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Reinforced concrete structures consisting of moment resisting frames have been used
generally as resisting systems for lateral loads. These structures are usually sustained
devastation resulting from seismic and earthquakes, including collapse and damage
where (BCJs)s specified as the weakest zone in the structural systems. Ift@amn

joints have the ability toetrievetheir predetermined strength and shape after a seismic
occurred, then mangroblems, whichrelated to collapse and permaneamagemight

be solved. Consequently, the purpose of the study is to predict intelligent BCJs that can
experience tagreaterdeformations yet retrieval potentially its predetermined structural
integrity after seismic has occurreBhape Memory Alloys SMAS) mateial has the

ability to construct of such intelligent reinforced concrete bealamn joints.

SMAs have a relatively smaller hysteretic loop and lower modulus of elasticity
comparing to reinforcement, also have high resistandee and corrosion. Therefe,
using SMAs for strengtheningf RC- BCJs may enhance and restore ductility of the
joints under different types of loading, making it very practical for the strengthening of

RC structures.
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This research proposal main objective f&g Investigationthe behavior of (BCJs)
Reinforced with Shape Memory Alloys (SMASs). This investigation will initially show the
factors influencing SMAs engineering characteristics, constitutive material models, and
the fundamental properties. Furthermore, the investigatiirfagus on the behavior of

BCJs undereverse cyclic andyclic loadingreinforced withsuperelastic SMAs.

Numericalsimulationmodelsof BCJwith and without SMAs will also be conducted by
using suitable nonlinear finite element analysis software, whilthhelp to interpret the

monitored behavior of BCJs through comparison with the numerical simulation.

This work is done under th®eanship of Scientific ReseardDSR) project number
(IN121058). Themain aim of this work is studyingthe behavior (BCJ)einforced with
shape memory allolgars at critical section. All the specimens wprepared andastat

PRAINSA Company thethey were conducted and testedhe KFUPM structural lab.
Results from experimental tests have been dsedhe verification ofFinite Element

simulationof (BCJ).
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CHAPTER 1

INTRODUCTION

1.1GENERAL

The beam column joints (BCJs) arensidered the critical zone in tR&EC framesinceit
is the crucial element that subjectedgr@aterloadsduring acuteground shakesThis
behavior has a considerable impact onliBkaviorof structurs, namely with réerence

to its energy dissipating capability and ductility.

Beam Column JointsBCJ9 could be classified into three parts. First, a strong column /
weak beam, which becomes the best case sireceollapsan beam is less crucial than

the collapsen the column Second, strong beam / weak column, if the plastic hinge starts
to happenin the columns, the axial load will cause a quick degeneration to capable the
joint to absorb energy, whereas undergoing cyclic motion. Finally, hinge being formed at
the inersection point of the column and beawhich cause a largeotation both in
column and beamn the conjugatiorof losing column the capacity of carrying loads and
then the failure of the joint. Consequently, BCJs must have a unique attention for

approprate detailing and designing.

The BCJs must bdetailed appropriately to guarantee sufficient ductility when a seismic
event occurs. Ordinary structures are usually designed and constauttedafewhere

seismicenergiesaredissipated by yielding ofteel bars and its deformati®nrhe most



essential design aspects include serviceability of essential facilities and safety of human
lives. The earthquake design of structural elements has developed towards using new
structural systems and members thatehan improved ductility and deformation
capacity, minimized and decreased residual crack sizes, higher damage tolerance,
concrete confinement, reduced and recovered permanent deformations. If such a
reinforced concrete BCJs could be constructed, thisop#in a new area for structural
engineers to enhance he ¢ o n n e c twithoimgaved duetdity gnad reduced
damage, therefore, terminating joint repairs after the seismic events. This aim can be
accomplished by using SMAs instead of steel in reinforced concrete elements that has not
been yet widely detected. If SMAs bars arged in earthquake reinforced concrete
structure, it can recover large deformations ahdhe same time yield under strains
resulting from earthquake loads. SMAs rebewuld be a great choice for high seismic
zone of reinforced concrete structures, patérly in BCJs. For these reasons, as to the
assessmendf old structures and for strengthening the design of new structures, it is

important to further develop the existing knowledge of using smart materials like SMAs.

In recent decade, the dream of stracting intelligent structures is becoming a reality. Civil
Engineers with the help of metallurgical science have innovated structural materials that can
display predetermined physical properti@®\As are novelfunctional materia that can
exhibit small residual strain under various types of applying and removing loads eeen aft
passing the yielding zon&his materiahas the capability for remembeing its original shape

even afterm severe deformation



1.2KINGDOM OF SAUDI ARABIA SEISMICITY

In the reentyears thereis increasing inconcern abouearthquake activitiealong the
western coastof Saudi ArabiaMany studieshave beertonducted tacalculatethe risk
level of earthquakeeventsin the Kingdom of Saudi Arabidl'he seismic hazard analysis
for Saudi Arabiawas carried out The zonation map, aslustratedin Figurel - 1, was
createdin the Kingdom of Saudi Arabibased orthe peak ground acceleration, (PGA),
valuesweredeterminedora f i f t y vy servisedith About18% piossileility of

beingincreased

30~
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Figure 1- 1: The seismic nnation map for Saudi Arabia Kingdom



In the Pbllowing table the UBC model for Kingdom of Saudi ArabiaSaudi Arabiais
divided into4 zones with seismic zone numbers (SZN) of 0, 1, 2A and ZBuatated

in the followingTable 1i 1.

Table 1- 1: The (SZN) and corresponding(PGA) according to the (UBC) code

Seismic Zone NumbeBSEZN) Peak Ground\cceleration PGA)i n ¢
0 Less thar0.05
1 From0.05 to 0.10
2A From0.10 to 0.15
2B More than0.15

The framework of ACI code was adopted for desigrof RC structures irSaudi Arabia
According tothe ACI 318, seismiczones of(SZN) equal toZeroandOneare considered
as areas witlmo andvery low risk levels, respectivelyhile seismiczones of(SZN)
equal toTwo A & B are consideretbr moderate risk level Consequentlyaccording to
seismic zonation magf Saudi Arabiamost of the Kingdm regionsare considered to be
of no and low risk leveal However, aeas along the western caagiarticularlyin the
southwest andorthwestfall in the zone omoderate risk level.

Someof the largettownslocatedin the Eastern Part ahe kingdomare very nearto the
zone of faults As populationgrowths years by yearsand many new buildings are
developed, seismic risk tofrastructure and thieves of humanbeings increases

To minimize the severedamage ohew buildings and loss ohuman livedue toseismic
events there aresomeapproachedor overcomingthis issue One of them is to use a

super elastienaterial, especiallyor the BCJ, which has thecambility to undergo large
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deformationup to 10% to 20% straithen return to its original siape without any
permanentdeflections By using thisunique material, which named Shape Memory
Alloys (SMAs), buildings can remain safe after earthquakes and cracks in the structural

element will close

1.3THE IMPORTANCE OF BCJsIN STRUCTURES

BCJsin reinforced concrete moment resisting frarasecritical zones for transferringof
moments andoads effectively betweenll connecting elements, such eslumns and
beamsin structure. It is the cruciaklement, whiclsubjected to large loads during acute

seismic events.

