by Paulay and
Biney (1974) where the loads were applied througtirdwlic actuators with welded
loading trusses. The walls connected by the coggegams are rotated as to simulate
the effect produced by tall building subjected tataral load. However the simulation
of the boundary condition to ensure equal rotawbrthe walls is inefficient. This
approach was modified in the test method develdpe&arney et al. (1980). Two
coupling beams were built in between abutment wéallse of the abutment walls was
connected to a roller guide while keeping the otvaat pinned. The load was applied
through the roller guides. The walls remain palallgring the test so to allow equal
rotation of the coupling beams simulating the idealindary condition. However the
apparatus uses a considerable amount of the spattee ilaboratory and the size
requires the use of powerful actuators to applyltle. Harris et al. (1993) proposed
another method of testing coupling beams whereznbtams were placed in between
shear walls. Shear force was then applied to onehefwalls in the direction
perpendicular to the test beam keeping the othemidexed. This method mainly finds
its application in testing shallow and slender bgam

The test rig proposed is built on a mechanismItfaads the beam by deflecting

the end walls to rotate equally. The beam is baoibetween two abutment walls and
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the load is applied through a hydraulic actuatortlom top of the shear walls while
keeping the bottom support of the wall fixed. Thetuator is fixed to the strong
reaction wall and carries its own weight as a ¢ewer. The walls are connected to the
actuator and the steel base by using hinge beaadjust to a convenient position. The
horizontal load is transferred from actuators @ tibp of hinge beam and is resisted by
the bottom hinges. This creates a horizontal cogplgsing an overturning moment.
The moment in the hinge is transferred to the walsa vertical couple force
subsequently acting as shear in the beam. Thika¢gsd the shear force experienced by
the coupling beam subjected to a lateral load. tEsesetup is as shown in Fig. 2.14.
Because test apparatus is very simple, it can led ts test coupling beams with

different aspect ratios.

Fig. 2.14. Test Rig with the Coupling Beam Specimen (Baeaa and Kuang, 2008)
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The apparatus was now tested with three specioferarying aspect ratio. The
beams were chosen with aspect ratios of 1, 1.52anthe loading was applied by
controlling the load in the first stage and usingpthcement-control in the second
stage. The hydraulic actuators were used to pethe required amount of reversed
cyclic loading. The new test rig was found to héwefollowing advantages:

* The boundary condition is well incorporated in ba&ding rig mechanism.

* There is conveyance of testing coupling beams gbua aspect ratios without

modifying the apparatus by a large degree.

» The cost of construction is cheaper compared totiher methods of testing.
2.3.11 Fortney et al, 2008
The transverse reinforcement in coupling beams ataymportant role in the strength
of conventional reinforced concrete coupling beant®e experiment by Fortnet et, al.
(2008) compared the performance of two diagonaipforced coupling beams with
different transverse reinforcement detailing. Tlegdnal reinforcement in the beams
were provided as per the ACI 318-05 (ACI Comm. 3@)5) building code. The two
specimens DCB-1 and DCB-2 differed from each othethe amount of transverse
reinforcement. The transverse reinforcement spaairige center of specimens, DCB-
1 and DCB-2 was 76 mm and 51 mm, respectively. f€bts were conducted at the
University of Cincinnati in the Large Scale Testility. The end condition of the test

was replicated as shown in the Fig. 2.15.
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Fig. 2.15. Testing Setup of Coupling Beam Specimen (Fortneglet2008)

The failure patterns observed in the specimen® w#ferent. At 3% rotation,
specimen DCB-1 shows a dense interlocking pattéiagonal tension cracks along
the middle span of the beam, while specimen DCBHbws a coarse combination of
flexural, flexural-shear, and shear cracks, withstrad the damage concentrated at the

beam-wall interface, as shown in Fig. 2.16.
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Fig. 2.16. Cracking Pattern Observed at 3% Chord Rotationtlegret al., 2008)

At 4% chord rotation, specimen DCB-1 showed carsille damage in the
midspan region of the beam, but the damage atdhenfwall interface was minimal.
At the same rotation, specimen DCB-2 shows a mastlyjamaged coupling beam,

with a combination of flexural, flexural-shear, amstiear cracks located sparsely

throughout, shown in Fig. 2.17.
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Fig. 2.17. Cracking Pattern Observed at 4% Chord Rotationtlegret al., 2008)

The results showed that specimen DCB-2 showed nhbetter performance
when compared to DCB-1 with both strength and dtyctiThe tests also show that
higher transverse reinforcement provides betterggnéissipation. The chord rotation

in specimen DCB-2 was as high as 11 percent. Ttlmesumention that the ACI 318-
05 limit on the shear demand is 01¢$'C (f'.in MPa), but this is very high and

impractical to build.

2.3.12 Common Research Findings

The review of the experimental research on reiddrconcrete coupling beams
resulted in some common findings including thedwihg:

1. Coupling beams experience a high amount of she&imaed to dissipate lateral

load transferred through the shear wall.
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2. Conventionally reinforced coupling beams experigmgh shear at the joint of the
connection between shear walls. The shear is eésist providing a large amount
of transverse reinforcement.

3. Diagonally reinforced coupling beams resist sheard by truss action developed
in the diagonal reinforcement and perform betteenvhompared as conventional
reinforced coupling beams as seen in Paulay andeBi1974) and Galano and
Vignoli (2000).

4. An optimum aspect ratio range is between 2 to 3efificient performance as
observed by Barney et al. (1980) and Tassiod.€1206) .

24 Analytical Research

Simulating the behavior of coupling beams in thigofatory is costly, and poses a

difficulty in replicating the actual end-conditioasd the seismic loading. Analytical

research aims to overcome some of these limitatibhs properties and the behavior
of the materials need to be replicated under & tbading and boundary conditions.

While a number of analytical models have been apesl, finite element models are

frequently used to simulate behavior.

2.4.1Paulay, 1970

The elasto-plastic behavior of coupling beams @wad in the model proposed by

Paulay (1970). His paper introduces the shortfafldaminar theory for analyzing

coupling beams and then introduces a new methogatogvercome these limitations.

The laminar method, which considers the effecthange in stiffness due to cracking,

does not reflect the nature of coupled shear vegitsem. Therefore, cracking need not
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significantly affect the behavior of the bending ment pattern in the frame. The
following steps are performed for analyzing therbesing the proposed method:

* The static design load and the lateral deflecti@nassumed.

» The rotational ductility is calculateé( ©y).

» The load stage which brings about yielding is detkenarking the end of the

linear elastic behavior.

* Incrementing the load further will cause couplingains to enter the plastic
range. It is assumed that the laminas possesgailglasto-plastic load rotation
characteristics. At the end of this load, the laamiplasticization is assumed to
have spread over the height of the structure wdaleh beam sustains its yield
capacity.
The ultimate axial tension or compression in théisa@an be conservatively estimated
by

Tu 20.95q H (2.1)

whereq, is the ultimate shear capacity of the lamina Hni@ the height of the
building.
* The moments at the top of the walls and the slation are estimated.
* The load at which these moments occur is estimated.
* A further load incremenWW' may be assumed to cause Wall 1 to attain its

ultimate capacity in the presenceTdfaxial tension. The critical moment at the

base of the wall is obtained.
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» Superimposing the previous load increments, thanate triangular load
intensity is obtained.

* When the load-deflection relationship is approxiedaby a bilinear relation. It
may be said that the attainment of the ultimate isacharacterized by an over-
all ductility factor of two.

