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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) is specified as the weakest zone in the structural systems. If beam-column 

joints have the ability to retrieve their predetermined strength and shape after a seismic 

occurred, then many problems, which related to collapse and permanent damage, might 

be solved. Consequently, the purpose of the study is to predict intelligent BCJs that can 

experience to greater deformations yet retrieval potentially its predetermined structural 

integrity after seismic has occurred. Shape Memory Alloys (SMAs) material has the 

ability to construct of such intelligent reinforced concrete beam-column joints. 

SMAs have a relatively smaller hysteretic loop and lower modulus of elasticity 

comparing to reinforcement, also have high resistance to fire and corrosion. Therefore, 

using SMAs for strengthening of 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 is for Investigation the behavior of (BCJs) 

Reinforced with Shape Memory Alloys (SMAs). This investigation will initially show the 

factors influencing SMAs engineering characteristics, constitutive material models, and 

the fundamental properties. Furthermore, the investigation will focus on the behavior of 

BCJs under reverse cyclic and cyclic loading reinforced with super elastic SMAs. 

Numerical simulation models of BCJ with and without SMAs will also be conducted by 

using suitable nonlinear finite element analysis software, which will help to interpret the 

monitored behavior of BCJs through comparison with the numerical simulation. 

This work is done under the Deanship of Scientific Research (DSR) project number 

(IN121058). The main aim of this work is studying the behavior (BCJ) reinforced with 

shape memory alloy bars at critical section. All the specimens were prepared and cast at 

PRAINSA Company then they were conducted and tested in the KFUPM structural lab. 

Results from experimental tests have been used for the verification of Finite Element 

simulation of (BCJ). 
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ϣЮϝЂϽЮϜ ЉϷЯв 

 
 

ЬвϝЪЮϜ аЂъϜ: рϼмϲЮϜ дтЂϲ атϼЪЮϜϸϠК  
 

ϣЮϝЂϼЮϜ дϜмжК: ̭ϝЧϦЮϜ ϼЊϝжК и̭ϝУЪ дв ХЧϲϦЮϜ ϼмЂϮЮϜ Йв иϸвКцϜ  ЬЪІЮϜ ϼЪϺϦ дϝϠЎЧϠ ϝлϲтЯЂϦ ϸжКSMA 
 

:ЈЊ϶ϦЮϜ ϣтжϸвЮϜ ϣЂϸжлЮϜ 
 

ϣтвЯЛЮϜ ϣϮϼϸЮϜ ϵтϼϝϦ:  мтϝв2016 

 йЊϝ϶ ϤϜϼϝАϜ дв дмЪϦϦ ЬϾъϾЮϜм ϰϝтϼЮϜ ЬϝвϲϓЪ йтϠжϝϮЮϜ ЬϝвϲъϜм омЧЯЮ йвмϝЧвЮϜ йϲЯЂвЮϜ йтжϝЂϼ϶ЮϜ сжϝϠвЮϜ

 амϾЛЯЮ йвмϝЧв(SMRF)  йтЮϜϾЮϾЮϜ омЧЮϜм ЬϝвϲыЮ ϝлЎϼЛϦ ϣϮтϦж иϼтϠЪ ϤϝкмІϦЮ ЌϼЛϦϦ сжϝϠвЮϜ иϺк .

 иϸвКцϜм ϼмЂϮЮϜ дтϠ ̭ϝЧϦЮъϜ ХАϝжв сТ ϝЊмЊ϶м(BCJ) ̭ϝЧϦЮъϜ ХАϝжв атвЊϦ дЪвϜ ϜϺϗТ .(BCJ)  ϨтϲϠ

ІвЮϜ дв ϸтϸЛЮϜ ̪ йтЮϜϾЮϾЮϜ омЧЯЮ ϝлЎϼЛϦ ϸЛϠ йтЯЊъϜ ϝлϦЮϝϲм ϝлϦвмϝЧв ИϝϮϼϦЂϜ пЯК иϼϸЧЮϜ ϝкϸжК ϱϠЊтϝ ЬЪ

̭ϝжϪϜ ϤϝϚІжвЮϜм сжϝϠвЮϜ ϤϜϼϝтлжϝϠ йЧЯЛϦвЮϜ ИмЦм  аϦт РмЂ ЬϾъϾЮϜ пЯК ДϝУϲЮϜ аϦтЂ сЮϝϦЮϝϠм ϝлϠжϮϦъϜ ϰϜмϼ

ϦввЮϜм.ϤϝЪЯ  ϜϺк дв РϸлЮϜ дϗТ ̪ ШЮϺЮъϜ ХАϝжв ̭ϝІжϜм атвЊϦ мк ϨϲϠЮϜЮ ̭ϝЧϦ(BCJ)  ЬвϲϦ ЙтАϦЂϦ ϨтϲϠ

 ϸЛϠ йтЯЊъϜ ϝлϦЮϝϲ пЮϜ ИмϮϼЮϜ пЯК иϼϸЧЮϜ ϝлЮ дмЪт аϪ иϼтϠЪ ϤϝкмІϦЬмЊϲ  ̭ϝІжϜм атвЊϦ аϦт сЪЮм .ЬϜϾЮϾЮϜ

ъϜ ХАϝжв дв ИмжЮϜ ϜϺк ЬϪвЮ ̭ϝЧϦ(BCJ) ЂІЮϜ ϼЪϺϦ иϸϝв аϜϸ϶ϦЂϜ аϦт аЂϗϠ РϼЛ̳Ϧ сϦЮϜм ЬЪ(SMA)  сϦЮϜм

 ϝлЛЎм пЮϜ ϸмЛϦ дϜ йЊϝ϶ЮϜ ϝлϦϝУЊϜмв Ьы϶ дв ЙтАϦЂϦиϼтϠЪ ϤϝкмІϦЮ ϝлЎϼЛϦ ϸЛϠ сЯЊъϜ. 

 ϨϲϠЮϜ ϜϺк сТЂϦтъϜ ХАϝжв ШмЯЂ РϝІЪϦЂϜм ϣЂϜϼϸ аϦЮ ̭ϝЧ(BCJ)  сϦЮϜмтϠ ϝлϲтЯЂϦ аϦ дϝϠЎЧ Ϣϸϝв(SMA)  сТ

йжϸЯЮϜ ЬЊϝУвЮϜ ХАϝжв аЂϗϠ РϼЛ̳Ϧ сϦЮϜм )s(Plastic Hinge йϠмϝжϦвЮϜ ϤϝкмІϦЮϜм ЬϝвϲъϜ ϼтϪϓϦ ϤϲϦ    

(Cyclic and Reverse Cyclic Loads) йЂϜϼϸЮϜ иϺк . РмЂЬвІϦ ϣЂϜϼϸ  йтЂϸжлЮϜм йтЂϝЂцϜ ЈϚϝЊ϶ЮϜ

 ϢϸϝвЮ(SMA) .иϸϝвЮϜ иϺлЮ йУЯϦ϶вЮϜ ϤϜϼтϪϓϦЮϜм ЬвϜмЛЮϜ ШЮϺЪм  ХАϝжв ШмЯЂ ϣЂϜϼϸ аϦт РмЂ ШЮϺ пЮϜ йТϝЎшϝϠ

̭ϝЧϦЮъϜ (BCJ)  сϦЮϜмтϦЂϝϠ ϝлϲтЯЂϦ аϦ϶ рϸϝтϦКъϜ ϱтЯЂϦЮϜ ϸтϸϲ аϜϸ(Steel Reinforcement)  йϲЯЂвЮϜ ШЮϺЪм

 ЬЪІЮϜ ϼЪϺϦ дϝϠЎЧϠ(SMA)  иϸϸϲвЮϜ ϼЊϝжЛЮϜ ϣЧтϼА аϜϸ϶ϦЂϝϠMethod) Element(Finite   ϭвϝжϼϠ сТ

 рϸϸЛЮϜ ЬтЯϲϦЮϜ(ANSYS) . 
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1 CHAPTER 1 

INTRODUCTION  

1.1 GENERAL  

The beam column joints (BCJs) are considered the critical zone in the RC frame since it 

is the crucial element that subjected to greater loads during acute ground shakes. This 

behavior has a considerable impact on the behavior of structures, namely with reference 

to its energy dissipating capability and ductility.  

