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Thesis Title : SEISMIC BEHAVIOR OF B EAM COLUMN JOINTS 
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CONCRETE 
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Date of Degree : MAY 2017 

 

The destruction caused by past earthquakes fiercely indicated that beam-column joints 

(BCJs) are the most vulnerable and critical zone of RC moment resisting frames. In the 

past few decades, different strengthening techniques had been developed for strengthening 

the shear deficient BCJs. In the present research work, the effectiveness of UHPFRC jacket 

as a seismic strengthening solution for the damaged and undamaged exterior reinforced 

concrete (RC) BCJs having deficiencies in resisting the seismic action was experimentally 

studied and verified by generating the non-linear finite element models. The entire test 

matrix comprised of seven 1/3 scale exterior BCJ sub-assemblies with no stirrups in their 

joint region. The experimental work had been divided into two parts a) post-damage 

repairing b) pre-damage strengthening. The former set consisted of three damaged exterior 

BCJs with different column axial load (CAL). These specimens were repaired with a 30mm 

layer of UHPFRC and retested under monotonic loading. The efficiency of UHPFRC jacket 

was analyzed by evaluating the load-displacement response, max load carrying capacity, 

energy dissipation capacity, stiffness characteristics and comparison had been done with 

the corresponding values of the specimen in the virgin state. The second set comprised of 

four undamaged exterior BCJs. One of which was subjected to seismic excitation without 

strengthening in its as-built condition and considered as the control specimen. Two 



xix 

 

different methods used for strengthening consisted of: i) sandblasting the normal concrete 

substrate surface of BCJs and in-situ casting of a 30 mm thick UHPFRC jacket and ii) 

bonding 30 mm thick prefabricated UHPFRC plates to seismically deficient BCJ using 

epoxy resins and special fillers. The performance of UHPFRC jacketing in upgrading the 

BCJs was experimentally evaluated under reverse cyclic loading using displacement 

control approach keeping column axial load (CAL) constant at 150 kN. The results of 

upgraded BCJs included load carrying capacity, strength degradation, stiffness 

degradation, energy absorption and displacement ductility had been compared with the 

corresponding values of the control specimen. The analysis of test results showed that the 

first method of strengthening was highly effective in terms of shear capacity, deformation 

capacity, stiffness characteristics and energy dissipation capacity, as compared to the 

second method. Non-linear finite element models were developed using ABAQUS, which 

generated the results matching well with the respective experimental results. 
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 .ϢϹгКъϜ Йв ϼнЃϯЮϜ ЬϝЋϦϜ АϝЧзЮ ЉЧЮϜ ϣвмϝЧв сТ СЛЏЮϜ ̪сЮϝϳЮϜ ϩϳϡЮϜ Ϝϻк сТгϦϥ  ϣуЮϝК ϣжϝЂϽϷЮϜ ϣуЮϝЛТ ϣЂϜϼϸ

 ϿтϿЛϧЯЮ ϢϽϧЃЪ ϣтϹтϹϳЮϜ РϝуЮцϝϠ ϢϜнЧгЮϜм ̭ϜϸцϜϣУЮϝϧЮϜ ϽуОм ϣУЮϝϧЮϜ ϢϹгКъϜ Йв ϼнЃϯЮϜ ЬϝЋϦϜ АϝЧзЮ сЮϜϿЮϿЮϜ ϝуЯгЛв 

ϝуϠϝЃϲм аϜϹϷϧЂϝϠ ϣϮϻгзЮϜ ϽуПЮϜ ϣуГ϶ . ϩуϲ ЀϝЧв ϤϜϺ ϤϝзуК ЙϡЂ пЯК ϼϝϡϧ϶ъϜ бϦ1/3  Йв ϼнЃϯЮϜ ЬϝЋϦϜ АϝЧзЮ

гЃЦ пЮϖ сϡтϽϯϧЮϜ ЭгЛЮϜ буЃЧϦ бϦ ϹЦм .ЬϝЋϦъϜ ϣЧГзв сТ ϱуЯЃϦ ϹтϹϲ дмϹϠм ϣуϮϼϝϷЮϜ ϢϹгКъϜ ϤϝзуК ϰыЊϜ (ϒ еу

 Эгϲ пЮϜ ϝлуТ ϸнгЛЮϜ ЌϽЛвм ϣУЮϝϦ ϤϝзуК ϣϪыϪ ев пЮмъϜ ϣКнгϯгЮϜ СЮϓϧϦ .ϣУЮϝϦϽуО ϤϝзуК ϰыЊϜ (Ϟ ϣУЮϝϦ