The authors conclude by stating that the lamimesdyesis can be extended to
predict the elastic behavior of coupled shear wallyvarious stages of cracking by
accounting for the loss of stiffness in the compuse The changes to the critical
moment can occur due to cracking and can be arthlygiag a step by step procedure
which includes the effect of post elastic behavior.
2.4.2Zhao et al., 2004

Zhao et al. (2004) used the smeared crack mod¢hé simulation of the coupling

beams based on the experimental work conducted vgnKand Zhao (2002). The
model assumed a plane stress formulation for mwogletoncrete and the steel
reinforcement. The steel was assumed to be perfeothded with the concrete. At
each incremental load—displacement step, directiten using the secant stiffness of
the structure was employed so that the analysikldoel extended into the post-peak
range within which the tangent stiffness can becaere or negative. The model was
able to accurately simulate the experimental reswith reasonable tolerances.
Although the model performed well with the end dtnds prescribed in the

experiment, it was not tested against different emditions or loading patterns. The
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smeared crack model used in this study is generally recommended for cyclic

loading (Brower 2008). The finite element mesh useshown in Fig. 2.18.

rotation restraining
mechanism

loading frame

load

Fig. 2.18. Finite Element Mesh (Zhoa et al., 2004)

This model was tested against experimental resdltour specimens under
cyclic loading conducted earlier. The comparisotween proved that the model was
able to accurately reproduce the experimental t®suthin reasonable tolerances. The
model could also predict the cracked behavior efgbction with reasonable accuracy.

The authors also performed a parametric study terstand the effect of shear
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reinforcement and end conditions on the resultseyTlound that the rate of
improvement of shear strength with respect to thwunt of shear reinforcement
reduces and that axial elongation plays a significale in the behavior of the coupling
beam.

2.4.3Hindi and Hassan, 2007

Hindi and Hassan (2007) proposed a model makingdhewing assumptions. The
monotonic force-displacement relationship of thegdnally reinforced coupling beam
was assumed to be linear up to the yield straithefdiagonal reinforcement. The
unconfined concrete was assumed to reach it maximuaoonfined compressive
strength, which was taken to be equal to the 28sti@ngthf'.. The confined concrete
behavior was characterized by the model proposeddryder et al. (1988). The vyield

shear forcey/y of the diagonally reinforced coupling beam wasresped as

Vy = (Ty+ Cy) siny (22)
Ty=Asfy (2-3)
Cy = As fy_ Ac( f'c) (24)

whereTy andC, are the yield diagonal tensile and compressiveef®rrespectivelyf,

is the yield strength of the diagonal reinforcemefd is the area of diagonal
reinforcement in the considered directidg;is the area of the concrete core within the
diagonal; andx is the angle between the diagonal reinforcemenis ftodel proved
effective in reproducing the monotonic behaviordigonally reinforced coupling
beams from various experiments. The model wastalpeedict the backbone curve for

the experiments where the coupling beams were ctgj¢o cyclic loading. However,
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the validity of the model was not tested for cydtiading, which is essential for proper
understanding of the behavior of the coupling beam.

The model was compared with experimental resolts/élidation. The model
was compared to the four test beams by Pauley amdefd (1974) and fifteen test
beams used by Galano and Vignoli (2000). The comsparof the ultimate shear
capacities obtained from experimental results, dhalytical solutions proposed by
Paulay (1970) and Galano and Vignoli (2000) andréseilts obtained by the proposed
trilinear model are as shown in the Table 2.3. dh#hors concluded that the proposed
model is in good agreement with the experimentallte for beams with an aspect
ratio ranging from 1.0 to 2.74. The model is seermpiovide a good estimate of the
behavior of the coupling beams, having a mean vadtie of the proposed to the

experimental shear strength of 0.98 with a standawiation of 0.08
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Table 2.3. Comparison oUltimate Shear Capacities Obtained From Experimieand

Analytical Results (Hindi And Hassan 20

Shear ratio
Galano and | Proposed | proposed/
Specimen | Experimental | Paulay | Vignoli trilinear |experimental

Adebar et al. 900 555 o6 827 0.92
Galano P05 239 156 194 236 0.99
Galano P06 241 156 194 249 1.03
Galano P07 238 156 194 267 1.12
Galano POB 238 156 194 265 1.11
Galano P10 241 156 194 250 1.04
Galano P11 239 156 194 236 0.99
Galano P12 240 156 194 239 1.00
Tassios 2A 283 202 244 240 0.85
Tassios 2B 170 123 146 145 0.85
Paulay 316 600 475 639 550 0.92
Paulay 317 600 462 616 580 0.97
Paulay 395 650 532 743 630 0.97
Average 0.98
Standard deviation 0.08

The proposed modalid not represent the hysteretic behavior of diagor
reinforced coupling beams because it was based aotonic behavior. The mod
was also proposed for applicat to unconfined or poorly confined coupling bee
2.4.4Brower, 2008
Brower (2008) proposethe use of the concrete damage plasticity n for the
simulation of a diagonally reinforced coupling b¢. The model developed simula
the behavior of the experimental results of Fort2§05). The mesh size and |
properties of the beam were caated using a model of a simply supported beA

more refined meskvas used in the coupling beam re¢ of the model and a slight
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coarser mesh for the shear wall region. Thoughstiected model parameters could
replicate the simply supported beam well, they wad have the same accuracy for
predicting the behavior of the coupling beam. Thedet also failed to account for the
evolution of the damage parameters, the tensifiierstig of concrete, and the plastic
behavior of the steel reinforcement.

2.5 Research Needs

Based on the literature review, there is a needafonore versatile model that can
replicate the behavior of the coupling beams witltying boundary conditions and also
simulate the cyclic performance of coupling beatne Tocus of this research is to investigate
the use of finite element modeling techniques tedjmt the behavior of conventionally

concrete reinforced coupling beams.
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3. FINITEELEMENT MODELING

3.1 Introduction

This section details the modeling procedure usedtis study. The use of finite
elements in simulating behavior of structural elateds a common practice. This is
done in this case with the help of a commerciakpge ABAQUS (ABAQUS 2008).
ABAQUS is a powerful numerical tool used for compohand system modeling and
finds it application in various fields. It is useal solve multi-degree and multi-physics
transient problems. ABAQUS has several built-in gledo predict the behavior of
materials as well as the provision to add usemeéefimodels. The response of concrete
can be modeled with the help of two built-in modelsABAQUS: the concrete
damaged plasticity model and the smeared concreelnDescriptions of both of
these models have been made in subsequent sections.

3.2 Finite Element Method of Analysis

The finite element method is a numerical methodsfawing differential equations. It
finds its applications in solving spatial and temgbodistribution of one or more
variables in field problems. They are usually sd\®y discretization the geometry
over which the problem needs to be solved into sodibese nodes are connected to
form elements. The collection of the elements andes is called the mesh. After
applying appropriate initial and boundary condiprthe problem is solved as a

differential equation at each of these nodes basdtie formulation of the problem.
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Individual finite elements can be visualized as l§parts of the geometry. In
each of these elements a field quantity is allowetiave a simple spatial variation.
However, when combined for a region this becomesensomplicated and therefore
results in an approximate solution. The field qugrib be determined is numerically
represented using differential equations at eactenthat are solved and later
assembled over the entire geometry. The size, shagaion and the element type all
have an influence on the solution. The solutionegalty improves with the refinement
in the mesh and converges to a unique solutiors, Hawever, is not true in all cases
as excess refinement introduces error due to rofinand redundancy. The excessive
refinement also increases the runtime of the propighich is not desirable. The most
desirable mesh size is one that simulates the lgatablem with the least runtime and
is called the optimum mesh size. The optimum mesiis obtained by conducting a
mesh refinement study.