Beam Column Joints (BCJs) could be classified into three parts. First, a strong column / 

weak beam, which becomes the best case since the collapse in beam is less crucial than 

the collapse in the column. Second, strong beam / weak column, if the plastic hinge starts 

to happen in 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 intersection point of the column and beam, which cause a large rotation both, in 

column and beam, in the conjugation of losing column the capacity of carrying loads and 

then the failure of the joint. Consequently, BCJs must have a unique attention for 

appropriate detailing and designing. 

The BCJs must be detailed appropriately to guarantee sufficient ductility when a seismic 

event occurs. Ordinary structures are usually designed and constructed to be safe, where 

seismic energies are dissipated by yielding of steel bars and its deformations. The most 
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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 that have an 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, this will open a new area for structural 

engineers to enhance the connectionôs design with improved ductility and 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 are used in earthquake reinforced concrete 

structure, it can recover large deformations and at the same time yield under strains 

resulting from earthquake loads. SMAs rebars could be a great choice for high seismic 

zone of reinforced concrete structures, particularly in BCJs. For these reasons, as to the 

assessment of 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 constructing intelligent structures is becoming a reality. Civil 

Engineers with the help of metallurgical science have innovated structural materials that can 

display predetermined physical properties. SMAs are novel functional materials that can 

exhibit small residual strain under various types of applying and removing loads even after 

passing the yielding zone. This material has the capability for remembering its original shape 

even after a severe deformation. 
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1.2 KINGDOM OF SAUDI ARABIA  SEISMICITY  

In the recent years, there is increasing in concern about earthquake activities along the 

western coasts of Saudi Arabia. Many studies have been conducted to calculate the risk 

level of earthquake events in the Kingdom of Saudi Arabia. The seismic hazard analysis 

for Saudi Arabia was carried out. The zonation map, as illustrated in Figure 1 - 1, was 

created in the Kingdom of Saudi Arabia based on the peak ground acceleration, (PGA), 

values were determined for a fifty yearsô lifetime of service with about 10% possibility of 

being increased. 

 

Figure 1 - 1:   The seismic zonation map for Saudi Arabia Kingdom 
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In the following table, the UBC model for Kingdom of Saudi Arabia. Saudi Arabia is 

divided into 4 zones with seismic zone numbers (SZN) of 0, 1, 2A and 2B as illustrated 

in the following Table 1 ï 1. 

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

Seismic Zone Number (SZN) Peak Ground Acceleration (PGA) in gôs 

0 Less than 0.05 

1 From 0.05 to 0.10 

2A From 0.10 to 0.15 

2B More than 0.15  

 

The framework of ACI code was adopted for designing of RC structures in Saudi Arabia. 

According to the ACI 318, seismic zones of (SZN) equal to Zero and One are considered 

as areas with no and very low risk levels, respectively. While seismic zones of (SZN) 

equal to Two A & B are considered for moderate risk levels. Consequently, according to 

seismic zonation map of Saudi Arabia most of the Kingdom regions are considered to be 

of no and low risk levels. However, areas along the western coasts, particularly in the 

southwest and northwest, fall in the zone of moderate risk level. 

Some of the larger towns located in the Eastern Part of the kingdom are very near to the 

zone of faults. As population growths years by years and many new buildings are 

developed, seismic risk to infrastructure and the lives of human beings increases. 

To minimize the severe damage of new buildings and loss of human lives due to seismic 

events, there are some approaches for overcoming this issue. One of them is to use a 

super elastic material, especially for the BCJ, which has the capability to undergo large 
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deformation up to 10% to 20% strain then return to its original shape without any 

permanent deflections. By using this unique material, which named Shape Memory 

Alloys (SMAs), buildings can remain safe after earthquakes and cracks in the structural 

element will close. 

1.3 THE IMPORTANCE OF BCJs IN STRUCTURES 

BCJs in reinforced concrete moment resisting frames are critical zones for transferring of 

moments and loads effectively between all connecting elements, such as columns and 

beams, in structures. It is the crucial element, which subjected to large loads during acute 

seismic events. 

Portion of column which is combined to beam at the intersection is named BCJ. It 

performs an essential role integrating system of structures. It is the most crucial part in 

the structures, particularly in the region of high to medium seismicity. Flexural failure, as 

well as shear failure, of BCJ is classified as one of the major reasons of failure for 

numerous moment resisting RC frames. These frames are not resistant for seismic events 

because of low- concrete strength and inappropriate reinforcement details of the BCJ 

components. 

Unsafe design as well as detailing within BCJ regions could jeopardize the whole 

structures as illustrated in Figure 1 - 2 even if the other elements are conforming to the 

requirements for design. For the past four decades, many researches have been performed 

on studying and analyzing of the behavior of BCJ under earthquake conditions by 

experimental, analytical, and numerical investigations.  
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Figure 1 - 2:   Several examples of BCJ failure 

If BCJ has the ability to retrieve its original capacity and geometry form after an earthquake, 

many problems that related to collapse and permanent damage of structures might be solved. 

In addition, for the purpose of reducing the structure cost and at the same time ensuring 

the earthquake safety, using a unique material such as (SMAs) in strengthening of new 

structures need to be improved. Significant progress was being done in this field. Using 

smart material as shape memory alloys (SMAs) for strengthening of new RC building; 
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this method of strengthening structures with SMAs is a focus of intensive research and 

reinforced the BCJs in the new construction with SMAs bars. 

1.4  NEED FOR THIS RESEARCH 

Recent consciousness of possible earthquake events in the moderate to low seismicity 

regions of the Kingdom have led to the concerns of vulnerability and safety of RC 

structures. Many of these structures were designed and constructed based on gravity 

loads only. Because of that, their responses during an earthquake event would be non-

ductile that might lead to severe economic disruption and losing of human life. Therefore, 

using new technics in the construction of new buildings would solve the disaster that 

might occur during seismic ground shaking. 

During earthquakes, cracking and permanent deformation occurs at the BCJ interface due 

to yielding of reinforcing steel. These deformations cannot be repaired to rehabilitate the 

structures. Therefore, the potential of SMA to recover large deformation on unloading 

can be exploited at the BCJ interface to avoid such permanent deformation. 