 ϽуПϧв рϼнϳгЮϜ .(CAL)  ϣЪϝгЂ ϤϜϺ ϣЧϡГϠ ϤϝзуЛЮϜ иϻк ϰыЊϖ бϦ30бв  РϝуЮцϝϠ ϢϜнЧгЮϜм ̭ϜϸцϜ ϣуЮϝК ϣжϝЂϽϷЮϜ ев

ϳϦ ϥϳϦ ϝкϼϝϡϧ϶Ϝ ϢϸϝКϖм ϣтϹтϹϳЮϜ ϣтϹтϹϳЮϜ РϝуЮцϝϠ ϢϜнЧгЮϜм ̭ϜϸцϜ ϣуЮϝК ϣжϝЂϽϷЮϜ аϜϹϷϧЂϜ ϣуЮϝЛТ ЭуЯϳϦ бϦ .ϽуПϧв Эуг

 ϣϠыЋЮϜ ЉϚϝЋ϶м ̪ϣЦϝГЮϜ ϹтϹϡϦ ϢϼϹЦм ̪ онЋЧЮϜ ϣЮнгϳЮϜ ̪ ϣϲϜϾъϜ Йв ЭгϳЮϜ ϣϠϝϯϧЂϜ ϣЦыК бууЧϦ Ьы϶ ев ϢϽϧЃЪ

 ев СЮϓϧϧТ ϣужϝϫЮϜ ϣКнгϯгЮϜ ϝвϜ .пЮмъϜ ϝлϧЮϝϲ сТ ϣзуЛЮϝϠ ϝлϧжϼϝЧвм Йв ϼнЃϯЮϜ ЬϝЋϦϜ АϝЧзЮ ϣУЮϝϦ ϽуО ϤϝзуК ϣЛϠϼϒ

 .бЫϳϦ ϣзуЛЪ ϝкϼϝϡϧКϜм ϣтнЧϦмϜ ϿтϿЛϦ аϜϹϷϧЂϜ дмϹϠ ϣуЮϜϿЮϿЮϜ ЬϝгϲыЮ ϤϝзуЛЮϜ иϻк Ϲϲϒ ЍтϽЛϦ бϦ дϝЪм .ϢϹгКъϜ 

сТ иϻк ̪ϣКнгϯгЮϜ бϦ аϜϹϷϧЂϜ еузϪϜ ев (ФϽГЮϜ) ϤϝузЧϧЮϜ ϣУЯϧϷгЮϜ ХуϡГϧЮ ϢϽϧЃЮϜ ϣужϝЂϽϷЮϜ ϣуЮϝЛЮϜ ̭ϜϸцϜ ЮϜмϢϜнЧг 

РϝуЮцϝϠ ϣтϹтϹϳЮϜ .ϒ (ϟЊ бϪ евм ϣзуЛЮϜ ϱГЂ ϸϜϹКъ рнЦ БПЎ ϥϳϦ ЭвϽЮϜ аϜϹϷϧЂϝϠ ЩЮϺм пЮмъϜ ϣЧтϽГЮϜ ϣжϝЂϽϷЮϜ 

ϣуЮϝК ̭ϜϸцϜ .Ϟ (БϠϽϠ ЩЮϺм ϣужϝϫЮϜ ϣЧтϽГЮϜ ϣЪϝгЂ ϤϜϺ ϰϜнЮϒ 30 ϣжϝЂϽϷЮϜ ев бв ϣуЮϝК ̭ϜϸцϜ ХϡЃгЮϜм   еК ϝлϡЊ

сЃЪнϡтъϜ аϜϹϷϧЂϜ ХтϽА Ϝ пЯК ϝлϧуϡϫϧЮϣзуЛЮ .ϹЦм бϦ бууЧϦ ϣуЮϝЛТ ϣжϝЂϽϷЮϜ ϣуЮϝК ̭ϜϸцϜ сТ ЙТϼ  ϹзК ϤϝзуЛЮϜ Ϣ̭ϝУЪ

ЭугϳϧЯЮ ϝлЏтϽЛϦ рϼмϹЮϜ сЃЫЛЮϜ .ϥжϝЪм ϤϜϼϝϡϧ϶ъϜ ЭгϳЮϜ дϝЪ ϹЦм ϣϲϜϾъϜ бЫϳϧϠ пгЃтϝв ϥϳϦ бϧϦ рϼнϳгЮϜ  