3.3 Material Models

Accurate simulation through a computational effoeqjuires the properties of the
materials involved to be modeled as close to thgsiphl specimen as possible.
Therefore, the material models in this study amguired to describe the inelastic
behavior of concrete and steel. The Mander modetldped by Mander et al. (1988)
is chosen as the analytical model to simulate #feabior of concrete. This constitutive
model is based on the Popovics equation (Popoww@8)1so as to incorporate the
effect of confinement. This model has been veribeth analytical and experimentally

by Mander et al. (1988) and Mander and Priestlé&388). The tensile stress-strain
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behavior of concrete is assumed to behave likecdmepression model with the peak
stress and strains equal to 10% of the compressioies.

The analytical model for concrete in compressgddscribed as

fo=—or (3.1)

X = 85 (3.2)

E.=€._|1+5 f—°.°—1 (3.3)
cc co fco

re o ?CES (3.4)

E, =5000 f_, (3.5)

_f
Esec__ (36)

where, f is the confined compressive strength in MR&, is the longitudinal
confined strain, f_is the unconfined compressive strength in MRg, is the
unconfined compressive straik, is the tangent modulus in MPa, is the maximum

concrete compressive strength in MPa @nds the corresponding concrete strain. The

typical stress strain diagram for a specimen of congetkrown in Fig. 3.1.
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Fig. 3.1. Compressive Behavior of M50 Concrete

The reinforcing steel is modeled using the modektmed by Menegotto and

Pinto (1973), described by the equation

E L-eyes)” ) -
f, = s o5 T (fSu-f y)[(Mj +(Ssu_85)20p] 3.7
20 17 gsu-gsh
fy
E, &
su_ 'y

where, fis the stress in the reinforcing steel in MFR, is the Young' Modulus in

MPa, & is the strain in the steel, is the yield strength of the steel in MPf,is the
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ultimate strength of the steel in MP&,, is the ultimate strain in the steel aggis the

hardening strain in steel. The typical stress-streagrdm for a specimen of steel is

shown in Fig. 3.2.
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Fig. 3.2. Stress Strain Behavior of Reinforcing Steel

3.4 Modeing Techniques

The behavior of a coupling beam can only be replicditad accurate representation of
the materials involved can be provided. Different nio@ee available to represent the
concrete and steel, ABAQUS has two different built-iodels that can reproduce the
behavior of damaged concrete. They are the concretagiahplasticity model and the

smeared crack model. The smeared concrete damaged! nso@dpplicable when
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concrete is subjected essentially to monotonic luaéither in tension or compression
(Bower 2008). Failure is characterized as cracking isid@nor crushing of concrete in
compression. The experimental data used in this shadyloading that is cyclic in
nature. Therefore, the concrete model should accommdigateorresponding actions
such as recovery of stiffness on reversal of loadingcaacked behavior of concrete.
The concrete damaged plasticity model is seen adéise option to do this as it
incooperates these characteristics. A description offdiraulation and assumptions
made in the concrete damaged plasticity model isepted below.
3.4.1Concrete Damaged Plasticity Model
The concrete damaged plasticity model is basedherplasticity model proposed by
Lubliner et al. (1989) and by Lee and Fenves (1998)sHfient features of model are
discussed here.

This model is assumed to be an inviscid concrateatie model. An additive

strain rate is assumed

& =§°+&° (3.9)

i j
where, ¢, is the additive strain rate;° is the elastic strain rate argf is the plastic

strain rate.

The stress-strain relation is governed by scalar damggsticity as follows
g; = (1'd)D§|ijkI (& -&) (3.10)
where, g, is the stress in concrete in MPByg,, is the initial (undamaged) stiffness of

the material in MPa and is the scalar stiffness degradation variagleand ¢ » are



53

the total and plastic strains, respectively. The hardevariables are characterized

independently for compression and tension by takireg wariables and; andef

which are the equivalent strains in tension and cossjwa respectively. The evolution
of the variablesg{ ande] are formulated to uniaxial loading conditions first and
extended later to multiaxial conditions.

For uniaxial loading conditions the following assuiops are made. The stress-
strain curves can be converted into stress versuskistin by consideration of the

following equations

o, =0, (£ ,8.6,1) (3.11)

o, =0, (£ ,&0,6,1) (3.12)

Cij
where 6 is the temperature anfi accounts for other predefined variables. Here the

subscripts oft and c refer to tension and compression, respectively. Thévaignt

plastic strains are given by the equations

t

& =[& (3.13)
0
t

e = [ & (3.14)
0

Under uniaxial loading the strain rates in tension @mpression respectively are

oy
=5
1
oy
=]

=

(3.15)

1
2o
1
Oy
Qo
=
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When the concrete specimen is unloaded from any mwinthe stresstain
curve, the unloading response is observed to be wedk@ihe stiffness is said to ha\
degraded and this is characterized by age variad; and d. for tension anc
compression respectively assumed to be functions efiplstrains, temperatures a
field variables:

d=d(.6.f) (0sds1) (3.16)

d,=d(82,6,f) (0<d,<1) (3.17)

The stresstrain behavior in tension and compression obtainedguthe above

formulation is shown in Fig3.3 and Fig. 3.4, respectively.
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Fig. 3.3. Concrete Behavior in Tension (ABAQ!2008)
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f

Fig. 3.4. Concrete Behavior in Compress (ABAQUS 2008)

If Eoij is the initial (undamaged) elastic stiffness of the emal the stres

strain relationship is
o, =(1-d,) By, (€, —&) (3.18)
o, =(1-d,) By, (€ —E&P) (3.19)
Under uniaxial loading cracks propagate in a directiormal to the directio
of stress. The nucleation and propagation of crackegftire causes a reduction of

available load carrying area, thfore increasing the effective stress. The effec

uniaxial cohesion stresseasghich determine the size of the yield surfaregiven by
6tij = 6ﬁj /(1_ dt) = EOijkI (Stij _ét[j)) (3.20)

6-Cij = 60] /(1_dc) = EOijkI (SOj _égj) (321)
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Under uniaxial cyclic loading the degradation bebawnvolves the opening
and closing of previously formed micro-cracks. It is obed through experiments that
there is a recovery of elastic stiffness as the loaahgbs, this effect is called
"unilateral effect.” This effect is seen in a greaterrdegvhen the load changes from
tension to compression. The elastic modulus of theemadis expressed in terms of the
scalar degradation as

Eju = (1-d)Ey, (3.22)

where, g is the initial (undamaged) modulus of the material.

Oijkl

This expression holds both in tensile and compressiges of the cycle. The

stiffness reduction variable and the damage vartbknd d_ are assumed as,

(1-d)=(@-sd)@-sd) & s,8< (3.23)
where, s; and s, are functions of the stress state and are introducegpi@sent

stiffness recovery effects defined as

s =1-wr (@, Osws<1 (3.24)
s, =1-w,(1-r @) Oswx<1 (3.25)
where,
X lifa, >0
r'(0,) = . (3.26)

Oif 0, <0
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The weight factorsw, and W, which are assumed to be material properties, contec

recovery of the tensile and compressive stiffness upad teverse The equivalen

plastic strains are given as
& =r'ef (3.27)
& =—(1-r")&), (3.28)

The effect of the compression stiffness recovery few; on the behavior of concrete

shown in Fig. 3.5.