Based on literature review, it was found that only limited research has been conducted on 

the usage of super elastic SMA in the BCJs.  

This research aims to investigate the behavior of super elastic SMA bars at the BCJ 

interface in new constructions so they can close the cracks after Earthquakes, restore the 

serviceability of structures, and enhance the ductility of BCJ during Earthquakes. 
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1.5  OBJECTIVES 

The primary objective of this research work is to investigate the behavior and suitability 

of SMA in reinforced concrete structures. This will be determined by studying, modeling, 

and analyzing the response of BCJs strengthened with SMAs and subjected to reverse 

cyclic and cyclic loads. 

The following investigations will be carried out in order to meet the above-stipulated 

objective: 

1. Investigate the mechanical properties of SMA bars subjected to a tensile force. 

2. 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. 

3. Develop a mechanistic model for calculating the load capacity of BCJ specimens 

and maximum crack width. 

4. Develop (3ïD) Finite Element Models of BCJ reinforced with SMA and regular 

steel bars under cyclic and reverse cyclic loadings. 

5. Verify the proposed finite element (3ïD) models using the experimental test 

results of SMA - BCJ specimens.  
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CHAPTER 2 

LITERATURE REVIEW  

2.1 INTRODUCTION  

Reinforced concrete (RC) structures constitute essential parts of the national wealth in 

many cities. They often need evaluation, observation, and repairing at regular periods 

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 associated to RC structure management might 

be terminated. This idea raises the need for intelligent structures and materials, that are 

prepared to improve life cycle performance, fit the environment, reduce usage of energy, 

supply the best operating conditions, and significantly minimize costs of maintenance 

(UIIakko 1996). SMA is a unique material that can undergo greater deformations and 

return to the original shape either by removing loads or by heating. These unique and 

distinct properties of shape memory alloys make them smart materials that have the 

ability to be used in intelligent structures and buildings, which adapt and respond to 

various environmental conditions (Hardwicke 2003). SMA is used in a large assortment 

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 space technology 

(Bauer et al. 1998).  
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Shape memory alloys (Nitinol) that derived from Titanium and Nickel were first patented 

in Naval Ordnance Laboratory by Wiley and Buehler in 1965. Depending on material 

temperature, shape memory alloys can be martensite phase, austenite phase or the 

mixture of them. In fact, this material is particularly beneficial when great deformation 

and retrieval of the shape is observed under a less rate of temperature or stress. Recent 

years, these two essential properties of shape memory alloys have a higher interest of 

many researchers for application to intelligent structural system. One property of SMAs 

is the shape memory effect (SME), in which a sample exhibits high residual strains after 

applying and removing of the loads, which can 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 unique characteristic of SMAs is super-elastic effect 

(SE), in which a sample achieves a very great 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, both phenomena 

(SME) and (SE) are because of phase transformation. Because of these two unique 

characteristics, researchers have started carrying out on smart RC structures using shape 

memory alloys.  

There are many applications of SMA in the civil engineering. Some researchers have 

discussed those applications and provided in details some of experimental results on 

mechanical characteristics of SMA.  
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2.2 PREVIOUS BCJ EXPERIMENTAL WORK AT KFUPM  

BCJ experimental tests were first initiated at KFUPM by Mr. Danish Ahmed in 2012. 

The response of poor detailed BCJs under vertical static and cyclic loads was 

investigated. Three exterior RC BCJ specimens were cast and tested at KFUPM lab. The 

BCJ specimens were mainly 12 mm and 18 mm diameter steel reinforcement bars. In 

addition, the difference between bent in and bent out steel reinforcement bars in the joint 

region of BCJ specimens has been investigated. 

After that, experimental test was performed in the BCJ research area by Mr. Abdulsamee 

Halahela in 2014. The main objective of the research proposal, which entitled 

Experimental and Numerical Study for Using of CFRP for Upgrading the BCJs Behavior 

Under Cyclic Loads, was to investigate the response of BCJ under cyclic loads for two 

scenarios. First, normal RC - BCJ and second CFRP wrapped externally around existing 

reinforced concrete beam column joints for retrofitting. 

Then, experimental tests were performed for BCJ specimens by Mr. Anas Al-Khatib in 

2015. The research objective of his thesis was to investigate of the behavior of BCJ 

strengthened with a certain percentage of steel fiber mixed with concrete in the joint 

region. Around twelve exterior RC ï BCJ specimens have been cast and tested at 

KFUPM lab with different scenarios: (1) Normal RC ï BCJ specimens, and (2) BCJ 

specimens strengthened with steel fiber in the joint region for both 12 mm and 18 mm 

diameter steel bars. 
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2.3 FABRICATION OF SMA s 

Shape memory alloy materials 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 to a proper shape, such as bars, tubes, wires, sheets, or ribbons. The last 

process of the fabrication stage is the SMAs treatment that specialize the SMAs from 

other structural materials, in which materials sustain to some proper thermo-mechanical 

processing to exhibit super elasticity behavior and SME. The heat treatment temperature 

is remained usually less than the recrystallization temperature for shape memorization 

(Khantachawana et al. 1999). It 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 with improved mechanical 

characteristics (Hodgson 2000). 

2.4 TRANSFORMATION 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, SMAs remain in the austenite phase. When decreasing the temperature, 

it starts to transform to the martensite phase. The predominant crystal phase is related to 

both temperature, stress, and is governed by both thermo-mechanical processing and 

chemical composition (Dolce and Cardone 2001a). In the stress Free State, SMAs is 

identified by four different transformation temperatures as illustrated in Figure 2 - 1: 

martensite start (Ms), martensite finish (Mf), austenite start (As), and austenite finish (Af).      



13 

 

Table 2 - 1 contains some values of the transformation temperatures for various types of 

alloys in the stress free state. 

 

Figure 2 - 1:   Changing and transformation in the crystalline structures of shape memory alloys from austenite 

phase to martensite phase and vice versa as 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 (Af), and in a fully martensite phase when their temperature (T) is less 

than (Mf). While changing from austenite to martensite phase and vice versa, both 

phaseôs austenite, and martensite occurs.  

The transformation phase of SMAs during cooling and heating is approximately as shown 

in Figure 2 - 2. When increasing temperature of the alloys to the austenite start 

temperature (As), the alloys start to change progressively from martensite to austenite 

phase. The transformation is almost complete when the temperature reaches the austenite 

finish temperature (Af). Cooling the SMAs will cause a change from austenite phase at a 

temperature more than martensite start temperature (Ms) to martensite phase when the 

temperature reaches the martensite finish temperature (M f). If the material temperature 

increases more than (Md) (T»Af), the material will lose the super elasticity behavior. 
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Table 2 - 1:  Transformation temperatures of SMAs for stress free state 
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2.5 MECHANICAL PROPERTIES OF SMA MATERIALS  

SMA material has the ability to undergo large deformation, and reach up to 10% to 20%, 

and recovering back to the original undeformed shape either by removing of the applied 

loads, known as super elastic effect or by application of heat, known as shape memory 

effect (SME) (Qoan et al. 2010).  