 ϸнгЛЮϜ пЯК ХϡГгЮϜ (CAL)    ϣгуЦ ϹзК ϼϝϡϧ϶ъϜ ЬϜнА ϥϠϝϪ150 нЯуЪ еϦнуж .ϹЦм бϦ ϼϝЧвϣж ϭϚϝϧзЮϜ  ϢϜнЧгЮϜ ϤϝзуЛЯЮ
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ϣуЮϝК ϣжϝЂϽϷЮϝϠ ϢϼϹЧЮϜ Ьы϶ ев ЩЮϺ м бЫϳϧЮϜ ϣзуК Йв ̭ϜϸцϜ пЯК ̪ЭгϳϧЮϜ ϼнкϹϦм ̪ϢнЧЮϜ ϼнкϹϦм ̪ϣϠыЋЮϜ 

ЈϝЋϧвϜм ̪ϣЦϝГЮϜ ϣуЯϠϝЦм ϣϲϜϾъϜ . ϤϽлДϒ ϩуϲ дϒ ϤϜϼϝϡϧ϶ъϜ ϭϚϝϧж ЭуЯϳϦ ϣЧтϽГЮϜ  ϣтнЧϧЯЮ пЮмцϜ ϥжϝЪ ϣЮϝЛТ ϜϹϮ 

сТ ϣвмϝЧв ̪ЉЧЮϜ ϹЦмϢϼ ̪инЇϧЮϜ Ͻу϶ϓϦм ϼнкϹϦ ϣϠыЊ ϢϼϹЧЮϜм пЯК ЈϝЋϧвϜ  ϣЧтϽГЮϜ Йв ϣжϼϝЧгЮϝϠ ЩЮϺм ϣЦϝГЮϜ

ϣужϝϫЮϜ .бϦ ϽтнГϦ ϬϺнгж аϜϹϷϧЂϝϠ ϽЊϝзЛЮϜ ϽуПЮϜ ϣуГϷЮϜ ϢϸмϹϳгЮϜм аϜϹϷϧЂϝϠ ABAQUS ̪ ϭϚϝϧзЮϜ ϥжϝЪ ϹЦм   ϬϺнгзЯЮ

ϣЧϠϝГв ϹуϮ ЭЫЇϠ Йв ϭϚϝϧзЮϜ ϝуЯгЛв ϝлуЯК ЬнЋϳЮϜ бϦ пϧЮϜ. 
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1 CHAPTER 1 

INTRODUCTION  

1.1 Prologue 

The reinforced concrete (RC) exterior beam-column joints (BCJs) with a deficiency 

in resisting shear have been identified as the vulnerable and critical zone of RC frame 

structures when they are subjected to the large cyclic lateral loads (i.e., seismic loading). 

During the large seismic activity, the BCJ region is subjected to very high shear stresses as 

compared to the adjoining structural members. These joint shear stresses and the axial 

stresses in a column lead to the development of principal tensile and compressive stresses 

in the joint core, which results in the formation of diagonal cracking and crushing of 

concrete in the joint region. In this way, joints behave like the stress concentration points 

in RC frames. Therefore, BCJs should be designed for shear stresses to maintain the overall 

integrity and stability of the structures. Worldwide it is found that the majority of RC frame 

buildings were designed before the advent of seismic codes in early 1970ôs, and therefore, 

such structures with design deficiencies respond inadequately to lateral loads under the 

action of seismic forces. The first seismic design code was developed by ACI 352 

committee in 1976[1].  

Buildings constructed in between 1940 and 1970, have major defects in the BCJ region. 

The major defects that will cause the BCJ failure are: 1) Insufficient or no reinforcement 
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in the joint panels, which is the potential plastic region, will lead to joint shear failure and 

this type of failure is the brittle in nature, result in the failure of the structure globally, as 

shown in Figure 1-1(a); 2) Large spacing between column ties that provide the little 

confinement to the concrete; 3) discontinues beam bottom reinforcement with short 

embedment length and the use of smooth bars in transverse and longitudinal reinforcement 

result into the bond and anchorage failure at joint, as shown in Figure 1-1(b); 4) 

construction joint above and below the beam; 5) lapped splices of column reinforcement 

just above the floor level[2]. These problems have been identified by the destruction caused 

by the catastrophic earthquakes in different regions of the world.  

 

 

                       (a)                                                             (b) 

 Figure 1-1 (a) Joint Shear Failure and (b) Anchorage Failure[3] 

In addition to that, the damage was also observed in so called modern construction RC 

buildings during the post-earthquake field investigation of Vast Earthquake 2011[4]. The 

majority of buildings were built after the development of seismic design codes. 