Fig. 3.5. Effect of Compresion Stiffness Recovery Factag, (ABAQUS 2008
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The evolution for the hardening variables is now extentbr multiaxial conditions

according to expressions.
& =1(0)ER,) (3.29)
£, =~(1-1 O))(ER,) (3.30)

where,

r (o) == : 0O<r )< 1 (3.31)

With the limitations onr( &) is the same asfor the case of uniaxial cyclic conditions.
The Macaulay brackét )is defined by(r)=1/2*(r|+r). The eigen values of the
strain tensor is ordered such that

=EP>E0>E0 (3.32)

The evolution equation for the general multiaxial sdreonditions can be expressed as
: gp
&p — ti
&l —[; JJ (3.33)

The module assumes that the elastic stiffness degrada be isotropic and
characterized as

D®=(1-d)D¢ (3.34)

with d being the scalar degradation variable as defined faxiaiicyclic loading. The

uniaxial load cycle is shown in Fig. 3.6.
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(1-d)E, s

Fig. 3.6. Uniaxial Load Cycle (Tension-Compression-Tension) (ABAR0B8)

The plastic damage concrete model uses a yieldittmmdased on the yield
proposed by Lubliner et al. (1989) and incorporatesribdification proposed by Lee
and Fenves (1998) to account for different strength ewslutinder tension and
compression. The yield function is taken of the form

1

F(o,.&)) =
(1-a)

(930 +B(E) (Cae) = V(0 ) = 9, (€5 )< 0 (3.35)

where,aand Y are dimensionless material constants;

_ ol
P = ——'3' (3.36)

is the effective hydrostatic pressure;
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E
q = E% § (3.37)

is the Von Mises equivalent effective stress;
Sj = B lw O (3.38)

is the deviatoric part of the effective stress. Thefionsa andg are given by

(o (EP

BE!)=—L 22 (1-a)~(1+a) (3.39)
0-tij (sﬁj
a=—bo"Je0 (3.40)
20,, =0

where, g,,and g, are the initial equibiaxial and uniaxial compressyreld stress.

Experientially it is found thatZee ranges between 1.10 to 1.16 amdrom 0.08 to
O-co

0.12. The coefficieny applies for a stress state of trixaxial compression. yiélel
surface obtained for deviatoric plane and in plane stogsaulations are shown in Fig.

3.7 and Fig. 3.8, respectively.
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Fig. 3.8. Yield Surface in Plane Stress (ABAQUS 2008).
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The plastic-damage model assumes non-associatedipbtienv,

&0 =3 2C0i)
j B

U]

(3.41)

The flow potentialG chosen for this model is the Drucker-Prager hyperboliction:

G= \/(Ectoij tan ¥ +G7 - tany (3.42)
where, is the dilation angle measure in thej plane at high confining pressuss;,
is the uniaxial tensile stress at failure; afds the eccentricity that defines the rate at

which the function approaches the asymptote value.
3.4.2Selected Model Parameters

ABAQUS requires the following input for computing themege in concrete:

Dilation angle,

* Flow potential eccentricityg. The default of€ =0.1 is used.

. 0,,/0, is the ratio of initial equibiaxial compressive yieitress to initial
uniaxial compressive yield stress. The default 06 1slused.

« K, the ratio of the second stress invariant on theléeneridian, g(TM), to
that on the compressive meridian, q(TM) . The default/8fis used.

» Viscosity parameter,i{ , used for the visco-plastic regularization of the

concrete constitutive equations in ABAQUS Standardlymes. The default

value is 0.0.9C).
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3.5 Element Type

ABAQUS has a wide variety of elements that can be asel it is important to select
the right element based on the problem. The coufleans here are modeled in two
dimensions for which the concrete is modeled usitig tements. The solid elements
are provided with the appropriate thickness based enettperimental specimen
dimension. The reinforcement can be modeled using,dmdiam or truss elements. The
use of solid elements is computationally expensive therefore not chosen. Because
the reinforcing bars do not provide a very high benditifiness, truss elements are
used. Because the reinforcement is a two dimensieimalit can only be modeled as
an embedded element and its contact with the candseassumed to be perfectly
bonded. The slip of the reinforcement can be modelethbgifying the behavior of
concrete. This, however, is not studied here.

The model is analyzed as a plane stress problem wiherghange in stress in
the direction of the thickness is ignored. Second oellements are chosen as they
provide higher accuracy for elements with severe dist®s} they capture stress
concentrations better, and are effective in bendingnidated problems. Full
integration with second order elements are preferredhe@g yield more accurate
results. This combination of full integration with sadoorder elements also prevent
problems with shear locking and hourglassing as latgens are expected. Therefore
the CPS8 (eight-noded plane stress quadrilateral withimfiegration) elements are

chosen to the model concrete, and T2D3 (3-noded qim@-& truss) elements are
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used to model the reinforcement. The visual representaf the CPS8 is shown in

Fig. 3.9.
4 Fi
L L lB
X7 X8 X9

Fig. 3.9. CPS8 Element Used for Modeling Concrg@AQUS 2008)
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4. CALIBRATION MODEL

4.1 Introduction

A calibration model was prepared prior to simulating ttoupling beams to better
understand the effects of several modeling parametetse rd@sponse of a simple
cantilever beam was analyzed in RESPONSE 2000 (B20@9) and then compared
with results of an ABAQUS model. The description of tdamtilever beam and results
obtained are discussed below.

4.2 RESPONSE 2000 Modeling

RESPONSE 2000 is a reinforced concrete analysis profgased on the modified
compression field theory, and was used as a benchmgat&pl for calibrating the
parameters used in the ABAQUS model. RESPONSE 208Gisiple tool to analyze
the behavior of concrete sections. As part of this sStRIEESPONSE 2000 was used to
obtain the force deflection and moment curvature heha¥ a simple cantilever beam.
The detailed stress strain behavior of steel and ctencam be described in the material
properties section of the program. The proper end conditamd loading parameters
are provided in the load section of the program. Theltseesbtained in this study are
discussed in the following sections.

4.3 Cantilever Model

The selected cantilever beam is 3 m long with ceessgion dimensions of 400 mkh
150 mm. This section was chosen specifically toessbwhich would be subjected to
high amount of bending. Therefore the length of the be@® 3 m. The section was

kept in accordance with the coupling beam to be heodelrhe section was doubly
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reinforced with four 10M (#3 by U.S. designatidmrs serving as the longitudinal
reinforcement and 5 mm diameter double legged hoop8Gatnm center-to-center as

the transverse reinforcement. The details of the crosesece shown in Fig. 4.1.

3000

All dimensions in mm

DN
|-—§—|

|*1.SHD—| 4410 bars T& B

5 mm diameter @
100mm -:.-"c\k

410

Fig. 4.1. Elevation and Cross-Section of the Cantilever Beam

The properties of the concrete and steel are presémtédble 4.1 and the

material stress strain relationships used are showigf 4.2 and 4.3, respectively.



Table4.1. Properties of Steel and Concrete for Developing Stress &itave.

Parameter Value
Maximum Strength of Concrete, (MPa)* | 44.5
Yield Stress in Steet, (MPa) 567
Tensile strength of concrete, (MPa) 3.30
Young's Modulus of Concretds, (MPa) 24,464
Young's Modulus of Steek, (MPa) 206,000
Peak Concrete Compressive, Strain 0.002
Hardening Strain in Steek, 0.004
Fracture Strain in Steek,, 0.183

*1IMPa = 0. 145 ksi
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Fig. 4.2. Compressive Stress-Strain Behavior of Concrete
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Fig. 4.3. Stress-Strain Behavior of Steel

The parameters required for the concrete damaged phastiodel, described
in Section 3, are presented in Table 4.2. The defallies for the selected parameters,
as described in the ABAQUS manual, were used. Theepties of concrete chosen for
the materials are similar to the materials used in dbepling beam experiments
selected for this study. The stress strain behavior otrete is derived from the
modified Popovics equation (Mander et al., 1988) #hilat of the reinforcing steel is

formulated using the Menegotto-Pinto equation (Menegad Pinto 1973).
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Table4.2. Parameters Used in the Damage Model Used in Cantildgdel

Parameter Value
Flow potential eccentricity, 0.1
Oy /0 co 1.16
O40/0 o 0.66
Viscosity parametery 0