Portion of column which is combinedto beamat the intersectionis namedBCJ. It
performs an essentiakole integrating systerof structures|t is the mostrucial partin
the structurs, particularlyin the regionof high tomedium seismicityFlexural failure, as
well as shear failure, of BCi$ classifiedas one of thanajor reasonsof failure for
numerousmnoment resistingRC frames These framearenot resistant forseismicevents
because ofow- concretestrength andnappropriatereinforcement detail®f the BCJ

components

Unsafe designas well asdetailing within BCJ regiors could jeopardize thewhole
structure asillustratedin Figurel - 2 even ifthe otherelementsare conforming to the
requirementdor design.For the pastfour decadesmanyresearchshavebeenperformed
on studyingand analyzing ofthe behavior of BCJ under earthquakeconditions by

experimentalanalytical] and numericahvestigations



Figure 1- 2: Several kamples of BCJ failure

If BCJ hasthe ability toretrieveits original capacity and geometry form after an earthquake,
many problemshatrelatedto collapse and permanent damage of structures might be solved.
In addition,for the purpose ofedudng the structurecost andat the same timensuring

the earthquakesafety,using a uniquenaterialsuch agSMAS) in strengthening of new
structuresneed to bemproved Significant progressvasbeingdonein this field. Using

smart materiahs shape memory alloy6SMASs) for strengthening of new RC building;

6



this method of strengthening structures with SMAs is a focus of intensive research and

reinforced the BCJs in the new construction with SMAs.bars

1.4NEED FOR THIS RESEARCH

Recentconsciousnessf possible earthquakevens in the moderate tdow seismicity
regions ofthe Kingdomhave led tothe concerns ofvulnerability andsafety of RC
structures Many of thesestructureswere designedand constructedased on graty
loads only. Because of that, thenesponses during an earthquake eweodld be non
ductilethatmightlead tosevere economic disruption aleging of human life Therefore,
using new technics in the construction of new buildings would solvelizester that
might occurduring seismic ground shaking.

During earthquakes, cracking and permanent deformatioarsat the BCJ interface due
to yielding of reinforcing steelThese deformatiacannot be repaired to rehabilitate the
structures.Therefoe, the potential of SMA to recover large deformation on unloading
can be exploited at the BCJ interface to avoid such permanent deformation.

Basedon literaturereview, it wasfound thatonly limited research has been conducted on

theusage of supeglastc SMA in the BCJs.

This research aims to investigate the behavior of salgestic SMA bars athe BCJ
interfacein new constructions so they celose the cracks after Earthquakesstore he

serviceability of structures, andlgance the ductility odBCJ during Earthquakes.



1.50BJECTIVES

The primaryobjectiveof this research work i® investigate the behavior and suitability

of SMA in reinforced concrete structurdis will be determined by studying, modeling,

and analyzing the response of BCJsrgjteened with SMAs and subjected reverse

cyclic andcyclic loads

The following investigations will be carried out in order to meetdhevestipulated

objective:

1.

2.

Investigate the mechanical properties of SMA bars subjectedetasile force
Investigate experimentally the behavior of BCJs reinforced with embedded SMA
and normal steel bars under flexural failure at the interface subjected to cyclic and
reverse cyclic loadings.

Develop a mechanistic model for calculating the load capacity ofdp€dmens

and maximum crack width.

Develop (3D) Finite Element Models of BCJ reinforced with SMA and regular
steel bars under cyclic and reverse cyclic loadings.

Verify the proposed finite elementi@) modelsusing the experimental test

results of SMA- BCJ specimens.



CHAPTER 2

LITERATURE REVIEW

2.1INTRODUCTION

Reinforced concrete (RC) structures constitute essential parts of the national wealth in
many cities. They often need evaluation, observation, andinieg at regularperiods
because of decay and aging. Yet, if structures are made intelligent and have the ability to
adjust their own damage, adopt changes in their loading conditions, and have the ability
to repair their conditions, many problems assodiabeRC structure management might

be terminated. This ideaisesthe need for intelligent structures and materials, that are
prepared tamprove life cycle performancéit the environment, reduce usage of energy,
supply the best operating conditionsdasignificantly minimize costs of maintenance
(Ullakko 1996) SMA is aunique material thatcan undergayreaterdeformations and
returnto the original shape either by removing loads or by heating. Thesgeand
distinct properties of shape memory alloys make them smatérials that have the
ability to be used in intelligent structuresd buildings, whichadapt and respond to
variousenvironmentakconditions(Hardwicke 2003)SMA is used in a large assorémt

of applications in various industries, for instance, implants, medical equipment, and
aviation. In addition, they are used as valves, actuators, clamping devices, and switches.
For example, shape memory alloys are used as vibration dampers in spacéotgc

(Bauer et al. 1998)



Shape memory alloys (Nitinol) that derived from Titanium and Nickel were first patented

in Naval Ordnance Laboratotyy Wiley and Buehler in 1965. Depending on material
temperature, shape memory alloys can be martensite phasenite phase or the
mixture of them.In fact, this material is particularly beneficial when great deformation
and retrieval of the shape is observed undiesarate of temperature or stress. Recent
years, these twessentialproperties of shape menyoalloys havea higherinterest of

many researchers for application to intelligent structural system. One property of SMAs
is the shape memory effect (SME), in which a sample exHtimtsresidual strais after
applying and removing of théoads, which ca be fully retrieved its shape upon
increasing the temperature of the material. This retrieval stress can be used to introduce
forces in the structures. The other unigumaracteristioof SMAs is supeelastic effect

(SE), in which a sample achieves a vgrgat strain by the transformation from austenite

to martensite phase by applying loads then it fully retrieved in a hysteresis loop by
removing loads and without changing its temperature. Furthermore,pbethomena
(SME) and (SE) are because of phasmgformation. Because of these two unique
characteristics, researchers have started carrying out on smart RC structures using shape

memory alloys.

There aremany applications ofSMA in the civil engineering. Some researchers have
discussed those applicatioasd provided in details some of experimental results on

mechanicatharacteristicef SMA.
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2.2PREVIOUS BCJ EXPERIMENTAL WORK AT KFUPM

BCJ experimental tests were fitgitiated at KFUPM by Mr. Danish Ahmeth 2012
The responseof poor detailedBCJs under vertical static and cyclic loads was
investigated ThreeexteriorRC BCJ specimensvere cast and tested KFUPMIab. The
BCJ specimens were mainly 12 mm and 18 mm diameter retieébrcementbars. In
addition the difference between bent in and bent out steel reinforcemernnlthesjoint
region d BCJ specimenbas been investigated

After that,experimental teswvas peformedin the BCJ research area by Mr. Abdulsamee
Halahela in 2014.The main objective ofthe research proposal, which entitled
Experimental and Numerical Study for Using of CFRP for Upgradin@@@#sBehavior
Under CyclicLoads wasto investigate theesponseof BCJ under cyclic loadgor two
scenariosFirst, normalRC - BCJandsecondCFRP wrapped externally around existing
reinforced concrete beam column joifds retrofitting.

Then, experimental tests were performed for BCJ specimens by Mr. Aréisafb in
2015 The researchobjective of his thesiswas to investigate ofhe behavior of BCJ
strengthened witla certain percentage steel fibermixed with concretean the joint
region Around twelve exteriorRC i BCJ specimenshave been cast and testad
KFUPM lab with different scenarios: (1) Norm&C i BCJ specimens, and (BCJ
specimens strengthened with steel fiber in the joint region for both 12 mm and 18 mm

diameter steel bars.
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2.3FABRICATION OF SMA s

Shape memory alloy aterials are fabricated by heating the alloys to the melting point in
an inert gas environment or in a high vacuum to avoid contamination resulting from a
probability reaction between melted alloys and oxygen. Then, the materials are cold or
hot worked toa proper shape, such as bars, tubes, wires, sheets, or ribbons. The last
process of the fabrication stage is the SMfeatment thaspecializethe SMAs from

other structural materials, in which materials sustain to some proper thegot@nical
processing to exhibdguper elasticityppehavior and SME. The heat treatment temperature

is remained usually less than the recrystallization temperaburehfipe memorization
(Khantachawana et al. 1999) must be noticed that the hot worked materials respond
less reliably to the shape setting heat treatment than the cold worked materials. As a
result, the alloy materials will be in a complete shape witproved mechanical

characteristicéHodgson 2000)

2.4ATRANSFORMATION TEMPERATURES

SMAs reveal polymorphism like other metals and alloys, i.e. it possesses more than one
crystal structure having almost an equivalent chemical composition. At a comparatively
high temperature, SMASs remain in the austenite phase. When decreasing the tea)perat

it starts to transform to the martensite phase. The predominant crystal phase is related to
both temperature, stresgnd is governed by both thermmechanical processing and
chemical compositior{Dolce and Cardone 2001dn the stresd-ree State SMAS is
identified by four different transformation temperaturesillastratedin Figure 2 - 1:

martensite start (M, martensite finish (Iy), austenite start (4§, andaustenite finish (A.