1.2 Mot ivation 

Post-earthquake field investigation of different earthquakes like Ecuador Earthquake (16 

April 2016), Kathmandu and Gorkha Earthquake in Nepal (25 April 2015), Van 
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Earthquake in Turkey (23 October 2011), The Abruzzo Earthquake in Italy (6th April 2009) 

and Wenchuan earthquake in China (12 May 2008) fiercely indicated that the most of the 

RC buildings were not able to sustain the ground motion and most of the buildings were 

constructed after the development of seismic design codes. Post-earthquake reconnaissance 

team reported that BCJ failure of the RC framed structures was mainly due to lack of 

transverse reinforcement and inadequate confinement of joint core. 

Three story RC frame structure collapsed partially when an earthquake struck Ecuador due 

to BCJ failure as shown in Figure 1-2. Nepal experienced a powerful earthquake in Gorkha 

and Kathmandu. Investigation team reported soft story collapse of RC building in Sitapaila, 

Kathmandu. They observed that no stirrups were provided in the joint region as shown in 

Figure 1-3. Several BCJ failures which resulted in the collapse of the structure, had been 

found by Serra Zerrin Korkmaz after Van Earthquake struck Turkey, as shown in         

Figure 1-4. Approximately, 2000 RC buildings had been affected due to Van Earthquake. 

BCJ failure in RC frame structures resulted in excessive drift or collapse of buildings. Post-

earthquake investigation showed that these buildings were either collapsed or damaged 

beyond their repair.  

 

Figure 1-2 Collapse of three story RC frame structure due to BCJ Failure[5] 
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Figure 1-3 Soft story collapse of building in Nepal [6] 

 

a)                                                                        b) 
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c)                                                                       d) 
Figure 1-4 Several BCJ Failure during Van Earthquake Turkey[4] 

Many research works have been devoted to identifying the critical facts of non-seismically 

designed buildings and the methods of strengthening of such buildings. The strengthening 

of non-seismically designed joints in the seismic area is the challenging field. ACI 352-02 

recommends that the shear deficient joints should be upgraded and strengthened by 

enhancing the effective confinement or by increasing the shear strength [7].  

1.3 Seismicity of Kingdom 

The Arabian plate hosts many countries like Saudi Arabia, Bahrain, The United Arab 

Emirates, Yemen, Oman, Jordan, Syria, and Kuwait. About 25 million years ago, the rocks 

that constitute the Arabian Peninsula, began to isolate from African Continent resulted in 

the formation of Arabian Plate [8] and since then the Arabian Plate has been moving toward 

the Eurasian Plate. The major part of Arabian plate consists of the Arabian Peninsula. 

Seismicity in this region is controlled by the contact of the Arabian Plate with the Eurasian 

Plate along Bitlis Suture and Zagros Thrust, rifting and seafloor extending in the Red Sea 
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and the Gulf of Aden and strike-slip faults along the Dead Sea Transform Fault and the 

Gulf of Aqaba, as shown in Figure 1-5.  

 

Figure 1-5 Simplified map of Arabian Plate, with plate boundaries[8] 

According to Saudi Geological Survey (SGS), the most active seismic area is along the 

Gulf of Aqaba. The main threat to Kingdom regarding seismic activity is from the Gulf of 

Aqaba, as the various number of earthquakes struck to the Gulf of Aqaba in 1983, 1990, 

1993, 1995 and 2004. 

Along the Zagros Fold Belt, severe earthquakes of magnitude greater than five are very 

common due to the collision between the Arabian Plate and Eurasian Plate. The seismic 

wave lasts for 3 to 10 seconds, which is a potential threat to engineering structures. Due to 
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strategic development projects and new urban society in the southwestern Arabian Shield 

and Southern Red Sea Region, this area has got attention regarding seismic hazards. Most 

of the earthquakes occurred along the axial trough of the Red Sea and four severe 

earthquakes occurred away from it [9]. 

An earthquake of magnitude 5.4, recorded by Saudi Geological Survey (SGS), struck the 

town of Al-Eis. The town is about 40 km from the city of Madinah. This earthquake caused 

structural damage and destroyed the infrastructure[10]. 

The responsibility of maintaining and monitoring the seismic activity in Saudi Arabia and 

surrounding area was assigned to SGS and Saudi Cabinet made this decision as per the 

council of ministers decision number 228. SGS has centers affiliated with King Abdul Aziz 

City for Science and Technology, King Abdul Aziz University, King Saud University and 

King Fahd University of Petroleum and Minerals. 