The key feature of the concrete damaged plastiaitgiehis its ability to predict
the behavior of the model based on the evolution efddimage in the concrete. This
requires an estimate of the variation of the accumulaifcdamage with respect to the
strain in concrete. The model for the tensile damagenpeter has been adopted from
Abu Al-Rub and Kim (2010). Abu Al-Rub and Kim testec thffect of the damage
parameter was tested against various experimental gesmudt it was found to have a
good match. The stress strain behavior of concretedtaa Abu Al-Rub and Kim
(2010) and the one used for both experimental works fasetlis study are similar in
nature and therefore the variation of the damage paramigterespect to the strain is
adapted directly from this work. The evolution of theanage parameter for concrete in

compression and tension is as shown in Fig. 4.4Faqd.5, respectively.
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Fig. 4.5. Evolution of the Damage Parameter for Concrete in Ter(®iba Al-Rub

and Kim 2010)

4.4 RESPONSE 2000 Results

The plot of the force displacement and moment curvaibtained from RESPONSE
2000 are as shown in Fig. 4.6 and Fig. 4.7. The pea&le observed was 21.2 kN at a
displacement of 40 mm. The moment curvature plots gshatvmaximum moment was

63.427 kN-m with a curvature of 0.693 rad/mm.
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Fig. 4.6. Moment Curvature Results of RESPONSE 2000
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Fig. 4.7. Force Displacement Results of RESPONSE :

4.4.1Mesh Refinemergtud

The ABAQUS results are presented below. A mesh refinesiidy is conducted 1
understand thempact on thebehavior of the cantilever bearit. was found tha
problem was extremely mesh dependent and that proliemd could not converg
and the analysis would not complete. This is fouoadbe a consistent with tt
literature provided in the ABAQUS manual with refererioethe concrete damas
model which states thatn' cases with little or no reinforcement, the specifaabf a
post failure stresstrain relation introduces mesh sensitivity in the ltssin the sens
that the finite element predictions do not convargea unique solutioias the mesh i
refined because mesh refinement leads to narrower beaxds. This problem typical

occurs if cracking failure occurs only at localizedioeg in the structure and me
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refinement does not result in the formation of additiocracks(ABAQUS 2008)
Therefore only few mesh sizes were selected for whichatiadysis completed. It

found from the results that mesh size does not affectdsults to a great degree
the results are fairly consistent evercoarse meshes. Plots of thed®erisplacemer

graphs is shown in Fig. 4.8.
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Fig. 4.8. Force Deflection Curves for Different Mesh Dens

From Fig. 4.8ll the mesh densities tested here show similar behap to the
post cracking foce of 10 KN after which the beam is seelexhibit a stiffer respons
with increasing mesh density. This behavior continued thiconcrete iccrushes in

compressiontaabout 21 kN at which all the mesh sizes convéosgesingle value. Th
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conclusion reached was that the mesh size doesffeot the behavior the beam to a
great extent as it was expected. However the probfeconvergence faced during the
further mesh refinements proved that the program is ald@dtyze the problem only
at particular mesh sizes. The determination of a moreegfimesh would be
computational intensive as there are a greater nuaflsEmbinations of elements that
can be produced as the size of the elements redudecidion was therefore made to
refine further models until a suitable convergence betwthe model behavior and the
experimental results was found.

4.4.2Dilation Angle

The dilation angle can be defined as arctangenteoslibpe to the yield surface. Based
on the peak values of the compressive and tensilssegeof concrete used here the
value of the dilation angle is determined to be itween 30° to 40°. The model is
now analyzed with these values. A plot comparinguvéweous dilation angles and the
RESPONSE 2000 results are shown in Fig. 4.9. Sireeetbults were very close for all
the dilation angle values, the dilation angle walswated using the arctangent of yield
surface produced to the Mohr's circles drawn for the geakion and compressive

stress of concrete. The dilation angle by this methasl determined as 40°.
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Fig. 4.9. Force Deflection Curves for Different Dilation Ang

The moment curvature for the mesh size of 50 andiatilangle of 40 is no\

compared with the RESPONSE 2000 rts as shown in Fig. 4.1@dditional results

includingthe cracking direction, deflection of the beam, trstrithution of stress at tr

maximum bending and damage densare presented in Figd.11 a, b, ¢ and

respectively.
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(a) Mesh Used

(b) Deflection of the Beam

(c) Cracking Direction in Concrete

(d) Distribution of Damage Density.

Fig. 4.11. Results from ABAQUS Model
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5. MODELING OF 1.5 ASPECT RATIO COUPLING BEAM

5.1 Introduction

An extensive series of experiments on reinforced coacoeupling beams was
conducted by Galano and Vignoli (2000). The work dietiie experiments conducted
on a series of 15 coupling beams with varying reirdorent types and different load
cycles. The loading apparatus is also unique togkisof coupling beams. The tests
were conducted on four conventionally reinforced cogpleams, seven diagonally
reinforced coupling beams and four coupling beams prdvigd@th rhombic
reinforcement. The aspect ratio for all the beams wept éonstant at 1.5. Specimen
P02 was chosen to be modeled for this study. Thisogedetails the geometric and
reinforcement detailing of the coupling beam used énetkperiment, the finite element
modeling procedures and the comparison between therimgntal and the
computational results.

5.2 Description of the Coupling Beam

Specimen P02 was a conventionally reinforced coudegm with an aspect ratio of
1.5. The beam was 600 mm long with a depth of 40Q mime adjacent shear walls
were 1100 mm each and 930 mm high. The coupled stadhsystem was 150 mm
thick. The beam was reinforced with four 10M (#3 by Wi&signationpars at top and
bottom and two 6 mm diameter bars were provided as ighkifforcement at mid
height. The reinforcement was extended well intowladl for proper anchoring. The
dimensions of the coupling beam are shown in Fig. Bk reinforcement details are

as shown Fig. 5.2. The main reinforcement ratiois 0.524% and the shear
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reinforcement ratig, is 0.84 p, is defined as the ratio between the total volume of

vertical stirrups inside the beams and the concretawe).

930

!

1 . _.._L‘i%.._
1100 e 600 | 1100 _|  Alldimensions

in mm

| <400, |

Fig. 5.1. Dimensions of the Coupling Beam Specimen P02 (Adafpted Galano and

Vignoli 2000)
Stirrups 6 @8 Stirrups 5 @8
— /
4010 T&B
205

Fig. 5.2. Reinforcement Details of Specimen P02 (Adapted frata® and

Vignoli 2000)
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The coupled shear wall system was mounted in a &gstem. The specimen
was constrained using six rollers in a fabricated dtaete. The horizontal constraint
was imposed using two rollers placed laterally and &miditional rollers were used to
produce the desired loading effect. Stiff steel platese glued to the concrete surface
near the constraints to even out irregularities. Stesl were provided around the
specimen at the juncture of the coupling beam aedstiear wall. These ties were
connected to hydraulic actuators capable of exertilogiéh up to 350 kN. The loading

setup is shown in Fig. 5.3.