12



Table2 - 1 contains some values of the transformation temperatures for various types of

alloys in the stress free state.

Cooling—— M A
o SEEe A é '[;Ad 10
© : ! G :
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360 143
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Figure 2- 1: Changing and transformation in the crystalline structures of shape memory alloys from austenite
phase to martensite phase and vice verse a function of temperature(Dolce and Cardone 2001a)

Shape memory alloy materials remain in a fully austenite phase when their temperature
(T) is more than (#, and in a fully martensite phase when their tempeeafT) is less
than (M). While changing from austenite to martensite phase and vice versa, both

p h a sast@rsteand martensite occurs.

The transformation phase of SMAs during cooling and heatiagpgsoximately as shown

in Figure 2- 2. When increasag temperature of the alloys to the austenite start
temperature (4, the alloys start to change progressively from martensite to austenite
phase. The transformation is almost complete when the temperature reaches the austenite
finish temperature (A. Cooling the SMAs will cause a change from austenite phase at a
temperature more than martensite start temperatuge t@vVmartensite phase when the
temperature reachése martensite finish temperatuiié;). If the material temperature

increases more than QAT»As), the material willosethe super elasticitypehavior.
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Table 2- 1: Transformation temperatures of SMAs for stress free state

Alloy Composition My M, A, Ar
DrOCCSs
Percentape K K K K
hot-rolled and
Ni-Ti subsequently
{Manach cold-rollad
and Favier 50,5-49.5 with 2770 060 370 1350
1997} intermediate
annealing .
Ni-Ti
. Annealed
(Delgadillo- .
Holtfort et 50,8492 fol l::ﬁ by 2.0 25240 2700 284.0
al. 2004) .
quenching
Ni-Ti Unannealed 2040420 2870+ 1.0 2640420 2950+£20
{Hesse et al. 557.44.3
2004 ’ ’ Annealed 233.0£20 ZTR0£20 2910+£03 3240%15
Ni-Ti 50.9-49.1 Vacuum 157.4 2425 275.1 317.8
{Stmadel et 50.5-49.5 annealed 195.4 254.7 2822 326.2
al. 1995) 50.0-50.0 i 245.2 37 321.4 351.0
e ollowed by
NETICu 0 050,00 water
{Strmadel et .]1] 1]- quenching 294.1 ild.6 3259 3398
al, 1995) '
Annealed
Cu-Zn-Al followed by
(Vivetetal, 25642702  agingina 288.5 2923 2032 208.3
2001) quenching
bath
. Anncaled
Cu-AFNi followed by
(Recarte et 82.0-14.0-4.0 waler 2520 260 2740 2850
. al. 2004) quenching
Cu-Al-Be
{(Rejzneret  11.6-0.6-87.8 — 157.0 179.0 1690 195,00
al, 2002) .
Ni-Ti-Fe
(Special 5354505 Colddrawn ~ — 2630450 283.0%5.0
Metals
_ 2006) ;
Ti-Mi-Hf
{WTE%;; al, 16-40-15 Rot-ralled a21.0 45210 489.0 304.0
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2.5MECHANICAL PROPERTIES OF SMA MATERIALS

SMA material has the ability to undergo large deformation, and reach14¢o 20%,
andrecovering back tohe original undeformed shape either by removing of the applied
loads, known as supetastic effect or by application of heat, known as shape memory

effect (SME)(Qoan et al. 2010)

i A 4,<T<M, |
TeM T> ‘Md
Sy - Foreword Martensite Transformation
C
B
b » b — b
s Detwinning p N ¥
;J.i e > 1; / Unloading Without g T
v W /4 Residval Strain =~ &
Unloading With - D
/ / Residual Strai P -
£stdual Stram Inverse Martensite Transformation
— - -
Returning to Onigin Strain & Strain & Strain ¢
Upon Heating

(a) (b) (©)

Figure 2-2: StressStrain diagrams of SMAs NiTi (a) SME behavior; (b) Superelasticity behavior; (c)
Ordinary plastic deformation (H.Qoan et al. 2010)

Each shape memory alloy extremely varies in properties. Such change due to the atomic
arrangement in the austenite and martensite phases of the shape memory alloys which
depends on heat treatment and themezhanical processing. Even a small variation in

the relative proportion of the constitutive materials within the same alloy could
significantly affect some of the mechanipabperties(Strnadel et al. 1995Yhe diverse
parameters defining the most widely used SMAs properties are summarized i@ Table

(i.e. Ni-Ti). Other shape memory alloys properties are presented in ZaBle
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2.5.1COMPRESSIVE AND TENSILE BEHAVIOR

A standard stresstraindiagramof shape memory alloys (martensite or austenite phase)
subjected to compressive and tensile loads isngiveFigure 2 - 3. This curve is
composed of four lineabranches, whictare linked to each other by smooth curves.
These linear branches are supposed to intersect as displayed by the dotfedlietesl.
1998) The material is examined under both coesgive and tensile loads. The values of
properties such as axi al stressesy gef ),

presented in Tableés-2 & 2 - 3.

Axial Stress

Axial Strain  ——

Figure 2- 3: Typical stress straindiagram of SMA subjected to compression/tensiofLiu et al. 1998)

DesRoche et al. (2004) investigated thsponsef SMA under cyclic loadsThe cyclic
characteristics of 25.m diameter barbave beerrompared to 1.8 mm diameter SMA
wires to investigatéhe effectof loading history and bar size on the characteristics of the
SMA material.Figures2 - 4 & 2 - 5illustrate the ideal properties obtained for SidA

wire and bar. However, the bars results of Shape Memory Alloy showed lower damping

and strength properties compared to the wires.
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Stress (ksi)

Figure 2 - 4: Stress- Strain curve for 1.8 mm SMA wire under cyclic loads(DesRoche et al. 2004)

Stress (ksi)

Figure 2-5: Stress- Strain curve for 25.4 mm SMA bar under cyclic loads (DesRoche et al. 2004)
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Table 2- 2: The mechanicalcharacteristics of SMA