Recent earthquake events in moderate seismic areas of Saudi Arabia have led to concern 

the safety of the RC frame structures having deficiencies in resisting the seismic action and 

designed only for gravity loads. Such buildings should be strengthened.   

1.4 Need for Research 

Several techniques have been reported in the literature for the strengthening of RC 

elements. Some of the conventional methods of strengthening and retrofitting of non-

seismically detailed joints reported between 1975 and 2003 are epoxy repair, removal, and 

replacement, reinforced concrete jacketing, the addition of fiber reinforced polymer 

composites and external steel elements[11]. Recently, several novel techniques for the 
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strengthening or repairing of BCJs have been reported including the repairing of non-

seismically detailed BCJs using concrete cover together with CFRP jackets, mending 

application of reinforced sheet (MARS System), aramid fiber retrofitting system (AFR 

system)[12], strain hardening cementitious composites (SHCC) reinforced with CFRP, 

combination of GFRP sheet and steel cages, ferro-cement jackets, steel cages consist of 

steel angles and battens, steel prop and prefabricated hybrid composite (HCP) plates.  

Some of these techniques are labor-intensive and require a different level of artful 

detailing, cost, disruption of building occupancy in terms of considerable loss of floor space 

and limited range of applicability. A major shortcoming of CFRP laminates is its premature 

brittle failure due to debonding. Mechanical anchorage was provided to fully utilize the 

strengthening potential of CFRP laminates, by avoiding the premature failure. The 

perforations in the concrete for anchoring the FRP sheets can damage the test units and 

anchorage zone becomes the stress concentration zone will lead to premature failure. 

Moreover, the strength degradation of epoxy adhesive used to apply the FRP laminates 

under high temperature makes them poor fire resistant and the long-term durability of FRP 

remains a matter of great concern. However, strengthening with steel elements suffered 

from various difficulties such as handling of heavy elements, corrosion, shear failure and 

requirement of the butt joint in limited space.  

One of the main recent developments in concrete technology is the inception of ultra-high 

performance fiber reinforced concrete (UHPFRC). Recently, Martinola et al. [13] 

developed state of the art technique for the strengthening of RC beams involves the in-situ 

casting of 40 mm thick high-performance fiber reinforced concrete (HPFRC) jacket. In 
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order to overcome the above-mentioned issues and shortcomings, the non-seismically 

designed joint will be repaired and strengthened by using the UHPFRC jacket. 

1.5 Research Objectives 

The primary objective of this research is to explore the effectiveness and efficiency of 

UHPFRC jacket in repairing and strengthening the structural and design deficient exterior 

BCJs, which is subjected to cyclic excitations. This study involves the experimental 

evaluation of hysteresis response, maximum strength, stiffness degradation, energy 

dissipation and displacement ductility of upgraded BCJs. The particular objectives are: 

1. To evaluate the seismic response of seismically deficient damaged BCJs repaired 

with UHPFRC jacket. 

2. To evaluate the seismic response of seismically deficient undamaged BCJs 

strengthened by using UHPFRC jacket. 

3. To assess the efficiency of state of the art strengthening techniques in terms of their 

load-displacement response, strength degradation, deformation capacity, stiffness 

characteristics, energy dissipation capacity and displacement ductility and compare 

with the corresponding values of reference unit.   

4. To develop a reliable and practically applicable rehabilitation technique for the 

upgradation of non-seismically designed BCJs. 

5. Development and validation of FE model of BCJ sub-assemblies strengthened with 

UHPFRC using experimental results. 
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2 CHAPTER 2 

LITERATURE REVIEW  

2.1 Introduction  

Because of destruction caused by earthquakes in the past few decades, RC frame structures, 

sub-assemblages and their response when subjected to reverse cyclic deformations have 

been the concern of various research projects. Post-earthquake investigations showed that 

BCJs in RC frame structures are fragile components when subjected to serious seismic 

shocks. The overall ductility of the structure is governed by the response of BCJs under 

cyclic loading. The brittle shear failure of BCJ results into the global failure of the structure 

even though all other structural members are conforming to the design requirements. As 

described earlier, the damage has also been observed in RC buildings constructed after the 

development of seismic codes. All structures that were designed according to GDL before 

or after the development of seismic-oriented design codes should be upgraded or 

strengthened as recommended by international codes.  

This chapter aims at 

1. Illustrating the different strengthening methods of strengthening the seismically 

deficit BCJs. 

2. Development of UHPFRC and Material properties of UHPFRC. 

3. Application of UHPFRC in strengthening different structural elements. 
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2.2 Recent studies on strengthening techniques of BCJs 

Different methods of strengthening are reviewed with emphasis on their effectiveness, 

performance regarding load-displacement response, stiffness degradation, energy 

dissipation and displacement ductility which are the prime building blocks of advanced 

seismic design codes. 