 

Figure 2 - 2:   Stress-Strain diagrams of SMAs Ni-Ti (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 thermo-mechanical processing. Even a small variation in 

the relative proportion of the constitutive materials within the same alloy could 

significantly affect some of the mechanical properties (Strnadel et al. 1995). The diverse 

parameters defining the most widely used SMAs properties are summarized in Table 2 - 2 

(i.e. Ni-Ti). Other shape memory alloys properties are presented in Table 2 - 3. 
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2.5.1 COMPRESSIVE AND TENSILE BEHAVIOR  

A standard stress strain diagram of shape memory alloys (martensite or austenite phase) 

subjected to compressive and tensile loads is given in Figure 2 - 3. This curve is 

composed of four linear branches, which are linked to each other by smooth curves. 

These linear branches are supposed to intersect as displayed by the dotted lines (Liu et al. 

1998). The material is examined under both compressive and tensile loads. The values of 

properties such as axial stresses (f), axial strains (Ů), and Young's modulus (Ey) are 

presented in Tables 2 - 2 & 2 - 3. 

 

Figure 2 - 3:   Typical stress strain diagram of SMA subjected to compression/tension (Liu et al. 1998) 

DesRoche et al. (2004) investigated the response of SMA under cyclic loads. The cyclic 

characteristics of 25.4 mm diameter bars have been compared to 1.8 mm diameter SMA 

wires to investigate the effect of loading history and bar size on the characteristics of the 

SMA material. Figures 2 - 4 & 2 - 5 illustrate the ideal properties obtained for the SMA 

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

 

 

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 mechanical characteristics of SMA 
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Table 2 - 3:  Mechanical characteristics of different types of SMA 

 

 

2.5.2 TORSION AND SHEAR BEHAVIOR   

Typical stress strain diagram of shape memory alloy subjected to either shear or torsion 

as shown in Figure 2 - 6 follows the same pattern as the stress strain diagram subjected to 

tension. Property parameters of shear modulus (G), shear strain (ɔ), and shear stress (Ű), 

are indicated by: Gy, Gp1, Gp2, Gu, ɔy, ɔp1, ɔp2, ɔu, Ű y, Ű PI, Ű P2, and Ű u. 
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Figure 2 - 6:   Typical stress strain diagram of SMAs subjected to torsion / shear (Liu et al. 1998) 

 

2.6 CONSTITUTIVE MATERIALS MODELING OF SMA s 

Because of using the SMA material in a various types of applications, for example, civil 

engineering, mechanical engineering, aerospace, and medical sciences, the development 

of appropriate constitutive numerical models starts to become an essential prerequisite in 

designing, analyzing, and modeling of SMAs structures and devices. The peculiar thermo 

mechanical response of shape memory alloy with SME and pseudo elasticity has made a 

3-D constitutive modeling difficult  problem because the choosing of appropriate tonsorial 

parameters to express the response of shape memory alloy under multi axial behavior is 

very complex. Shape Memory Alloy for civil engineering applications is usually modeled 

using phenomenological method approach. 

2.6.1 PHENOMENOLOGICAL MODELING  

Because most applications of SMAs in civil engineering are related to using wires and 

bars, 1-D phenomenological models are often considered favorable. Many researchers 
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have proposed uniaxial phenomenological models. The superelastic behavior of is 

becoming incorporated in numbers of finite element packages like ANSYS 12.0 where 

the material model is implemented from Auricchio et al. (1997). The parameters, which 

are important to define the SMA material model in finite element software packages, 

including. 1) Starting stress from austenite to martensite stage, 2) finishing stress from 

austenite to martensite, 3) starting stress from martensite to austenite, 4) finishing stress 

from martensite to austenite, 5) maximum residual strain or super elastic plateau strain 

length, 6) modulus of elasticity at austenite phases, and 7) the ratio of transformation 

stresses under compression and tension. Figure 2 - 7 illustrates the one dimensional -

superelastic model, which used in ANSYS 12.0. Figures 2 ï 8 a, b & c show stress strain 

diagrams with a complete transformation path followed by a) partial loading (PL) and 

partial unloading (PU), b) partial loading (PL) and complete unloading (CU), and c) 

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

 

Figure 2 - 7:   One Dimensional- models of SMA implemented in FE package (ANSYS VERSION 12.0) 

(Auricchio et al. 1997) 



22 

 

 

Figure 2 - 8:   One Dimensional - models of SMA at constant temperature where the stress strain diagrams are 

drawn after a complete transformation path followed by a) PL and PU, b) PL and CU, and c) CL and PU 

Delmont and DesRoches (2002) performed a numerical study on Shape Memory Alloy 

bars as a restrainer to be used in bridges. A number of three-bridge spans have been used 

for numerical modeling. Similar to typical cable restrainers, the Shape Memory Alloy 

restrainers were connected from the bottom flange of the beam to the pier cap. For 

assessing the performance of steel and SMA restrainer bars, numerical nonlinear analysis 

of a typical bridge was performed. The Numerical results illustrated that steel bars were 

less effective than Shape Memory Alloy bars in limiting relative displacement at 

abutments and piers. 

The response of RC - SMA Bridge piers has been studied numerically by Alam et al. 

(2008). Number of two  - Scale reinforced concrete columns, which represent RC Bridge 

piers, designed, constructed, and then tested previously using a shaking table by Wang et 

al. (2004). SMA bars have been placed in the plastic hinge regions and connected to steel 

reinforcement bars. The behavior of the piers showed an excellent re-centering ability 

when subjected to seismic loadings. It was illustrated that RC - SMA columns were 

superior to the conventional reinforced concrete columns in limiting relative top 

deflection and residual deflections. 
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2.7 APPLICATIONS OF SMA s IN CONCRETE STRUCTURAL  

ELEMENTS  

Structures must be designed and constructed to resist earthquake loads and act elastically 

under seismic events. In ordinary earthquake design, reinforcement steel bars are 

expected to be yielding and dissipate energy whereas enduring permanent deformation. 

SMA is a unique material that can undergo greater deformations and return back to its 

shape either by removing loads or by heating. Consequently, if the shape memory alloy is 

used in structures as reinforcement bars, they will be yield under high earthquake loads, 

yet the permanent deformation will not be significant (Wang 2004). 

The behavior of BCJ specimens reinforced with Shape Memory Alloy material has been 

investigated by (Alam et al. 2007). A number of two large-scale BCJ specimens were cast 

and tested under reverse cyclic loads. One of the BCJ specimens was reinforced with 

ordinary steel reinforcement bars (BCJ1), whereas second BCJ specimen was reinforced 

with Shape Memory Alloy bars (BCJ2) as illustrated in Figure 2 ï 9. The behavior of 

these BCJ specimens, energy dissipation ability, moment-rotation envelope relationship, 

and their load-story drift, were analyzed, and compared under reverse cyclic loadings. 

The results illustrated that the Shape Memory Alloy-reinforced BCJ specimen is able to 

recover most of its deformation. The beam tip loads - story drifts relationship diagrams 

for both (BCJ1) and (BCJ2) specimens were shown in Figure 2 ï 10 a & b 
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Figure 2 - 9:   (a) The details of the specimen JBC-2 and locations of the strain gauges; (b) regular single barrel 

screw-lock mechanical coupler for connecting regular steel rebar and SMA rebar (Alam et al. 2007) 

 

Figure 2 - 10: Beam tip loads - story drifts  relationship of specimens: (a) BCJ1 specimen; (b) BCJ2 specimen. 