Propeny Phase Unit Range
Under tension . - __Austenite GPa M-8
(Manach and Young’s modulus, £, Martensite  GPa 11-52
" Austenite MPa | 0-800
::;l'“ztﬁg T.Zak  Yield strength, /, Martensie _ MFa 50-300
DesRoches etal.  Ultimate strength, £ Austenite  MPa___§00-1904
R nE. Ju Martensite_MPa____800-2000
i . . . Austenite  Percentage 3-50
Wayman 1999, Elongation at failure, &, -
M lani and Mariensite  Percentage  I0-60
Mandara 2002, Becovered pseudoelastic strain, sp;  Austenile  Percentage =B
Rejener et al. - T - -
2002 Maximum recovery stress, G Austenite MPa GOD-B00
Under . Austenite GPa 56-69
compression Young’s modulus, £, Mariensite  GPa 30-80
. . Austenite MFPa 550-800
(Liu et al. ]HE‘. Yield strength, £ “Martemsite MPa 135100
g‘gmlw : “::zlz fr:‘“ Austenite MPa 1500
o . Uihirnate strength, £ ) 1800-
and Tiba 2002, Lim gth. £ Martensite MPa 2170
and McDowell . :
1599 Elongation at failure, g, !A["E'T;;; :ﬂ:ﬁ ],?__2 3
Recovered pseudoelastic strain, £y Austenite  Percentage 36
Maximum recovery stress, fry Austenite  Percentage  650-820
Under shear Austenite GPa 18-25
(Manach and Shear modulus, G, Martensite__GiPa 25-40
- . Austenite hPa | 846
Favier 1997, Yield strength, «, M e MPa 32100
Delgadillo- i Austenite MPa =515
Holifort et al. Ultimate strength, & Martensite MPa =515
2004, Liu and =
! , . Austar P o 1]
Favier 2004 Elongation at failure, 3, Marten slit:e P::;mnit:iz =40
Fecovered pseudoclastic strain, py Austenite  Percenlage L
Maximum recovery stress, o Austenite Percentage 00
Linder torsion .\ Austenite GPa G-28
i | _Shear modulus, G, Manensite ___GPa a9
McManey et al. -
- . Austenit hMPa 220-330
2003, Lim and Yicld sirength, 1, ]'-'I:rste:n::ifs MPa T
MaClovwrell 1999, ] Austenite MPa =500
Dolce and Ultimzat strength, %, Martensite  MPa___ 210-380
Cardons 20012, o . Austenite "dl"_c;ﬁuntagu Tl -=24
Melton 19907 Elongation at failure, », Martensite__ Percentage —
Recovered pseudoelastic strain, p,  Austenite  Percentage i
Maximum recovery siress, Ty Austenite  Percentage 270500
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Table 2- 3: Mechanicalcharacteristicsof different types of SMA

Lower

E, E, 5 i Ju f & Residual
Propety austenite martensite  austenile martensit p:;t::su astenite  martensite martensite T strain
(iPa GPa MPa MPa MPa MPa MPa % % MPy %
Cu-Zn-Al
(Otsuka and 0100 70 150-350 80300 - 400900 700800  10-15 33
Wayman 1999)
Ni-Ti-Fe
(Special Metals . - 688 - =47 21443 . =10 <80 . 0.5
2006
Cu-ALNi
(Otsuka and 80-100 80 150-300 150-300 - 5001200 1000-1200  8-10 20
Wayman 1999)
Ti-Ni-Cu
{Liu2003) 15-16 . 300 . . . . . 4515 80700 0632
Cu-Al-Be
(Rejzner etal, % 5 110210 8170 - - . 80-100 220
2002)
Ti-Ni-Hf

(Wangetal. 199 1219 15 40620 430460 - 9071221 1 1030 230

2.5.2 TORSION AND SHEAR BEHAVIOR

Typical stressstraindiagramof shape memory alloy subjecteddithershearor torsion
as shown in Figre 2 - 6 follows the same patteras the stresstraindiagramsubjected to
tension. Property parameters of shear

e

are indicated by: & Gp1, Gp2, Gu, 9y, p1,9p29u, @, pUpU and U
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Figure 2- 6: Typical stressstrain diagram of SMAs subjected to torsion / shea(Liu et al. 1998)

2.6CONSTITUTIVE MATERIALS MODELING OF SMA s

Because of usinthe SMA materialn avarious typef applications, for examplejvil
engineering, mechanicahgineering, aerospace, and medical scierbesdevelopment
of appropriateconstitutive numerical modetgarts tobecome aressentiaprerequisite in
designing, analyzing, andodelingof SMAs structures andevices. The peculidhermo
mechanicatespmseof shape memory allowith SME andpseudo elasticithas made
3-D constitutivemodelingdifficult problembecausehe choosingf appropriatdéonsorial
parameterso express theesponsef shape memory alloynder multiaxial behavior is
very comple.. Shape Memory Alloyor civil engineering applicationis usuallymodeled

usingphenomenologicahethodapproach

2.6.1PHENOMENOLOGICAL MODELING
Becausemost applications of SMA® civil engineering are related teang wires and

bars,1-D phenomenological modelsre often considerethvorable Many researchers
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have proposed uniaxial phenomenological models. The supereladimvior of is
becomingincorporated in numbsrof finite element packagd&ke ANSYS 12.0 where
the material modeak implementedrom Auricchio & al. (1997) The parameters, which
are impotant to define the SMA materiahodel in finite elementsoftware packages
including. 1) Starting stress fronaustenite to martensitgage 2) finishing stress from
austenite tanartensite 3) starting stress frormartensite to austenité) finishing stress
from martensite to austenit®) maximum residual straior superelastic plateatstrain
length 6) modulus of elasticityat austenitgphasesand 7) the ratio of transforman
stresses undesompressiorand tension. Figure2 - 7 illustratesthe one dimensional
superelastienodel, whichused in ANSYS 12.0Figures2i 8 a,b & c show stresstrain
diagramswith a complete transformation path followed by a) patbading (PL) and
partial unloading (PU), b) partial loading (PL) and complete unloa¢itig), and c)

complete loading (CL) and partial unloading (PU), respectively

SA(-)
SA(-)

— | SAS(-}
= A

Figure 2-7: One Dimensioral- models of SMA implementedin FE package (ANSYS VERSION 12.0)
(Auricchio et al. 1997)
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Figure 2-8: One Dimensional- models of SMA at constant temperature where the stresstrain diagrams are
drawn after a complete transformation path followed by a) PL andPU, b) PL and CU,and ¢) CL and PU

Delmont andDesRoches (2002) performed a numerical study on Shape Memory Alloy
bars as restraineto be used in bridges. A numbertbfeebridgespanshavebeen used

for numerical modeling. Similar to typical cablestminers, the Shape Memory Alloy
restrainers were connected from the bottom flange of the beam to the pier cap. For
assessinghe performance ddteel andSMA restrainer bars, numerical nonlinear analysis

of a typical bridge was performed. The Numeriegults illustrated that steel bars were
less effective than Shape Memory Alloy bars in limiting relative displacement at

abutments and piers.

The response of RG SMA Bridge piershasbeen studiechumerically byAlam et al.
(2008).Number oftwo - - Scak reinforced concreteolumns, which represent RC Bridge

piers,designedconstructedand thertested previously using a shiag table by Wang et
al. (2004).SMA barshave beemlaced in the plastic hinge regmand connected to steel
reinforcementbars. The behaviorof the piersshowed arexcellent recentering ability
when subjected teeismicloadings. It was illustrated that RC - SMA columns were
superior tothe conventional reinforced concretecolumns in limiting relative top

deflectionand residuatieflections
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2.7/APPLICATIONS OF SMAs IN CONCRETE STRUCTURAL

ELEMENTS

Structures must be designed and constructed to resist earthquake loads and act elastically
under seismic events. In ordinary earthquake design, reinforcementbsiselare
expected tdoe yielding and dissipate energy whereas enduring permanent deformation.
SMA is auniguematerial thatcan undergayreaterdeformations and return back to its
shape either by removing loads or by heating. Consequertthg ghape memory allay

used in stuctures as reinforcement bathey will beyield under high earthquake loads,

yet the permanent deformation will not be significdfang 2004)