Saleh et al. ( 2010) [14] studied the seismic response of FRP-Upgraded exterior BCJs. The 

total experimental matrix consisted of 4 seismically deficit BCJs sub-assemblages. Of 

these, two specimens were strengthened with CFRP using two different schemes. In the 

first scheme, CFRP was wrapped with epoxy on joint, beam and column portions as shown 

in Figure 2-1, while in the second scheme, CFRP sheet was epoxy bonded on the joint 

region only and the author introduced the mechanical anchorages in order to provide the 

prevention against any possible de-bonding of CFRP from substrate (labeled as ES1 and 

ES2) as shown in Figure 2-2. The remaining two specimens were the control one (labeled 

as EC1 and EC2). Once damaged, repaired them under the above-mentioned schemes after 

filling the cracks with epoxy (labeled as ER1 and ER2). All specimens have same geometry 

and reinforcement detailing. All specimen were subjected to reverse cyclic loading. It was 

reported that the peak load for EC1 and EC2 was 47.08 kN and 45.8 kN respectively. These 

values become 62.34 kN and 58.11 kN for ES1 and ES2 specimens and the peak load 

reached to 81.79 kN and 58.63 kN for ER1 and ER2 specimens. Results showed the 

enhancement in the peak load values after strengthening and repairing of specimens. 

Stiffness degradation data showed that for scheme #1, the initial stiffness of retrofitted 

specimen was higher than the reference specimens, while in Scheme #2, these values were 
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lower than their respected control specimens because, in Scheme #1 beam, column and 

joint were wrapped with CFRP. However, in Scheme #2 only joint portion is upgraded 

with CFRP. The displacement ductility of ES1, ES2, ER1 and ER2 was increased up to 

34%, 11.4%, 39% and 61 % respectively than their respected control specimen. 

 
Figure 2-1 Schematic representation of Scheme # 1 [14] 

 

 
Figure 2-2 Schematic representation of Scheme # 2 [14] 
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Kazem et al. (2011)[15] experimentally investigated the performance of damaged RC 

exterior BCJ specimens repaired with steel elements including steel prop and curb. In this 

research work, different RC frames had been inspected and found out that their beam 

depths were less than the required depths based on the guidelines provided by design codes 

which resulted into the increasing drift under lateral loads and increasing vertical deflection 

against gravity loads. The author investigated that this method of retrofitting was suitable 

for such deficit frames. For this purpose, two half-scale exterior BCJs labeled as SC1 and 

SC2 used as reference specimens. Specimen SC2 had standard beam height. However, 

specimen SC1 had reduced beam height. These specimens were tested under reversed 

cyclic loading. Once damaged, repaired with the same type of concrete and then retrofitted 

with steel elements. These repaired specimens are designated as RSC1 and RSC2. 

Retrofitted schemes of these specimens are shown in Figure 2-3. The results showed that 

the average increase in the ultimate strength of specimen RSC1 relative to its control 

specimen was 86% and for specimen RSC2 this value reached to 156%. The ultimate 

rigidity of control specimens SC1 and SC2 were 0.17 and 0.19. By the up gradation of 

these specimens, the rigidity of these specimens increased up to 88% and 252% for the 

specimens RSC1 and RSC2 respectively. The author found that energy absorption of 

repaired specimens was more relative to control specimen because of no degradation 

during reversed cyclic loading, higher bearing capacity, and reduction in the pinching of 

hysteresis loops. With the reduction in the beamôs height at the joint, energy dissipation 

was reduced up to 26% and 44% for the control and retrofitted specimens. 
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a) Three dimension view b) Two-dimensional view 

 

c) Plan view 

 

Figure 2-3 Pictorial view of retrofitted specimens RSC1 and RSC2 [15] 

Li et. al (2012) [16] proposed a method of strengthening the interior BCJs using       Ferro-

cement jackets with embedded diagonal reinforcement. Ferro-cement consists of mortar 

and wire mesh was used as the concrete cover. This experimental program includes four 

2/3rd scale interior BCJs. One of them is control specimen and other three specimens were 

strengthened with Ferro-cement. All four specimens were tested under cyclic loading. 
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Three different kind mortar were used in Ferro-cement jacketing including cementitious 

mortar, cement-sand mortar, and epoxy-based mortar. The concrete cover in the joint area 

and plastic hinge zone was replaced with Ferro-cement. Before its application, the surface 

of concrete was made rough for proper bonding between substrate and mortar. The 30 mm 

Ferro-cement layer was applied for retrofitting contained properly folded two layers of wire 

mesh. The ferro-cement jacket was extended 300 mm from the joint region to the beam 

and column, which was equal to least dimension of the member as shown in Figure 2-4. 