(Alam et al. 2007) 

 

Saiidi and Wang (2006) have investigated the contribution of SMAs for reducing the 

residual displacement in columns reinforced with SMA bars in the plastic hinge region. 

The earthquake behavior and damage in an SMA-reinforced column repaired using 

engineered cementitious composites (ECC) were evaluated. A  - Scale, spiral reinforced 
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concrete column Figure 2 ï 11 with SMA longitudinal reinforcement in the plastic hinge 

was tested on the shaking table. After the column was damaged by simulating 

earthquakes, it was repaired using ECC in the plastic hinge region and retested. The tests 

demonstrated that SMA-reinforced columns were able to recover nearly all of the post-

yield deformation Figure 2 ï 12 and the use of ECC reduced the concrete damage 

significantly, thus requiring minimal repair even after a strong earthquake. Then, he 

proposed a new hysteresis model for SMA-reinforced members, which was able to 

satisfactorily predicted displacement histories.  

 

Figure 2 - 11: Details of columns specimen reinforced with super elastic SMAs material (Saiidi and Wang 2006)  
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Figure 2 - 12: Measured cumulative hysteresis curves for columns reinforced with SMAs (Saiidi and Wang 2006) 

 

(Ayoub et al. 2003) has studied the behavior of small ï scale concrete beams that, 

reinforced by SMA (NiTi) bars under half-cyclic loading as shown in Figure 2 - 13. 

 

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

 

Figure 2 - 14 shows the testing results which indicate that average residual displacement 

in beams reinforced with SMA bars was less than one-fifth comparing to beams 

reinforced with steel bars.  
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Figure 2 - 14: Load ï Displacement response for beams reinforced with SMA bars (Ayoub et al. 2003) 

 

SMA - FRP hybrid system was investigated by Nehdi et al. (2010) to develop corrosion 

free structural elements with the capability to recover large deformations upon unloading 

process. A RC - BCJ was cast and tested under reverse cyclic loadings where SMA bars 

have been used in the plastic hinge area and FRP bars in the other areas. The splicing was 

replaced by regular single barrel screw-lock mechanical couplers for connecting the 

SMAs bars with FRP as illustrated in Figure 2 ï 15.  
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Figure 2 - 15: Splice details of the test specimen (Nehdi et al. 2010) 

 

The results have been compared in terms of load-story drifts Figure 2 -16, moment-

rotations and energy dissipation capacity Figure 2 ï 17 to those of a similar RC - BCJ 

specimen reinforced with ordinary steel reinforcement bars. Dissipated energy, maximum 

drift, and ultimate strength were comparable in both specimens. Nevertheless, the 

capability of the SMA in re-centering was not shown due to significant slippage of the 

FRP bars inside the mechanical couplers. 
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Figure 2 - 16: Beam tip load vs. story  drift e nvelope of BCJ specimens (Nehdi et al. 2010) 

 

Figure 2 - 17: Cumulative energy dissipation-Story drift b ehavior of BCJ specimens (Nehdi et al. 2010) 

 

(Abdulridha et al. 2013) focused in his testing program on flexural large ï scale concrete 

beams which reinforced with SMA bars in critical sections as shown in Figure 2 ï 18. 

These beams were subjected to reverse cyclic, cyclic, and monotonic loadings.  
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Figure 2 - 18: Details of SMA bars and couplers in the beam (Abdulridha et al. 2013) 

Results of experimental tests were compared and verified with hysteretic 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 in 

concrete beams. In addition, SMA beams subjected to cyclic loadings dissipated same 

energy like ordinary steel reinforcement while with reverse cyclic loadings, SMA 

reinforced beams dissipated about 54 % of the energy that has dissipated by ordinary 

steel reinforced beams. 



31 

 

The ability of beams reinforced with SMA to recover displacements was further 

illustrated in Figure 2 ï 19, which shows the mid span deflection recovery capacity for 

beams under both cyclic as well as reverse cyclic loadings. 

 

Figure 2 - 19: Recovery capacity-displacement ductility behavior (Abdulridha et al. 2013) 

 

Hong-Nan Li et al. (2006) investigated Self-rehabilitation of Intelligent Beams, which 

Reinforced with SMAs. In this study, SMAs cable /strands were used in reinforced 

concrete structures. SMAs strands are made of small diameter wires. For comparison, 

three samples were cast: a conventional beam reinforced with steel reinforcement bars 

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

shown Figure 2 - 20 & 2 - 21 respectively. The results of the tests show that with 

appropriate reinforcement and shape memory alloys, the sampleôs cracks can be closed 

by the SMAs upon unloading as illustrated in Figure 2 - 22. 
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Specimen 2                      Specimen 1 

Figure 2 - 20: Reinforcement details of the model 1 and 2 (Hong-Nan Li et al. 2006) 

 

Figure 2 - 21: Reinforcement used in sample (the bottom longitudinal reinforcement only uses super elastic 

shape memory alloys bars) (Hong-Nan Li et al. 2006) 

 

   

Figure 2 - 22: a) A large crack observed during the loading Test     b) The crack closes after unloading the 

specimen (Hong-Nan Li et al. 2006) 

(a) (b) 
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CHAPTER 3 

TRAINING, TESTING, AND PREPARATION OF (SMA) 

BARS 

3.1 INTRODUCTION  

SMA bars, which have been used in this research, were brought from Xiôan Saite Metal 

Materials Development Co., Ltd - China. All SMA bars are 12 mm in diameter. An XRF 

test was performed to get the exact chemical composition of the SMA material. Table 3 - 

1 illustrates the chemical compositions of SMA bars. 

Table 3 - 1:  The chemical compositions of SMA material used in this research 

Composition Percentage % 

Nickel 51.92 % 

Titanium 45.87 % 

Iron 0.96 % 

Aluminum 0.33 % 

Impurities 0.92 % 
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3.2 TRAINING OF SMA BARS  

SMA bars were heated to 350 ὅ  in appropriate furnace for one and a half hours, and 

then they were taken out from the furnace and immediately water quenched. Figure 3 - 1 

shows the furnace which has been used for heating the shape memory alloy bars. Figure 3 

- 2 shows the shape memory alloy bars after putting in cool water immediately after 

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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3.3 TESTING OF SMA BAR  

For getting the needed parameters to be used in numerical modeling and mechanistic 

model's calculations, SMA material has been tested in tension. For this purpose, the SMA 

bar has been formed according to ASTM standards as shown in Figure 3 - 3 and has been 

used for testing at a speed of (2 mm/min). (100 kN) Instron series 8000 equipment was 

used for the tensile testing as illustrated in 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 (100 kN) Instron machine 

First, the bar was tensioned to 5 % strain directly; to avoid any slippage could occur 

between SMA bar and the grips. Then numbers of cycles have been applied to the bar to 

get its real behavior. 