The behavior of BCJ specimens reinforced with Shape Memory Alloy material has been
investigated byAlam et al 2007).A number of wo largescale BCJ specimens werast
andtested under reverse cyclic lgad®One of the BCJ specimens was reinforced with
ordinary steel reinforcement bgiBCJ1) whereas second BCJ specimen was reinforced
with Shape Memory Alloy ba (BCJ2) as illustrated in Figurei29. The behavior of
these BCJ specimens, energy dissipation ability, monoation envelope relationship,

and their loaektory drift, wereanalyzed,and comparedinder reverse cyclic loadings

The resultsllustrated that the Shape Memory Alloginforced BCJ specimes able to
recover most of its deformatiofthe beam tip loads story drifts relationship diagrams

for both (BCJ1) and (BCJ2) specimens were shown in Figuré®a & b
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Figure 2-9: (a) The details of thespecimen JBG2 andlocationsof the strain gauges;(b) regular single barrel
screwlock mechanicalcoupler for connectingregular steel rebar andSMA rebar (Alam et al. 2007)

(a) (b)

80 80

60 60 S
Z 4 1/ 2 4w ,/
3 =7 /A 7
s R A s Z
= -20 // 77 = 20
E 40 / //‘ % —40 ‘/
@ 50 A D g0 LZL

-80 —80

-10 -5 0 5 10 -10 -5 0 5 10
Story drift (%) Story drift (%)

Figure 2- 10: Beam tip loads - story drifts relationship of specimens: (aBCJ1 specimen; (b) BC2 specimen.
(Alam et al. 2007)

Saiidi and Wang (2006) have investigatée tontribution of SMAdor reducingthe
residual displacement icolumns reinforced with SMA bars in the plastic himggion

The earthquakebehaviorand damage iran SMA-reinforced column repaired using

engineered cementitious composites (EG@E)e evaluatedA - - Scale spiralreinforced
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concrete columirigure2 i 11 with SMA longitudinal reinforcement in the plastic hinge
was tested onthe shakingtable. After the column was damaged Biymulating
earthquakes, it was repaired using ECChim plastic hingeegionandretestedThe tests
demonstrated that SM#Aeinforced columns were able to recover nearly all of the-post
yield deformationFigure 2 i 12 and the use of ECC reduced the concrete damage
significantly, thus requiring minimal repair even after a strong earthqudien, he
proposed a new hysteresis model f&ivIA-reinforced members, which was able to

satisfactorily predicted displacement histories.
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Figure 2 - 11: Details of columns specimenreinforced with super elastic SMAs material (Saiidi and Wang 2006)
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Figure 2 - 12: Measured cumulative hysteresis curves for columnseinforced with SMAs (Saiidi and Wang 2006)

(Ayoub et al. 2003)has studied the behavior of smaill scale concrete beanthat,

reinforcedby SMA (NiTi) barsunder halfcyclic loading as shown in Figuge- 13.

Me—————»8,5" (216 mm)
--:_______-- "I’/ ) _,...--""".-F—_
| \'I.oadh'lg plate

9.5% (241 mm)
2 Transducers 114" x 5"

\ﬂ_ Tape Marking For
Laser Measuremaent

Strain Gage Location

5 (127 mi

Bupports 47 (101.6 mm})

50" (1270 mm]

Figure 2 - 13: Experimental setup of the lram Test(Ayoub et al. 2003)

Figure2 - 14 shows theestingresults whichindicatethat average residual displacement

in beams reinforced with SMAars was less than orlEth comparing to beams

reinforced withsteelbars
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Figure 2- 14: Load i Displacement response for beamseinforced with SMA bars (Ayoub et al. 2003)

SMA - FRP hybrid system was investigated Mghdi et al. (2010) to develop corrosion
free structural elements with tieapability to recover large deformatismpon unloading
processA RC - BCJwascastandtested under reversgclic loading where SMA bars
have beemsed in the plastic hinggeaand FRFbarsin the otherareasThe licing was
replacedby regular single barrel screleck mechanical couplers foconnecing the

SMAs barswith FRP asllustratedin Figure2i 15.
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Figure 2 - 15: Splice details of the testgecimen (Nehdi et al. 2010)

The resultshave beercompared in terms of loastory drifts Figure 2 -16, moment
rotatiors and energy dissipation capaciBgure2 i 17 to thoseof a similarRC - BCJ
specimen reinforced witbrdinarysteelreinforcement bars. Dissipated energy, maximum
drift, and ultimate strengtiwere comparable in both specimeri¢evertheless the
cambility of the SMAIn re-centering was nashowndue to sigriicant slippage of the

FRP basinside themechanical couplers.
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Figure 2 - 16: Beam tip loadvs. story drift e nvelope ofBCJ specimens (Nehdi et al. 2010)
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Figure 2 - 17: Cumulative energy dssipation-Story drift b ehavior of BCJ specimens (Nehdi et al. 2010)

(Abdulridhaet al.2013) focused in his testing program on flexural largeale concrete
beamswhich reinforced withSMA bars in critical sectionas shown in Figur@ i 18.

These beams were subjectedewerse cyclic, cyclic, and monoton@ading.
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Figure 2 - 18: Details of SMA bars and couplers in the bam(Abdulridha et al. 2013)

Results of experimental tests were compared and verifidhl hyisteretic constitutive
modeling of Shape Memory Alloy. It shows that superelastic SMA bars were superior to
ordinary steel reinforcement in limiting the crack width and residual displacement
concrete beams. In additioBMA beams subjected to cyclic loadsdissipated same
energy like ordinary steel reinforcement while with reverse cyclic loadiS{IA
reinforcedbeamsdissipated about 54 % dlie energythat hasdissipated by ordinary

steelreinforcedbeams.
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The ability of beams reinforced wittSMA to recover displacementwas further
illustratedin Figure2 1 19, which showsthe midspandeflectionrecovery capacityor

beams under both cyclas well ageversecyclic loading.
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Figure 2 - 19: Recovery capacitydisplacement ductility behavior (Abdulridha et al. 2013)

HongNan Li et al. (2006)nvestigatedSelfrehabilitation of IntelligentBeams, which
Reinforcedwith SMAs. In this study, SMAs cable /strands were used in reinforced
concrete structuresSMAs strands are made of small diameter wires. é@mnparison

three samples wereast a conventional beam reinforced with stesihforcementbars

only and two beams reinforced wi8MA and steel bars with various configurations as

shown Figure 2 - 20 & 2 - 21 respectively.The resultsof the tests show that with
appropriate reinforcement and shape memory

by theSMAs upon unloading alustratedin Figure2 - 22.
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Figure 2 - 20: Reinforcement cetails of themodel 1 and 2(Hong-Nan Li et al. 2006)

Figure 2 - 21: Reinforcement used in sample (the bottom longitudinaleinforcement only uses siper elastic
shape memory alloys barsfjHong-Nan Li et al. 2006)

(a) (b)

Figure 2 - 22: a) A large crack observed during the loading Test  BJhe crack closes after unloading the
specimen(Hong-Nan Li et al. 2006)
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CHAPTER 3

TRAINING, TESTING, AND PREPARATION OF (SMA)

BARS

3.1INTRODUCTION

SMA bars, which have been used in this researelnebroughtf r om Xi 6 an
Materials Development Co., LtdChina.All SMA bars are 12 mm in dianet An XRF
test was performed to get the exalsemicalcompositionof the SMA materialTable3 -

lillustratesthe chemical compositigof SMA bars

Table 3- 1. The chemical mmpositions of SMA material used in this research

Composition Percentage %
Nickel 51.92 %
Titanium 45.87 %
Iron 0.96 %
Aluminum 0.33%
Impurities 0.92 %

33

Sait e



3.2TRAINING OF SMA BARS

SMA bars were heated to 350 in appropriatefurnace forone anda half hoursand
thenthey were taken out from the furnace aminediatelywater quenchedrigure3 - 1
shows the furnace which has been used for heating the shape memory allbigbhess3

- 2 shows the shape memory alloy bars aftetipgtin cool waterimmediatelyafter

heating

Figure 3-1: The furnace during heating of the SMA bars

Figure 3-2: Putting of SMA bars in cool water immediately after heating
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3.3TESTING OF SMA BAR

For geting the neededparameterso be used imumerical modelingand mechanistic
model'scalculations SMA material has been tested in tensiéor this purposehe SMA
bar has been formed according to ASTM standards as shdwgure 3- 3 andhas been
used for testing at a speed (@ mm/min). (100 kN) Instron series 8000 equipment was

usedfor the tensildgestingasillustratedin Figure 3- 4.