The retrofitting solution improved the ultimate load carrying capacity. Experimental results 

showed improvement in ductility. The increase in the displacement ductility was 17%, 28% 

and 34% for the specimens S1, S2, and S3 respectively. Epoxy based mortar showed the 

best performance against seismic shocks. With the increase in the strength of Ferro-cement 

jacket, the energy dissipation capacity increased. At the initial stages, strengthened 

specimen showed larger stiffness. The author recommended high strength mortar for 

achieving high load carrying capacity, stiffness, energy dissipation and large displacement 

ductility. 

 

Figure 2-4 Rehabilitation Scheme [16] 
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Hadi et al. (2013) [17] studied the cyclic performance of two exterior T-connection 

strengthened and repaired with segmental circular concrete covers with CFRP jackets. The 

first specimen was glued to these segmental concrete cover to convert the square joint area 

to circular section and then it was strengthened with CFRP wrapping designated as TS. The 

formwork used to cast concrete covers is shown in Figure 2-5. The second specimen was 

tested first before strengthening it. A load was applied to cause serious damage and later 

on specimen was repaired using a segmental concrete cover with CFRP jackets designated 

as TR as shown in Figure 2-6. Both specimens were tested under cyclic loading. The author 

reported that segmental concrete cover not only enhanced the performance of CFRP but 

also helped in resisting the shear loads and worked as one unit with substrate concrete. The 

possibility of de-bonding of CFRP had been reduced due to modified circular section. 

Around the joints, the efficiency of CFRP reached a value of 32.4%. The performance of 

specimen TS is better (20 % in energy dissipation and 10% in maximum shear load) than 

TR specimen. This was attributed to yielding of beam reinforcement, concrete cracks 

which were filled with epoxy could not restore the full strength of concrete and the contact 

between reinforcement and concrete could not restore.  

 

Figure 2-5 Formwork for segmental concrete cover [17] 
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Figure 2-6 Repairing Process [17] 

Roberto et al. (2013) [18] experimentally evaluated the seismic performance of RC BCJs 

with inadequate seismic details strengthened with FRP systems. The complete 

experimental program consisted of 8 full -scale specimens subjected to reversed cyclic 

loading at beam tip and keeping the CAL equal to 300 kN. Out of these eight specimens, 

six were strengthened with FRP by using different schemes.  Of these, two specimens were 

controlled one. The complete experimental work consisted of two sets. Each set consisted 

of one control specimen and three specimens were upgraded with FRP. These control 

specimens have same geometry but different amount of longitudinal steel reinforcement in 

beam and column ensuring weak column but stronger than joint ensuring joint failure (Type 

1) and strong column connection (Type 2) as shown in Figure 2-7.  
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Figure 2-7 Reinforcement detailing of specimens Type 1 and Type 2[18] 

Each set contained three strengthened specimens with different strengthening schemes as 

shown in Figure 2-8. The control specimens after damaging were also repaired/retrofitted 

and tested again under cyclic loading. One of the strengthened specimens once damaged, 

repaired it again and re-tested. The description of specimens is given in Table 2-1. 

Table 2-1 Description of Specimens 

Set No. Control Specimen Strengthened Specimen 
Repaired 

Specimen 

Set 1 J01 J02, J03, J04 J01-R, J02-R 

Set 2 J05 J06, J07, J08 J05R 

To avoid FRP delamination, FRP scheme was properly designed as for specimen J02. As 

a result, FRP delamination was delayed and with fully design FRP pattern, failure can be 

shifted to beam as for the specimen J04. Strength and ductility had been increased 72% 
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and 98% over the control specimen (Type 1). For Type 2 specimen, the experimental 

results showed that CFRP wrapping at the joint was sufficient to avoid premature column 

failure. Two different schemes of CFRP were used for this set. It was reported that X shape 

confinement and two vertical sheets on the joint exterior face was sufficient for providing 

efficient results. The experimental results of repaired specimens J01-R, J02-R and J05R 

showed the restoration of strength and prominent increase in the ductility of original 

members. 