Fig. 5.3. Loading Frame for the Specimen P02 (Galano and Vi@dlD)

The loading was applied in displacement control\wad measured using linear

variable displacement transducers (LVDTs). There wereethlifferent load cycles
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used in the experiment. Specimen P02 was subjectizhding history C1, as shown

in Fig. 5.4.
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Fig. 5.4. Loading History C1 (Adapted from Galano and VignolD@p

The concrete and steel were extensively tested. properties of the steel

reinforcement and the concrete are as shown in Tahle 5.1
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Table5.1. Properties of the Material used for Specimen P02 (Addpbed Galano

and Vignoli 2000)

Properties of Material Value
Yield stress of concrete in compression (MPa) 445
Yield stress of concrete in tension (MPa) 3.3
Yield stress of steel (MPa) 567
Young's modulus of concrete (MPa) 24,464
Young's modulus of steel (MPa) 206 x10
Specific weight of concrete (kNAn 21.78
pi (%) 0.524
pv (%) 0.84

*1 MPa = 145 psi; 1 kN = 225 Ibf; 1mm = 0933inches.
5.3 Modeling M ethodology
The coupling beam finite element model is generatedABAQUS using a two-
dimensional framework. The concrete is modeled as k aleenent and the steel is
modeled as a wire. The steel is meshed using trasseels as the bending stiffness is
neglected. ABAQUS requires the input of only the crsssional areas of the steel if it
is modeled with truss elements. The areas of thé atedumped across the section
width to give one bar of an equivalent area. Thel sseembedded into the concrete
and is assumed to be perfectly bonded. Any effectipfo$lthe reinforcement needs to
be modeled as part of the properties of the concrete.ashemblage of the models is

as shown in Fig. 5.5.
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Fig. 5.5. ABAQUS Model Assemblage

ABAQUS requires the user to provide the Young's magluPoisson's ratio and
the plastic behavior of the materials included in t@del. The Young's modulus is
applied as per the experimental values (Table 5.1¢ @dnstitutive behavior of
concrete is modeled using the model prescribed by Btagtdal. (1988) and the steel is
modeled using the model prescribed by Menegatto ami PL973), as described in
Section 3. The concrete and steel material model lverrs in Fig. 5.6 and Fig. 5.7

respectively.
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Fig. 5.6. Stress-Strain Behavior of Concrete in Compression
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Fig. 5.7. Stress-Strain Behavior of Reinforcing Steel in Tension

The boundary conditions applied are shown in Fi§. Bhe end conditions are
modeled with roller supports at the center of the asberfibe load is applied in the
form of a displacement as prescribed in the experimdmsd conditions are applied

over an area as prescribed in the experiment to replicateffect of the braces.
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Fig. 5.8. Boundary and Loading Conditions

Based on some of the initial test sit was found that the concrete outside
region of the applied load did not undergo plastic aeétion. This zone of concre
was modeled as elastic to increase computationalesftig. The zones of derrcation

are shown in Fig. 5.9.

. Elastic zon

. Elasto-Plastic
zone

Fig. 5.9. Zones of Demarcation of Concrete Mc
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The mesh was subsequently generated for the model.cdincrete damaged
plasticity model is highly sensitive to the mestesas described in the previous section
and refinement of the mesh was studied only up tgthiet where the change in the
mesh size did not have an impact on the results.génerated mesh is shown in Fig.
5.10. The mesh for concrete consisted of 468 elenwvaititsthe element size of 75

mm. There were 185 steel nodes.

Fig. 5.10. Mesh for the ABAQUS Model

The damage parameters used for this model are showrakle 5.2. The
evolution of the damage parameter is adapted from AbRubl and Kim (2010) as the
material properties are similar to this study. The viamabf the damage parameters
with respect to the plastic strain are shown in Figl%nd Fig. 5.12 respectively. The

results of the ABAQUS model are described in the subsgogsection.
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Table5.2. Parameters Used in the Damage Model for Shorter Aspéict ®aupling

Damage Density
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Beam

Parameter Value
Flow potential eccentricityg 01
Oho /0 c0 1.16
Oho /0 co 0.66
Viscosity paramete 0

—
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Fig. 5.11. Damage Density for Concrete in Tension
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Fig. 5.12. Damage Density for Concrete in Compres

54 Results
The results obtaineflom the computational model are discussed be
5.4.1Elastic Response
The model is first analyzed with both steel and cdeces elastic materials. This
done to validate the model response in the elasticagh of the problem. The reacti
forces obtaied are show ilFig. 5.13. The results show that the values match dt
the first 150 seconds and the prediction ofmagnitude of theeaction force made &
the computational model is extremely hi

The results of the for-deformation plots are nowompared. The plots a
shown in Fig.5.14. It is seen that model performs well in the eladbmain anc

predicts a higher strength in the inelastic respoh#igeamaterial



92

10000

Time (s)

Fig. 5.13. Variation of the Reaction Load with Respect to Timetfie Elastic Model



93

400 e T et Ittt mooooen
Experiment

—— ABAQUS
200 eny I I . !

300

100 { L) - 7
0 e — e = -
=

Load (kN)

-100 1/ 777777777777777777777 !
/ :

-200 [ 7

13000

-4
Bos 006 -004 -002 0 002 004 006 008

Rotation (rad)

Fig. 5.14. Load Displacement Curve for the Experiment and ABA@&stic Models

5.4.2Plasticity Damage Model

The plasticity damage model is now implementeddoncrete and an elasto-plastic
model is implemented for the steel. The reaction folitained is now plotted against
time is shown in Fig. 5.15. The peak reaction fonajgted by the model was 233 kN

compared to 225.2 kN as obtained in the experimenitilas is seen as a good match..
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Fig. 5.15. Variation of the Reaction Load with Respect to Timetfe Damage

Plasticity Model

The cracking pattern observed in the experiment isvsho Fig. 5.16(a). The
model prediction of the cracking pattern is shown ig. B.16 (b). It can be seen that

the model has successfully predicted the mode anbtbtation of the failure.



(a) Crack Pattern in Experiment (b) Crack Pattern Predite¥BAQUS

Fig. 5.16. Crack Pattern in the Coupling Beam

The force deformation response from the model and theriexgnt are
compared in Fig. 5.17. The plots show that the mddehble to replicate the
experimental results in the elastic zone well. Howelie model is unable to replicate
the same behavior post-yielding. The model failsréplicate the gradual loss of
stiffness with the progress of the experiment. The gnaigsipated is calculated as the
area enclosed by the load displacement curve. A cosgpaof the energy dissipation

shows that the model prediction is much higher contptréhe experimental results.
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Fig. 5.17. Load Displacement Curve for the Experiment and ABAQ#nage

Plasticity Models

A plot showing the variation of the ratio of the shetsength degradation with
the cumulative ductility behavior is shown in Figl®. The shear strength degradation
is calculated as the ratio of the shear force which tesulthe highest rotation to the
peak shear force in the model. The cumulative dtycigi summation of the ratios of
the peak rotation in each cycle to the yield rotatibhe model is able to provide a
good prediction of the results in the pre-yield portddrthe curve. However the results

do not match as closely in the post-yielding range.
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The backbone curves of the experiment and the madet@mpare in Fig.

The results of the modematches well with the experimental ress.
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Fig. 5.19. Backbone curve predictions for Specimen

The distribution of stresses across the coupling beahawn in Fig. 5.20. It

seen that a compression strut is formed across thehlaigthe coupling beam :

explained by Paulay and Binney (19
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Fig. 5.20. Stress Distribution Showing the Formation of the CongoesStrut

5.5 Conclusion

This section details the construction and modelipgr@each employed for specimen
P02 tested by Galano and Vignoli (2000). The mateniatiels, the loading, and the
end conditions prescribed in the test are used tdrotita model response. This was
then compared to the experimental results. Basedeoreiponse it is seen that model
performs well in the pre-yielding range in all aspe¢i®wever the post-yielding
behavior is not as accurate. A few possible reasandiscussed below.