Figure 3 - 5 shows the SMA 12 mm diameter bar response to the tension test. For 

modeling purpose, a suitable idealization has been applied to the SMA tension diagram 

curve. Figure 3-6 shows the idealized curve of the SMA bar for constitutive modeling in 

ANSYS software. 
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Figure 3 - 5:   Stress ï strain diagram curve of SMA bar 

 

Figure 3 - 6:   Idealized stress ï strain curve of SMA bar for numerical simulation  

 

3.4 PREPARATION  OF SMA BARS FOR CASTING 

A number of five SMA bars were ribbed using a very special machine at the Research 

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

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

illustrates the procedure of ribbing the SMA bars. Figure 3 - 8 shows the SMA bar before 

and after ribbing. 
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Figure 3 - 7:   Using a special equipment to make ribs for SMA bars 

     

Figure 3 - 8:   SMA bar before and after ribbing 

Then, single-barrel, regular type screw locks couplers have been employed for 

connecting the steel reinforcement bars with SMA bars in all BCJ specimens. These types 

of couplers are complying with ASTM A615 and compatible with reinforcing bars. In 

these couplers, each bar reinforcement end is inserted in the end of the coupler to the 

middle position that can be indicated by a small hole in the middle. Then, bolts were 

tightened with appropriate torque until their heads go inside the   bars. After putting the 

SMA bars in the couplers, a very high strength epoxy ï Sikador 330 - was injected to 

reduce the chance of slippage between SMA bars and couplers. Figure 3 - 9 shows the 

coupler that has been used in the BCJ specimens and a Sikador 330 epoxy that has been 

injected between SMA bars and couplers. Figure 3 - 10 shows the procedure of preparing 

the SMA bars and couplers for epoxy injection. 
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Figure 3 - 9:   The mechanical coupler and Sikador 330 epoxy 

 

 

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  

4.1 LOADS ACTING  IN EXTERIOR (BCJs) 

The response of BCJs in the RC structures is not that easy to be understood. Numbers of 

stresses contiguous members converges at the same point. Axial loads as well as shear 

stress are transmitted into the BCJ region from the column, whereas bending moments as 

well as shear stress are transmitted from the beam into the BCJ region. Therefore, to 

understand the forces and stresses in the joint, loadings on both beams and columns 

should be known. 

4.1.1 FORCES ON THE BEAM 

The bending moment reaction, which occurred at the BCJ interface, (ὓ ) is given by 

equation [4.1] 

ὓ ὖ ὰ      (4.1) 

where: 

P= Load acting on the beam tip. 

ὰ= Distance from the column face to the tip of the beam where the load in applied as 

illustrated in Figure 4 - 1. 
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Figure 4 - 1:   Forces acting at the beam 

 

4.1.2 FORCES ON THE COLUMN  

In that respect, an 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 equal to zero. 

For BCJs, a moment at the end of the beam is equal to the moment in the column, ὓ . 

Therefore, shear forces in the columns of BCJ can be calculated using equation [4.2] 

 

ὠ
ὓ
ὰ        (4.2) 

where: 

 ὠ= Shear force in column 

 ὰ = The distance between the inflection points 



42 

 

 

Figure 4 - 2:   Forces acting in the BCJ 

 

Figure 4 - 3 illustrates that horizontal shear force is the combination of tensile force in the 

beam reinforcement bars framing into the joint and the shear which carried down through 

the column as illustrated in equation [4.3] 

ὠ Ὕ ὠ      (4.3) 

where:  

Ὕ= The tensile load in the longitudinal steel reinforcement bars of the beam 

ὠ= The total shear occurred above the joint in the column. 
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4.2 EXTERIOR BCJ SHEAR STRENGTH REQUIREMENT S 

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

strength capacity as illustrated in Figure 4 - 3. 

 

Figure 4 - 3:   Principle tensile shear stress in the (BCJ) 

 

From a Mohrôs circle, the principle tensile shear stress can be expressed in equation [4.4]  

„ȟ †     (4.4) 

where: 

 ů = The stress on the plane which is parallel to the longitudinal axis of the member 

which is equal to the axial (ů) on the column 

ů = The normal stress on the plane perpendicular to the axis of member, which is zero 

for the joint 

Ű = The shear stress, which is equal to  Ö  ; therefore, for the exterior BCJ, the equation 

[4.4] could be written as: 
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ὖ ὺ     (4.5) 

where: 

„= Column axial stress ,       and       ὺ = Horizontal shear stress 
ὠὮὬ

 

 

4.3 FAILURE MODE IN EXTERIOR BCJ  

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

concrete, which is given by equation [4.6] 

ὠɲ ‎ɲ Ὢǋὃ     (4.6) 

Therefore, BCJ will fail in shear and diagonal cracks will form in the joint region. 

Whereas, if the shear tensile stress of joint is less than the tensile strength of concrete, the 

joint will fail in flexural at the BCJ interface.  
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4.4 CALCULATION OF LOAD  CAPACITY  FOR BCJ ï FLEXURAL 

FAILURE  

To calculate the load capacity at yielding point of steel reinforcement bars for the flexural 

failure of BCJ, simple mechanistic equations of cantilever beam can be used as shown in 

Figure 4 ï 4. Since there no shear failure at the joint region and 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. 

 

Figure 4 - 4:   Stress and strain diagrams for the beam 

Ὕ ὅ       ᵼ       πȢψυὪ
Ⱦ
ὥ ὦ ὃ Ὢ       ᵼ       ὥ

ὃ Ὢ

πȢψυὪ
Ⱦ
ὦ
     τȢχ 

ḉᾀ Ὠ
ὥ

ς
              ᵼ           ὅὥὴὥὧὭὸώ άέάὩὲὸ ὓ ὃ Ὢ ᾀ      τȢψ 

ḉὓ ὖ ὒ              ᵼ           ὅὥὴὥὧὭὸώ ὰέὥὨ ὖ
ὓ

ὒ
       τȢω 

4.5 CRACK CALCULATIONS  

The maximum crack recovery for experimental tests is given by the following equation: 
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ὓὥὼὭάόά ὅὶὥὧὯ ὙὩὧέὺὩὶώ

ὓὥὼὭάόά ὅὶὥὧὯ ὡὭὨὸὬ ύὭὸὬ ὥὴὴὰὭὩὨ ὰέὥὨὓὥὼὭάόά ὅὶὥὧὯ ὡὭὨὸὬ ὥὪὸὩὶ ὶὩάέὺὭὲὫ ὸὬὩ ὰέὥὨ

ὓὥὼὭάόά ὅὶὥὧὯ ὡὭὨὸὬ ύὭὸὬ ὥὴὴὰὭὩὨ ὰέὥὨ
    τȢρπ 

The crack width and crack spacing are difficult to calculate in practice. However, some 

empirical equations have generally been used to compute the crack spacing as well as 

crack width. The following sections show the best-known equations that have been used 

in most academic research for crack width and crack spacing calculations 

4.5.1 OH AND KANG  

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

(ὡ  and the average crack spacingὛ . 