Figure 3-3: SMA bar which has been used for tension test
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Figure 3-4: Testing of SMA bar using (L00kN) Instron machine

First, the bar was tensioned to 5 % strdirectly; to avoid any slippagecould occur
between SMA bar and the grips. Thmmmbersof cycleshave been appliet the bar to

get its real behavior.

Figure 3- 5 shows theSMA 12 mm diameteibar responseto the tension testFor
modelingpurpose a suitableidealizationhas been applied to the SMA tension diagram
curve.Figure 36 showstheidealizedcurve ofthe SMA barfor constitutivemodelingin

ANSYS software
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Figure 3-5: Stressi strain diagram curve of SMA bar
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Figure 3- 6: ldealized stressi strain curve of SMA bar for numerical simulation

3.4PREPARATION OF SMA BARS FOR CASTING

A number offive SMA bars were ribbed using a very special machindetResearch

Institute (R1) in KFUPM using ASTM standards. This operation was very difficult since

that SMA material is very hard and it cannot be cut or ribbasily. Figure 3- 7

illustratesthe procedure of ribbing the SMA baFgure 3- 8 shows the SMA bar before

and after ribbing.
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Figure 3- 8: SMA bar before and after ribbing

Then, singlebarrel, regular type screw losk couplers have beememployed for
connectinghe steel reinforcement bars wiBMA barsin all BCJspecimensThese types
of couplers ar&complyingwith ASTM A615 andcompatible with reinforcing bardn
these coumrs, eactbar reinforcemenendis insertedin the end ofthe couplerto the
middle position thatcan be indicated by a small hole in the middle. THhumits were
tightened with ppropriate torque until their heads inside the bars After puttingthe
SMA bars in the couplers, a very high strength epio)X§ikador 330- was injectedto
reduce the chance of slippage betw&AA bars andcouplers Figure 3- 9 showsthe
couplerthat has been used in the BCJ specinatsaSikador 330epoxy thathas been
injected between SMA bars and coupléigure 3- 10 shows the procedure of preparing

the SMA bars and couplefsr epoxy injection.
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Figure 3 - 10: Preparation of SMA bars and couplers for epoxy injection
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CHAPTER 4

MECHANISTIC MODEL FOR BCJs AND CRACK

CALCULATIONS

4.1LOADS ACTING IN EXTERIOR (BCJs)

Theresponsef BCJsin the RC structura is not thateasyto beunderstood. Numbsiof
stressesontiguousmembers converges tte samepoint. Axial loadsas well asshear
stressaretransmittednto theBCJregion from thecolumn, whereabending momeistas
well asshear stresare transmittedfrom the beaminto the BCJ region Therefore, @
understandhe forces and stresses in the joitdadings onboth beams and columns

shouldbe known.

4.1.1FORCES ON THE BEAM
Thebendingmomentreaction, which occurred ¢he BCJ interfacg) )is given by

equation [4.1]

0 0 «a (4.1)
where:
P=Load actingpnthebeam tip.

& = Distance fronthe columrfaceto the tip of the beam where the load in apphsd

illustratedin Figure4 - 1.
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Figure 4- 1: Forcesacting at the beam

4.1.2FORCES ON THE COLUMN

In that respectan assumption was made that at the halfway point of the column between
slabs there is the inflection point in the column where bending moment is equab.to zer

For BCJsa nomentat the end of the beaimequal tathe momenin the columni .

Therefore shear forcein the colums of BCJcan be calculatedsingequation 4.2]

@ 5 (4.2)

where:
w = Shear force in column

O = The distance betwedheinflection points
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Figure 4- 2: Forcesacting in the BCJ

Figure 4- 3illustratesthat horizontal shear force tise combination otensile force in the
beam reinforcement bars framing into the joint #mesheawhich carried down through

the column adlustratedin equation 4.3]

®w Y w (4.3)
where:
“¥ The tensildoadin thelongitudinalsteelreinforcemenbars of the beam

w = The total sheanccurredabove the joinin the column.
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4.2EXTERIOR BCJ SHEAR STRENGTH REQUIREMENT S

The principal tensile shear stress is usually employed for specifying the joint shear

strength capacitysaillustrated in Figure 43.

P

Figure 4 - 3: Principle tensileshear dressin the (BCJ)

Froma Mo hr Otke prncipledensdshearstresscan beexpressed in equation 4.

» fi T 44

where:

0 = The stress orthe planewhich is parallel tothe longitudinal axiof the member
which is equal to the axiali() on the column

0 = Thenormal stres®n theplane perpendicular to the axis of member, which is zero
for the joint

U = Theshearstress, whichis equal toO ; thereforefor the exterioBCJ, theequation

[4.4] couldbe written as
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(45)
where:

, = Column axial stress— |, and U = Horizontal shear stress—

4.3FAILURE MODE IN EXTERIOR BCJ

If the sheartensile stress ofhe joint is more than or equal to the tensile strength of

concretewhich isgiven byequation 4.6]

ngy  np b (4.6)

Therefore,BCJ will fail in shear and diagonal cracks wilbrm in the joint region.
Whereasif thesheartensile stress of joint is less than the tensile strength of concrete, the

joint will fail in flexural at theBCJinterface.
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4 ACALCULATION OF LOAD CAPACITY FOR BCJ 1T FLEXURAL
FAILURE

To calculate the load capacity at yielding point of steel reinforcement bars for the flexural
failure of BCJ, simple mechanistic equations of cantiléeamcan be useds shown in
Figure 4i 4. Since there no shear failuatthe jointregionand concrete strength of the
joint is more than the applied principle stresses, the column is acting like a support for the

beam in the BCJ specimens.

Tension Side

ﬁ/ZSOj
. L - %S »
AS ‘T VT
300 275
0.003
Compression Side
Figure 4- 4: Stress and strain diagrams for the beam
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4.5CRACK CALCULATIONS

The maximum crack recovery for experimental tests is given by the following equation:
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The crack width anccrackspacing are difficult to calculaie practice. hwever,some
empirical equationsiave generally been uséa compute thecrack spacing as well as
crack width.The following sections showthe bestknown equations that have been used

in most academic resedr for crack width and crack spacing calculations

4.5.10H AND KANG

Oh and Kang have proposed the following equations to predict the maximum crack width

(@ and the average craskacing'Y .