The plastic behavior of steel does not account forceffike the 'Bauschinger
Effect. The Bauschinger effect is a phenomenon wheak pstress in the steel
degraded when it is subjected to cyclic loading ithte inelastic range. This may to
have a significant impact on the response. The twedgional model assumes that
plane stress formulation. This might not be an entiaglgurate representation of the
experimental setup. The mesh used for the model cdartheer refined and a better

methodology for the solver needs to be evolved tavafimre meshed to be evaluated.
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6. MODELING OF THE 3.6 ASPECT RATIO BEAM

6.1 Introduction

The following section describes the simulation of éxperimental work conducted by
Bristowe (2000). The experiments were aimed at deuajpponstitutive relations for
predicting the behavior of normal and high strengthcoete specimens subjected to
cyclic loading. As part of the study four coupling besawere tested using normal and
high strength concrete with different reinforcement rafithe aspect ratio was
maintained at 3.6 so to compare their behaviors. @&periment utilized the test setup
developed by Harries (1995). This section details ¢isé setup used by Bristowe, the
modeling methodology, and the comparison of the result

6.2 Description of the Coupling Beam

The experiments Bristowe (2000) included details fourveationally reinforced
concrete coupling beams constructed with normal amgh hstrength concrete
designated as NR2, NR4, MR2, MR4. The specimen Vedreled using NR to denote
for normally reinforced concrete and MR for high strengtimcrete. The coupling
beams were 500 mm deep and 1800 mm long and 30thioknwvtith an aspect ratio of
3.6. The beams were reinforced with three 25M (#8 8. designation)bars at top
bars at top and bottom and two 10M (#3 by U.S. design) bars acting as skin
reinforcement. The longitudinal bars were embeddedlémgth of 1100 mm into the
wall. The shear wall was 300 mm thick, 1500 mm laangd 1500 mm high. A region
of concentrated reinforcement consisting of four 25Mie&lrtreinforcing bars was

provided adjoining to the beams in the walls. Thacemtrated reinforcement was
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provided with 10M hoops at a spacing of 250 mm. Tladl also contained 10M bars

acting as curtain rods, at a spacing of 200 mm supjiig¢he horizontal and vertical

direction. Specimen NR4 had transverse reinforcemenspaeng of 90 mm making

it a more ductile beam when compared to the specitied, which had a transverse

reinforcement spacing of 131 mm. Specimen NR4 is chdsenthe modeling

validation. The details of the specimen NR4 issdrewn in Fig. 6.1.
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2 -
S U i
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_'-‘_Taou mm
'y

Fig. 6.1. Section and Reinforcement Details for Specimen NR#&{&ve 2000)

The properties of the material used for the experimentisted in Table 6.1.

The concrete compressive strength was established tisiee 150 mnX 300 mm

cylinders and the tensile strength was obtained frolittisg tensile tests. The modulus
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of rupture was obtained using flexural tests conductethcee 100 mnX 100 mmX

400 mm beams. The reinforcing steel used had the geoperties for consistency.

Table6.1. Material Properties for Specimen NR4

Parameter Value

Compressive Strengtfi ', (MPa) * 41.0
Yield Strain of Stee}Sy 3.06

Rupture Stress of Concrete, (MPa)|  3-77

Yield Stress of Stedy (MPa) 428
*1MPa = 145 psi; 1mm = 0.0393 inches.

The test setup was adapted from Harries (1995). Thenstiterepresentation
of the test setup is shown in Fig. 6.2. Under ther#dtloading, the centroidal axes of
the shear walls remain parallel at all levels. Thefoeoed concrete walls were post-
tensioned to the two steel reaction beams to simula compressive load on the
walls. High-strength threaded rods were used to fix thl supporting the beam to
floor of the laboratory. One of the walls was mountedaodloading beam which was
moved in a reversed cyclic manner using hydraulic raroatéd above and below the
reaction floor. The line of action of these loading ramese located at the center-line
of the coupling beam. Each wall was restrained frotrodyplane movement. An array
of LDVTs measured the horizontal movements of theaig bottom of both ends of
the beam.

The test was conducted using load control up tddiyig of the steel

reinforcement and switched to displacement control. 8hecgcles of each load
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increment were applied to the specimen. Fig. 6.3 shidve load history and is
tabulated in Table 6.2 for specimen NR4. It can lem $bat yield load is 150 kN. The

beam is subjected to loading up to 4 times thelyd&placements.

fixed wall
loaded wall
. .
| “
'I I
P |
oo .1 I i i
P coupling beam i i vertical _
i it I‘ post-tensioning
i i
i . i
(AR = .
L l r
fixed i J ' | | |
beam {L__ Fo 1 4 |
| | loading
Il
0 T beam
\ h i 1P
! = positive loading ram levelling ram
«— post-tensioned clamps —»- ;j' \d ) <. 15
>~ negative loading through reaction floor

Fig. 6.2. Test Setup for the Coupling Beams (Bristowe 2000)
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Fig. 6.3. Load History (Bristowe 2000)

Table6.2. Load History Characteristics for Specimen NR4 (Adajtech Bristowe

2000)

Specimen NR4

+50 kN*

Load Control 150 kN

Ay +15 mm
_ +2 Ay

Displacement

Control +3 Ay
+4 Ay

*1 kN = 224.81 Ibs

6.3 Modeling Methodology
A plain stress formulation is used in the modelinghef toupling beam. The modeling
procedure is similar to the one followed for the caugplbeam with the 1.5 aspect ratio.

The model assembly in ABAQUS is shown in Fig. 6.4.
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Fig. 6.4. ABAQUS Model Assemblage

The Young's modulus and Poisson's ratio are detethfor the concrete and
steel based on the yield stress and strains. The Indedeloped by Mander et al.
(1988) is used for developing the stress strain curvedacrete. The confinement
factor was calculated as 1.14. The Menegatto and Rit®73) model is used to
generate the behavior of steel as described in Setibhe concrete and steel material

models are shown in Fig. 6.5 and Fig. 6.6 respdgtive



106

o0}

o
T ] Q
| | | | | o
I I I I I
” ” ” ” ” ~
I I I I I o
T T . I . Q
| | | | | o
I I I I I
” ” ” ” ” ©
I I I I I o
T TTTTTTT 1T VAR T Q
” ” ” , ” ©
” ” ” ” ” Te)
I I I I I o
T T T/ . 1T Q
” ” ” ” ” ©
” ” ” ” ” <t
| | | | ()
[E 4o R 4o U (@)
I I I I I .
” ” ” ” ” ©
” ” ” ” ” o
| | | | | ()
[ AN N N N o
” , ” ” ” o
I I I I I
” ” ” ” ” N
| | | | | ()
[R VA Lo Lo I o
” , ” ” ” =
I I I I I
” ” | ” ” .
| | | | ()
Tt TTTTTT NG T e
I I I I (@)
I I I I I
I I I I |
I I I I
" " " " " o
o (@) (@) o o o
Lo < ™ AN —

(edN) ssans

Strain

Fig. 6.5. Stress-Strain Behavior of Concrete



107

Stress (MPa)

N
o
(@)

100f

Strain

Fig. 6.6. Stress Strain Behavior of Steel

The boundary conditions applied are shown in Fig. he left shear wall is
modeled with fixed boundary conditions. Roller suppovere provided for the vertical
length of the right shear wall to simulate the smaunttvement of the wall along the
vertical axis. The loading was applied on the rigitas wall was applied along the
length of the wall in the form of a distributed load floe fperiod of load control and the
appropriate displacement was applied for the displaser@ntrol. The loading was

provided using the tabular option in ABAQUS.
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Roller Support

™

Fixed Support

Fig. 6.7. Boundary and Loading Conditions

An elastic zone was created adjacent to the regbnconcentrated
reinforcement in the wall similar to the couplingam with the shorter coupling beam.

The zone of demarcation is as shown in Fig. 6.8.

Elastic zon

. Elasto-Plastic
zone

Fig. 6.8. Zones of Demarcation of Concrete Model
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The mesh generated for the model is shown in@=8. The maximum element

size was 90 mm. The mesh density in the coupkggn is 20.