ύ ὥ Ὠ ‐ πȢππς
Ὤ

Ὤ
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        τȢρσ 

where: 

C= Clear cover of RC member 

Ὠ= Diameter of the bars 
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ὲ= Number of steel reinforcement bars 

Ὤ= The distance from the natural axis to the centroid of tension bars 

Ὤ= The distance from the natural axis to the extreme tension edge 

ὃ = The area of each steel reinforcement bar 

ὃ = Effective tension area of concrete surrounding the tension bars and having the 

same centroid of steel reinforcement bars 

‐= Steel tensile strain 

4.5.2 CEB ï FIP CODE 

According to the CEB ï FIP Code, the mean crack spacing, Ὓ , average crack width 

(ὡ ), and maximum crack width (ὡ  can be calculated using the following 

equations: 

Ὓ ς ὅ
Ὓ

ρπ
ὑ ὑ

Ὠ

”
           τȢρτ 

ὡ ‐ Ὓ         τȢρυ 

ὡ ρȢχ ὡ           τȢρφ 

where: 

C= Clear cover of RC member 

S= Maximum spacing between longitudinal steel reinforcement bars 
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ὑ= 0.4 for deformed bars and 0.8 for plain bars 

ὑ=πȢρςυ  

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

Ὠ= Diameter of the bars 

”
ὃ

ὃ
 

ὃ= Steel reinforcement area in tensile zone 

ὃ = Effective tension area of concrete surrounding the tension bars and having the 

same centroid of steel reinforcement bars 

4.5.3 CHOWDHURY AND LOO  

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

spacing, Ὓ , average crack width (ὡ ), and maximum crack width (ὡ  

Ὓ πȢφ ὅ Ὓ πȢρ
Ὠ

”
           τȢρχ 

ὡ Ὓ
Ὢ

Ὁ
           τȢρψ 

ὡ ρȢυ ὡ          τȢρω 

where: 

Ὓ = Average spacing between steel reinforcement bars 



49 

 

Ὠ= Diameter of the bars 

”= Steel reinforcement ratio 

Ὢ= Stresses in the bars at service load 

Ὁ= Modulus of elasticity 

4.5.4 THE EURO CODE 

Euro Code recommended the following equation to calculate the average crack 

spacing, Ὓ  and the crack width (W) 

Ὓ υπ πȢςυὑ ὑ
Ὠ

”
         τȢςπ 

ὡ Ὓ ‐ ‎          τȢςρ 

where: 

ὑ= 0.8 for deformed bars and 1.6 for plain bars 

ὑ=1.0 for members subjected to tension and 0.5 for members subjected to bending 

Ὠ= Diameter of the bars 

”= Steel reinforcement ratio 

‐= Steel tensile strain 

‎= 1 for mean crack width and 1.7 for maximum crack width 
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CHAPTER 5 

EXPERIMENTAL PROGRAM OF BCJ SPECIMENS WITH 

SMAs 

5.1 INTRODUCTION  

For the investigation of the response of the BCJ reinforced with embedded SMA bars, 

eight BCJ specimens were cast then tested under static, reverse cyclic and cyclic 

loadings. Three control specimens contain ordinary steel reinforcement bars only and five 

specimens contain SMA bars at the critical section of beam with steel reinforcement in 

different configurations. One of the five SMA specimens was cast using untrained SMA 

bars and the remaining specimens were cast using trained SMA bars. In addition, several 

experimental tests have been carried out to perform nonlinear simulation in ANSYS 

software, including testing of the mechanical properties of concrete and steel 

reinforcement bars. 

5.2 SPECIMEN DETAILS  

Eight specimens were fabricated and cast by PRAINSA Company using a 51 MPa 

compressive strength concrete. All bars included main steel reinforcement and SMA bars 

were 12 mm in diameter. 8 mm diameter bars were used as transverse reinforcement for 

all specimens. Table 5 - 1 summarizes all the BCJ specimensô details. 
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Table 5 - 1:  BCJ Specimens Details 

NUMBER 

OF 

SPECIMENS 

SPECIMENS 

NAME 

DETAILS 
FIGURE 

NO. 

TYPE OF 

TEST 

3 

Con-BCJ-1 

Con-BCJ-2 

Con-BCJ-3 

All reinforcement of beams 

and columns are 12 mm 

diameter bars 

5 - 3 

Monotonic, 

Cyclic, and 

Reverse 

Cyclic 

1 NiTi -BCJ-1 

3 Ribbed SMA trained bars 

were used at the Top critical 

section of the beam  

5 - 4 Cyclic 

1 NiTi -BCJ-2 

2 Ribbed SMA trained bars 

with 1 Steel bar were used at 

the Top critical section of the 

beam  

5 - 5 Cyclic 

1 NiTi -BCJ-3 

2 Plain SMA trained bars 

ONLY were used at the Top 

and Bottom critical sections 

of the beam  

5 - 6 
Reverse 

Cyclic 

1 NiTi -BCJ-4 

1 Plain SMA trained bar 

with 2 Steel bars were used 

at the Top and bottom 

critical section of the beam  

5 - 7 
Reverse 

Cyclic 

1 NiTi -BCJ-5 

3 Plain SMA UN Trained 

bars were used at the Top 

critical section of the beam  

5 - 8 Cyclic 

Con: Control                    NiTi : Nickel Titanium                BCJ: Beam Column Joint 
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5.2.1 BEAM COLUMN JOINT SPECIMEN SIZE  

All BCJ samples were created with the same dimensions 300 mm depth by 250 mm 

width, the total height of the column was 1400 mm and the cantilever length of the beam 

was 900 mm. Figure 5 - 1 shows the Geometric Size and dimensions of BCJ specimens 

used for the experimental testing program. These BCJ dimensions have been selected as 

approximately to represent the average sized of real BCJ. Moreover, there were many 

limitations such as the ultimate load capacity and dimensions of the testing frame that is 

available in KFUPM lab and the deflection capacity as illustrated in Figure 5 - 2. 

 

 

Figure 5 - 1:   Geometric size of BCJ specimens 

 

 



53 

 

 

Figure 5 - 2:   Existing frame available for BCJ testing in KFUPM l ab 

5.2.2 BEAM COLUMN JOINT SPECIMENôS CAGES 

For all specimens, a number of six 12 mm diameter bars have been used in columns as 

main reinforcement whereas 8 mm diameter ties have been used for transverse 

reinforcement. Similarly, three 12 mm diameter bars have been used at both bottom and 

top main reinforcement in all beams except for NiTi -BCJ-4 specimen in which two main 

reinforcement bars have been used at the bottom and top of the beam. In addition, 8 mm 

diameter closed stirrups have been used as transverse reinforcement for all beams. 

Moreover, there were two 8 mm diameter ties were put in the joint for all the specimens. 

Geometry and reinforcement for all specimens are given in Figure 5 - 3 to Figure 5 -8. 
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Figure 5 - 3:   Geometry and reinforcement details of Con-BCJ-1, 2, and 3 specimens 

 

 

Figure 5 - 4:   Geometry and reinforcement details of NiTi -BCJ-1 specimen 
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Figure 5 - 5:   Geometry and reinforcement details of NiTi -BCJ-2 specimen 

 

 

Figure 5 - 6:   Geometry and reinforcement details of NiTi -BCJ-3 specimen 
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Figure 5 - 7:   Geometry and reinforcement details of NiTi -BCJ-4 specimen 

 

 

Figure 5 - 8:   Geometry and reinforcement details of NiTi -BCJ-5 specimen 
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5.3 MECHANICAL PROPERTIES OF CONCRETE  

All the specimens were fabricated and cast in PRAINSA Company using a concrete 

strength of 51 MPa. Several standard concrete cylinder specimens with dimensions of 

(75*150) mm as illustrated in Figure 5 -9 were cast and tested in the lab to get the 

compressive strength, tensile strength, and the stress - strain diagram curve. Figure 5 -10 

shows the concrete cylinder specimens after casting at the factory. 