Q
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where;

C= Clear cover of RC member

'Q = Diameter of the bars
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¢ = Number of steel reinforcement bars

"Q= The dstance from the natural axis to the centroid of tension bars

"Q= The distance from the natural axis to the extreme tension edge

0 = The area of each steel reinforcement bar

0 = Effective tension area of concrete surrounding the tension bat=eing) the

same centroid of steel reinforcement bars

- = Steel tensile strain

45.2CEBT FIP CODE

According tothe CEBi FIP Code, the mean crack spacing, , average crack width

(w ), and maximum crack widthu can be calculated using the following

eqguations:
Y ¢ © —Y O 0 i T®T
p T
() - Y T®VUL
@ PX W ™ ¢
where:

C= Clear cover of RC member

S= Maximum spacing between longitudinal steghforcement bars
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0 = 0.4 for deformed bars and 0.8 for plain bars

O =T ¢ U

- & - = The maximum and minimum tensile strains in the effective zone

'Q = Diameter of the bars

0 = Steel reinforcement area in teestione

0 = Effective tension area of concrete surrounding the tension bars and theving

samecentroid of steel reinforcement bars

4.5.3CHOWDHURY AND LOO

Chowdhury and Loo predicted the following equation to calculate the average crack

spacing, 'Y , average crack widthu{ ), and maximum crack width(

Q
Y o™ o6 Y T ™ X
‘ oy Q
w 6 Tfﬁ) l.IJ
W P W P W

where;

“Y = Average spacing between steel reinforcement bars
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‘Q = Diameter of the bars

" = Steel reinforcement ratio

"(= Stresses in the bars at service load
'O = Modulus of elasticity

4.5.4THE EURO CODE

Euro Code recommended the following equation to calculate the average crack

spacing, 'Y and the crack width (W)

Y uvmmgu o 0O @ — T8 T

where:

0 = 0.8 for deformed bars and 1.6 for plain bars

0 =1.0 for members subjected to tension and 0.5 for members subjected to bending
‘Q = Diameter of the bars

" = Steelreinforcementatio

- = Steel tensile strain

[ =1 for mea crack width and 1.7 for maximum crack width
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CHAPTER 5

EXPERIMENTAL PROGRAM OF BCJ SPECIMENS WITH

SMASs

5.1INTRODUCTION

For theinvestigation ofthe responsef the BCJ reinforced with embedded SMA bars,
eight BCJ specimens wereast then tested understatic reversecyclic and cyclic
loadings. Three control specimens contain ordinary steel reinforcement bars only and five
specimens contain SMA baas the criical section of beam with steel reinforcement in
different configurationsOneof the five SMA specimens wasstusing untrained SMA

bars and the remaining specimens waastusing trained SMA bars. In addition, several
experimental testhiave beercaried out to perform nonliree simulation in ANSYS
software including testing of the mechanical properties of concrete and steel

reinforcement bars.

5.2SPECIMEN DETAILS

Eight specimens were fabricated aocdst by PRAINSA Company using a 51 MP
compressive stragth concrete. All bars included main steel reinforcement and SMA bars
werel1l2 mm in diameter8 mmdiameter bars were used as transverse reinfanefor

all specimens. Table- 1 summarizes all the B&GIp e c i detils.s 0
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Table 5- 1: BCJ Specimens Details

NUMBER

SPECIMENS FIGURE | TYPE OF
OF DETAILS NO TEST
SPECIMENS| NAME '
ConBCJ1 ) Monotonic,
All reinforcement of beams )
Cyclic, and
3 ConBCJ2 and columns are I'&dm 5-3
. Reverse
diameter bars '
ConBCJ}3 Cyclic
3 Ribbed SMA trained barg
1 NiTi-BC}1 | were used at the Top criticg 5-4 Cyclic
section of the beam
2 Ribbed SMA trained bars
. with 1 Steel bar were used _
1 NiTi-BCJ2 N . 5-5 Cyclic
the Top critical section of th
beam
2 Plain SMA trained bars
. ONLY were used at the To Reverse
1 NiTi-BCJF3 N _ 5-6 )
and Bottom critical section Cyclic
of the beam
1 Plain SMA trained bar
with 2 Steel bars were use Reverse
1 NiTi-BCJ4 5-7 )
at the Top and bottom Cyclic
critical section of the beam
3 Plain SMA UN Trained
1 NiTi-BCJ5 bars were used atthe Tog 5-8 Cyclic
critical section of the beam
Con: Control NiTi: Nickel Titanium BCJ: Beam Column Joint
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5.2.1BEAM COLUMN JOINT SPECIMEN SIZE

All BCJ samples werereatedwith the same dimensions 300m depth by 250nm
width, thetotal height ofthe column was 1400nm and the cantilever length of the beam
was 900mm. Figure 5- 1 shows theGeometric Size andimensions of BCJ specimens
usedfor the experimental testing program. Th&®@J dimensions have been selected as
approximately to represent the average sized of B€al Moreover, there were many
limitations such as theltimateload capacityand dimensions of the testifiggme that is

avdlable in KFUPM lab and the deflection capacityilasstratedin Figure 5- 2.

3D MODEL FOR SPECIMEN

Figure 5- 1: Geometric sze of BCJspecimens
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Figure 5- 2: Existing frame avaiable for BCJ testing in KFUPM | ab

522BEAM COLUMN JOI NT SPECI MENGS CAGES
For all specimens, a number of six @2n diameter bars have been used in columns as
main reinforcementwhereas8 mm diameter ties have been usém transverse
reinforcement. Similarly, three m diameterbarshave been useat both bottom and

top mainreinforcement in all beams except fiTi-BCJ4 specimen in which two main
reinforcement bars have been usethatbottomand top of the beam. In additionp@n
diameter closed stirrups have beesedi as transverse reinforcement for all beams.
Moreover, there were two @m diameter ties were put in the joint for all the specimens.

Geometry and reinforcement for all specimens are givéigure5 - 3 to Figure5 -8.
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Figure 5- 3: Geometry and reinforcement details ofCon-BCJ-1, 2, and 3 specimens
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Figure 5-4: Geometry and reinforcement details oNiTi-BCJ-1 specimen
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Figure 5-5: Geometry and reinforcement details oNiTi-BCJ-2 specimen
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Figure 5- 6: Geometry and reinforcement details oNiTi-BCJ-3 specimen
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Figure 5-7: Geometry and reinforcement details oNiTi-BCJ-4 specimen
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Figure 5- 8: Geometry and reinforcement details oNiTi-BCJ-5 specimen
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5.3MECHANICAL PROPERTIES OF CONCRETE

All the specimens were fabricated aodstin PRAINSA Company using a concrete
strength of51 MPa. Several standard concrete cylinder specimens dittensionsof
(75*150) mm asillustratedin Figure5 -9 were castand tested in the lab to get the
compressive strength, tensile strength, and the ststssin diagram curvesigure 5-10
shows the concrete cylinder specimens after casting at the factory.

O yuwa
—

)
N

0 pudad

Figure 5-9: Dimensions of concrete cylinder specimens

Figure 5 -11 shows the concrete cylinder specimens during and after the compressive
strength testCompressive strengthbf concretecould be calculatedisingthe following

equation

Figure 5- 10: The concrete cylinder specimens after casting at the factory
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Figure 5- 11: concrete cylinderspecimengduring and after
compressive strength test

where  P: Applied compression load
D: Diameter of concrete cylinder specimen (75 mm)

From the results of the test, the strength of concrete is equalM®&Ilable5 -2 shows

the test results of the three cylinder specimens.

Table 5- 2: Compressive grength of concrete

COMPRESSIVE | AVERAGE COMPRESSIVE
SAMPLE NO. STRENGTHin MPa STRENGTH
1 54.66
2 47.54
51 MPa
3 50.82
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In addition, a split tensilexperimentwas performed for the concrete cylinder specimens
to get the tensile strengtbf the concrete. Figure 8.2 illustratesthe depiction ofthe

concrete cylinder specimavhich has beensedfor the tensile split test.