Fig. 6.9. Mesh for the ABAQUS Model

The damage parameters used for this model arershowiable 6.3. The
evolution of the damage parameter is adapted framon-Al Rub and Kim (2010) as the
material properties are very similar. The variatiohthe damage parameter with
respect to the plastic strain are shown in Figkd @nd 6.11 respectively. The results of

the ABAQUS model are described in the subsequetiose
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Table 6.3. Parameters Used in the Damage Model for Longer &dpatio Coupling

Beam
Parameter Value
Flow potential eccentricity, 0.1
Oy / 0o 1.16
Oho /0 co 0.66
Viscosity parameter 0
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Fig. 6.10. Damage Density for Concrete in Tension
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Fig. 6.11. Damage Density for Concrete in Compres Result:

Results

The elastic modeling of the beam was not conduatethe results beyond a cert

load does not lead to comparable results as showeiprevious model. The cracg

pattern for theconcrete damageplasticity model is shown Fig. 6.12,i# comparable

to thecracking pattern of the specimen in experiment shown in Fig. B3.
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Fig. 6.12. Cracking Pattern Predicted by ABAQUS

Fig. 6.13. Cracking Pattern in the Experiment (Bristowe 2000)
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The comparison of the force deformation charastiercurves is shown in Fig.
6.14. The predictions of the ABAQUS model match é&xperimental results up to
yielding of the steel reinforcement. However, thastpyielding behavior prediction
does not match the experimental results as closelgomparison of the energy
dissipation shows that the model prediction is mudgher compared to the

experimental results.

400 | | |
Experi . I B
| . perimental results P 2 N —
300 f——— B 3. .y e
RNV w7 7 7
i iy GrEy S /
200 /oy 7
4V Vi i
5 j; {P l If! w1 J".!
T 100 (AF T 7 /
T Wt B y
o 7 A
< _ i e
n 0 = 7 ]
e |~ raly P
5 P - “
q.’ 77.' :-'ﬂ —+= —
m -100 = ﬁ’:r 2 // i
7 i o
-200 : L iy ay -
F" 7 h 7| A nén N4
FUL I R .
o A = - general yielding
-300 el § i ¥
PR —rE b 0 -cx spalsmg |
-400 | |
-80 -60 -40 20 40 60 80

-20 0
Deflection (mm

Fig. 6.14. Load Deflection Comparison of ABAQUS and Experinamiesults

The variation of the principle straimg andes;with respect to the applied load
measured at the juncture of the coupling beamstlamaghear wall are shown in Fig.

6.15.
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Fig. 6.15. Variation of Principle Strain with Respect to thppdied Load

The backbone curves of the experiment and the ABB@odel are shown in
Fig. 6.16. It is seen that there is a close caiigeidn the behavior of the model and the
experiment. The comparison of the back bone cumegvs that model is able to predict

concrete behavior and the results diverge aftestibel begins to yield.
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Fig. 6.16. Backbone Curve Predictions for Specimen NR4

The distribution of stresses across the coupleanbis shown in Fig. 6.17. It is
seen that a compression strut is formed acrosdetigth of the coupling beam as

explained by Paulay and Binney (1974).
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6.5 Conclusion

The model predictions are seen to be similar costh&o the shorter coupling beam.
The pre-yield behavior predictions are a good métctie experimental results, while
the post yielding results do not match as closEfe predictions of the model are seen
to be less accurate in post-yielding behavior caegbdo the 1.5 coupling beam. The
amount of reinforcement provided for this sectisarger when compared to shorter
aspect ratio coupling beam. This is seen to hanejar impact on the results as the
effects of cyclic behavior of steel like the Bauscfer effect, is not in-cooperated in
this model. The predication can also be improvediéyeloping a three-dimensional
model to account for the proper confinement andtthasverse steel behavior; the
proper replication of the post tensioning steeduse bracing the system; and by using

a better solution technique within the finite elemanalysis.
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7. CONCLUSIONSAND SCOPE FOR FURTHER WORK

7.1 Summary
This research was conducted to develop a compo#timodeling approach to
simulate the behavior of conventionally reinforamilipling beams subjected to cyclic
loading. The computational model generated hereemake of the concrete damaged
plasticity model available in the commercial finilement modeling package
ABAQUS to simulate the behavior of concrete. A laadtion model using a cantilever
beam is first produced to generate some of thepaagmeters in the model that are
later adapted into modeling of two coupling bearhgsawying aspect ratios of 1.5 and
3.6. The geometric, material, and loading values adapted from experimental
specimens reported in the literature, and the exeertal results are then used to
validate the computational models. The findingsnifrehis study are intended to
provide guidance on finite element modeling of camionally reinforced concrete
coupling beams under cyclic lateral loading.
7.2 Conclusions
The following conclusions are observed based omebelts of this study:
1. The calibration model for the cantilever beam depetl in ABAQUS

replicated the results predicted by the analytmaigram RESPONSE 2000.

The model was found to perform well for monotorwading into the nonlinear

range, as all the results proved to be a good match

2. The computational results for the 1.5 aspect ratiopling beam indicate the

following:
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o The ABAQUS model predicted the experimental respoascurately
under cyclic loading up to the yielding of the s$teldowever, the
prediction was less accurate into the inelastigean

o0 The backbone curve predicted by the ABAQUS modelsha close
correlation with the experimental results into ihelastic range.

3. The prediction of the region of damage within tloei@ing beam matched the
experimental results. The computational resultgtier3.6 aspect ratio coupling
beam were similar to the 1.5 aspect ratio cougbegm.

o The ABAQUS model predicted the experimental respoascurately
under cyclic loading up to the yielding of the &ted@he prediction is
less accurate post yielding and this differenagrémater compared to the
shorter aspect ratio coupling beam. This is duethe higher
reinforcement ratio in the 3.6 aspect ratio coupleam.

o0 The backbone curve predicted by the ABAQUS modelsha close
correlation with the experimental results into ihelastic range.

o0 The prediction of the region of damage within theuging beam
matched the experimental results.

0 The prediction of the energy dissipated was sedetbigher compared
to the experimental values.

4. Differences in the behavior of the two coupling lbeapecimens were also
observed. The displacements experienced by theliogupeams are of the

same order. However, the 3.6 aspect ratio coufleam experienced a greater
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amount of damage compared to the 1.5 aspect ratipliog beam. This change
in the behavior may be due to the difference i logcles and the loading and
support conditions employed in the experimentss lalso observed that the
longer coupling beam had a greater density of #ense reinforcement and
subsequently has greater displacement ductility.
7.3 Scopefor Further Work
The comparison of the analytical and experimerdgaliits indicates that the ABAQUS
model can be further improved. The following recoemaiations are made for future
work:

1. The steel model used here only incorporates thel s$etropic hardening;
however, its behavior under cyclic load should &soncluded.

2. The assumptions made on the variation of the darmpagemeter can be based
on a more refined analytical model. However, th&as not sufficient
experimental data to describe the material behamtorthe inelastic range for
the selected experiments.

3. Truss elements are used to model the steel instoidy. The effect of the
bending stiffness could be included for a morenedi model, although its
contribution is not expected to be significant.

4. The steel could be meshed using cylindrical shelinents for more accurate
simulation of the behavior of the steel. The cytiodl shell element, however,

has much higher computational requirements.
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. The static solver used for this study is not rokersbugh because it does not
work for all meshes. A suitable alternative solweeds to be developed to
understand the effects of mesh refinement.

. A study could be conducted on the influence of cwmhent of the concrete
core on the modeling behavior. The experiments repdrted that the cover
concrete spalls off under high loading, the effedtéower confinement in the
cover region should be included in the model.

. The time required based on the mesh size is ndtestthere, this needs to be
included.

. The effect of parameters like viscosity and rafea$ in concrete needs to be
considered.

. A three-dimensional finite element model needs & groduced to better

understand the accuracy of the finite element phoee

10. A comparison should be made between two-dimensiamalthree-dimensional

modeling approaches in terms of results obtainedcamputational efficiency

of the models.
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