 

Figure 5 - 9:   Dimensions of concrete cylinder specimens 

Figure 5 -11 shows the concrete cylinder specimens during and after the compressive 

strength test. Compressive strength of concrete could be calculated using the following 

equation: 

 

Figure 5 - 10: The concrete cylinder specimens after casting at the factory 

 

Ὀ χυ άά 

ὒ ρυπ άά 
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Figure 5 - 11: concrete cylinder specimens during and after 

compressive strength test 
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where       P: Applied compression load  

D: Diameter of concrete cylinder specimen (75 mm)  

From the results of the test, the strength of concrete is equal to 51 MPa. Table 5 -2 shows 

the test results of the three cylinder specimens. 

Table 5 - 2:  Compressive strength of concrete 

 

SAMPLE NO. 

COMPRESSIVE 

STRENGTH in MPa 

AVERAGE COMPRESSIVE 

STRENGTH 

1 54.66 

 

51 MPa 

2 47.54 

3 50.82 
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In addition, a split tensile experiment was performed for the concrete cylinder specimens 

to get the tensile strength of the concrete. Figure 5 -12 illustrates the depiction of the 

concrete cylinder specimen which has been used for the tensile split test. 

 

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

Splitting tensile strength could be calculated using the following equation: 

Ὢ
ςὖ

“ὒὈ
                                  υ ς 

where:  

P: The applied tensile load  

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

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

From the results of the split test, the tensile stress is equal to 4.5 MPa as shown in   Table 

5 -3. Figure 5 -13 shows the concrete cylinder specimens during and after the split tensile 

test. 

Ὀ χυ άά 

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

Table 5 - 3:  Splitting tensile strength of concrete 

 

CYLINDER NO. 

TENSILE 

STRENGTH (MPa) 

AVERAGE TENSILE 

STRENGTH 

1 4.59 

 

4.5 MPa 

2 4.30 

3 4.62 

In addition, two concrete cylinder specimens were tested in compression using strain 

gauges and LVDTs to draw the stress ï strain diagram curve and 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 drawn and illustrated in Figure 5 -16. 
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Figure 5 - 14: Concrete cylinder specimen during the stress-strain compression test 

 

      

Figure 5 - 15: Concrete cylinder specimen after the stress-strain compression test 
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Figure 5 - 16: Stress - Strain diagram curve for concrete cylinder specimen 

5.4 MECHANICAL PROPERTIES OF STEEL REINFORCEMENT  

For all BCJ samples, the diameters of transverse and longitudinal reinforcement bars are 

8 mm, and 12 mm respectively. Tensile tests were conducted to calculate the actual 

yielding tensile strength for reinforcement bars. Table 5 - 4 shows the summarized 

properties of 12 mm and 8 mm diameter steel reinforcements. Stress strain curves of 12 

mm and 8 mm diameter steel reinforcement bars are illustrated in Figures 5 - 17 & 5 ï 18 

respectively. 

 

Figure 5 - 17: Stress - Strain diagram curve for 8 mm diameter bar 
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Figure 5 - 18: Stress - Strain diagram curve for 12 mm diameter bar 

Table 5 - 4:  Mechanical properties for  steel bars 

Steel bars Diameter in mm Fy in MPa 

ū 8 8 576 

ū 12 12 610 

5.5 STRAIN GAUGES 

Fifteen (15) strain gauges have been installed in each specimen. These gauges were 

installed at places in the BCJ reinforcement as illustrated in Figure 5 - 19. Two (2) 

gauges were placed on top reinforcement at the BCJ interface and other two (2) were 

placed on top reinforcement but at a distance of (25 mm) from the first stirrup. Other two 

(2) strain gauges were placed near the mechanical coupler of the top reinforcement. 

Moreover, same numbers of strain gauges have been used at bottom reinforcement bars 

of the beam. In addition, one (1) strain gauge was placed at the column reinforcement and 

two (2) on stirrups and joint ties. The unique adhesive glue has been used for pasting the 

strain gauges on the bar surfaces, then wrapped by a tape and waterproof as shown in 

Figure 5 - 20. 
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Figure 5 - 19: Locations of strain gauges for reinforcement 

 

 

Figure 5 - 20: Strain gauges after wrapping with tape and waterproof 
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Figure 5 - 21 shows the preparation of steel reinforcement cages of BCJ specimens at 

PRAINSA factory. All SMA bars and couplers are installed and fixed in their position at 

the BCJ specimens with appropriate configuration as illustrated previously in Table 5 - 1. 

Figures 5 - 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 

respectively. óFigure 5 - 24 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 

 

 
Figure 5 - 23: Locations of strain gauges after the installation into the BCJ specimens 
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Figure 5 - 24: The BCJ specimens ready for casting 

 

5.6 CASTING OF BEAM COLUMN JOINTS SPECIMENS  

All steel cages and steel formwork have been prepared by PRAINSA Company and all 

specimens were cast in the factory. Eight steel forms have been fabricated for casting 

using a mechanical vibrator and a delivery mixer as shown in Figure 5 - 25. Three 

specimens have been prepared using ordinary steel reinforcement and other five 

specimens, which reinforced partially with SMA bars, have been fabricated. Figure 5 - 26 

shows the BCJ specimens after casting and finishing procedure of the surface. 
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Figure 5 - 25: Casting of BCJ specimens at PRAINSA factory 

 

 

Figure 5 - 26: Finishing procedure of the concrete surface after casting of specimens. 
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5.7 TESTING ARRANGEMENTS  

All  BCJ samples have been tested at self-reaction floor loading at KFUPM lab. The extra 

clamping system has been made to the testing frame for holding the BCJ samples at both 

ends of columns and at the beam tip for applying the displacement and the loads from a 

hydraulic jack, which is illustrated in Figure 5 - 27. Two jacks have been used for 

applying the loads. One hydraulic jack (A) was placed on the top surface of column to 

apply 150 kN as an axial load. The other jack (B) was placed at the beam tip to apply 

displacement and loads on the tip of the beam as illustrated in Figure 5 - 28. 

 

      

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

 

5.7.1 INSTRUMENTS FOR TESTING  

Concrete stain gauges, LVDTôs, and Load cells, have been installed for all BCJ samples 

to record deflections, strains, and loads. Two load cells named (LC1 & LC2) with a 

capacity of 100 tons were placed at the bottom and top of beam tip. One Load cell named 

(LC3) with 20 tons capacity was placed on top of column as illustrated in Figures 5 - 29 

& 5 - 30 

 Figures 5 - 31 & 5 - 32 illustrate one patriot LVDT named (B2) - string type - has been 

placed at the beam tip to record deflections during BCJ specimens testing. 2 LVDTôs 

named (C1 & C2) have been placed at the bottom and top of the column to measure any 

movements or rotations. Two LVDTôs named (J1 and J2) have been placed in the joint 

region for observing and measuring if any diagonal crack occurred. In addition, two 

LVDTôs named (K1 and K2) have been installed at the critical section bottom and top of 

the beam for measuring the crack width during the test as shown in Figure 5 - 33. Besides 




































































































































































































