O xywa

Figure 5- 12: Depiction a split tesie cylinder used in split test.

Splitting tensile strength coulak calculatedisingthe following equation

where:

P: The applied tensile load

L: The length of concrete cylinder specimen (150 mm)

D: The dameter of concrete cylinder specimen (75 mm)

From the results of the split test, the tensile stress is equal to 4.5 MPa as sh®aolén
5 -3. Figure5 -13 shows the concrete cylinder specimens during and after the split tensile

test.

59



Figure 5- 13: Concrete cylinder specimens during and after the split tensile test

Table 5- 3: Splitting tensile strength of oncrete

TENSILE AVERAGE TENSILE
CYLINDER NO. STRENGTH (MPa) STRENGTH
1 4.59
2 4.30
4.5 MPa
3 4.62

In addition two concrete cylinder specimens were tested in compression sis#iig
gaugesaandLVDTs to drawthestress straindiagram curvend to find the Poisson ratio.

Figures 5- 14 & 5-15 show the test set up during and after the test respectively. The

stress strain diagram curve of concrete was drawniflustratedin Figure 5-16.
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Figure 5- 14: Concrete cylinder specimen during the stresstrain compression test

Figure 5- 15: Concrete cylinder specimerafter the stressstrain compression test
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Figure 5- 16: Stress- Strain diagram curve for concrete cylinder specimen

5.4MECHANICAL PROPERTIES OF STEEL REINFORCEMENT

For all BCJ samples, the diameters of transverse and longitudinal reinforcement bars are
8 mm, and 12mm respectivgl. Tensile testavere conducted to calculate the actual
yielding tensile strengttior reinforcementbars Table 5 - 4 shows the summarized
properties of 12nm and 8mm diameter steel reinforcements. Stress strain curves of 12
mm and 8nm diameter steel neiorcemenbarsareillustratedin Figures5-17& 57 18

respectively

Stress (Mpa)
N
N
o
o '\g\
™ —
“\

0.016 0.024 0.032 0.04

Strain (mm/mm)

Figure 5- 17: Stress- Strain diagram curve for 8 mm diameter bar
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80
0
0 0.008 0.016 0.024 0.032 0.04 0.048 0.056 0.064
Strain (mm/mm)
Figure 5- 18 Stress- Strain diagram curve for 12 mm diameter bar
Table 5- 4: Mechanical properties for steel bars
Steelbars Diameterin mm Fy in MPa
U8 8 576
a 12 12 610

5.5STRAIN GAUGES

Fifteen (15) strain gaugeshave beennstalled in each specimeifhese gaugesvere
installed atplacesin the BCJ reinforcement agllustratedin Figure 5- 19. Two (2)
gaugeswere placed ontop reinforcement at the BCJ interface and other 2jowvere
placed on topeinforcemenbut at a distance ¢25 mn) from the first stirrup. Other two

(2) strain gauges were placed near the mechanical coupler of the top reinforcement.
Moreover, same numbers of strain gaulgage beerused at bottom reinforcemebars

of the beamIn addition, ong1) strain gauge was @ted at the column reinforcement and
two (2) on stirrups and joint tie§.he uniqueadhesiveglue hasbeen usedor pastingthe

strain gauges orthe bar surface, then wrappedy atape and waterproof ahownin

Figure 5- 20.
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All dimensions in mm
Position of Strain gauges

Strain gauges<

5G13 ;4 the column bar near the joint
5G14 : at 14 beam stirrup
SG15: at 1st joint stirrup

SG1: 14 Top bar atthe column interface
SG2: 14 Top bar a 25mm from 1st stirrup
SG3: 1st Top bar a 150mm from the 2nd coupler

5G4 3rdTop bar at the colunm interface
SG5: 3rd Top bar at 25mm from st girrup
3G6: 3rd Top bar at 180mm from the 2nd coupler

Couplers

i

150 -

5.
1]

SG15

oyl

&l
8

1]

43

14

|

e

SMA Bars

3G7 1=t Bottom bar at the colurm interface
SG8 : 14 Bottom bar at 25mm from 15t stirrup
5G9 15t Bottom bar at 150mm from the 2nd coupler

3G10: 3rd Bottom bar at the column interface
2G11: 3rd Bottom bar at 25mm from st stirrup
SG12 ; 3rd Bottom bar at 150mm from the 2nd coupler

Figure 5- 19: Locations of strain gauges for einforcement

1/'/ -

y

SIS

Figure 5- 20: Strain gauges after wrapping with tape and waterproof



Figure5 - 21 shows the preparation of steel reinforcement cages of BCJ specimens at
PRAINSA factory. AllSMA bars and couplers are installed and fixed in their position at
the BCJ specimens with appropriate configuratasillustratedpreviously in Tablé - 1.
Figures5 - 22 & 5 - 23 show the installation of the strain gauges into the BCJ specimens
and the exact location of strain gauges after the installation into the BCJ specimen

respectivelyd F i & u24 shows the BCJ specimens ready for casting.

Figure 5- 21: The preparation of steel cages of BCJ specimens at PRAINSA factory
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Figure 5- 22: The installation of the strain gauges into the BCJ specimens
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23: Locations of strain gauges after the installation into the BCJ specimen

Figure 5
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Figure 5- 24: The BCJ specimens ready for casting

5.6CASTING OF BEAM COLUMN JOINTS SPECIMENS

All steel cages and stefrmwork have been prepared by PRAINSA Company and all
specimens wereastin the factory.Eight steel forms have been fabricated for casting
using a mechanical vibrator and a delivery migsr shown in Figuré& - 25. Three
specimens have been prepared using arglinsteel reinforcement and other five
specimens, which reinforced partially with SMA bars, have been fabridzdtpde5 - 26

shows the BCJ specimens after casting and finishing procedure of the surface.

67



Figure 5 - 26: Finishing procedure of theconcretesurfaceafter castingof specimens
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5. 7TESTING ARRANGEMENTS

All BCJsampleshave beetestedat seltreactionfloor loadingat KFUPM lab.The extra
clamping systenmas beemadeto thetestingframefor holding the BCJ samplex both
endsof columrs andat the beam tigor applyingthe displacement and the loaftem a
hydraulic jack, whichis illustratedin Figure 5- 27. Two jacks have beerused for
applying the loads. One hydraulic jack (Ayas placedn the top surfac®f columnto
apply 150kN asan axial load. he other jack (BWwas placedat thebeamtip to apply

displacement and load# thetip of thebeam agllustratedin Figure 5- 28.

Figure 5- 27: Extra clamping systemfor holding the samples during the BCJ testing
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Figure 5- 28: Hydraulic j acks(A) & (B) used to testBCJ specimens

5.7.1INSTRUMENTS FOR TESTING

Concrete stain goadicglislzaye béemnfalaufor,all BCA shmples
to record deflections, strains, anlbads. Two load cellsnamed(LC1 & LC2) with a
capacity ofL00tons wereplacedat the bottomandtop of beamtip. One Load celhamed
(LC3) with 20 tonscapacity was placedn top of columnasillustratedin Figures5 - 29

& 5-30

Figures 5 31 & 5- 32illustrateonepatriot LVDT named(B2) - string type- has been
placed at the beam tip to record deflections during BCJ specimens t@sting.D T 6 s
named(C1 & C2) have been placed thie bottomandtop of the column to measure any
movements or rotation§wo L V D Traamed(J1 and J2have been placeih the joint
region for observingand measumg if any diagonal crackoccurred In addition, two

L V D Trammed(K1 and K2)have beerinstalled at the critical sectidrottom and topf

the beam for measuring the crack width during theaesthown in Figurg - 33. Besides
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