 

Figure 2-8 Retrofitting schemes proposed by Roberto et al. [18] 
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Esmaeel et al. (2014) [19] repaired the severely damaged full -scale interior BCJs using 

strain hardening cementitious composites (SHCC) reinforced with CFRP. The concrete 

cover in the joint area of the specimen was removed and replaced by SHCC. Self-

compacting SHCC layer was reinforced with CFRP laminates. Two different schemes of 

CFRP laminates were used to retrofit the damaged specimen. In scheme #1, the CFRP 

laminates were applied on front and back faces of the specimen, designated as JPA3-R. 

While in Scheme #2 all four sides of joints were strengthened, designated as JPB-R. These 

retrofitting schemes are shown in Figure 2-9. These specimens were subjected to reverse 

cyclic loading. The load-displacement response showed that the lateral load carrying 

capacity has been restored. JPB-R specimen dissipated more energy than JPA3-R and 

hence more effective. At 4% of drift, JPA3-R could dissipate only 44.4 kN-m cumulative 

energy which was 5% more than the corresponding value in the virgin state. However, 

cumulative dissipated energy of JPB-R was 53.4 kN-m showing an increment of 95% in 

comparison with the specimen in undamaged condition.JPA3-R had higher secant stiffness 

as compared to specimen JPA3 between the drift of 0.13% and 1.67%. Later on, secant 

stiffness of JPA3-R and JPA3 was almost similar. For Scheme #2, after 0.13% drift value 

results showed a slower degradation in secant stiffness than its undamaged specimen. 

Hence Scheme #2 was more effective. 

 

Figure 2-9 Pictorial view of retrofitted specimens [19] 
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Campione et al. (2014) [20] experimentally evaluated the effectiveness of steel cages in 

retrofitting the RC frames characterized by weak column and strong beam and 

transforming them into a strong column and weak. The experimental program consisted of 

6 full -scale external RC BCJs. All BCJs had the same geometry and reinforcement details. 

One of the specimens was tested without strengthening and used as reference specimen 

(C1). All other five specimens were strengthened using steel cages constituted by battens 

(transverse reinforcement) and steel angles (longitudinal reinforcement) labeled as C2R, 

C1RR, C2RR, C3RR and C4RR. The C2R specimen was strengthened at the column and 

joint region while all other four specimens were reinforced in the beam, column and joint 

as shown in Figure 2-10.  

 

Figure 2-10 (Continued) 
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Figure 2-10 RC BCJ externally strengthened with steel cages [20] 

Results showed that this strengthening technique was very effective in transferring the 

undesired weak column strong beam frames characterized by brittle failure into a desirable 

strong column-weak beam frames. The response of reinforced specimens in terms of 

stiffness degradation and energy dissipation was promising. The author reported that 

special care had to be taken for welded section where brittle failure could occur under an 

elevated number of cycles. 

Esmaeel et al. (2014) [21] introduced a new seismic retrofitting solution for the seismically 

deficit RC BCJs. The author experimentally investigated the effectiveness of pre-cast 

hybrid composite plates (HCP) in terms of their hysteresis response, energy dissipation, 

stiffness degradation and displacement ductility. HCP, prefabricated thin plate, was made 

of strain hardening cementitious composite (SHCC) reinforced with CFRP laminates. The 

research work comprised of 2 full -scale damaged interior BCJs. HCPs were bonded to 

damage specimens by means of epoxy resin and chemical anchors to cover these framed 
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elements. Two different schemes had been used in this research work i.e; a) a cross shape 

HCPs according to near surface mounted method. b) L-shape configuration. The geometry 

and reinforcement details are shown in Figure 2-11 and specimens were designated as 

JPA0-R and JPC-R. Cross shape HCPs were attached to front and back faces of both 

damaged specimens. In repairing of JPC specimen, in addition of cross shape HCPs,            

L-shape HCPs were also attached to lateral faces of BCJs at each corner as shown in   

Figure 2-12.  

 
Figure 2-11 Geometry and reinforcement configuration of interior BCJ [21] 

 

Figure 2-12 Retrofitted scheme proposed by Esmaeel [21] 
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The hysteresis response of retrofitted specimens showed that maximum strength of JPA0-

R had been increased up to 18.2% and 25.5% for positive and negative directions 

respectively. However, corresponding values for the specimen JPC-R were 48.3% and 

54.5% for the negative and positive excursions. The energy dissipated by the specimen 

JPA0-R 52.3kN-m at 4% drift which was 23% more than the energy dissipated by the 

specimen in the virgin state. However, JPC-R reached a value of 54.3 kN-m which was 

84% more than energy dissipated in JPC. So strengthening scheme adopted for JPC 

specimen was more effective. Both specimens showed higher secant stiffness than in the 

virgin state up to 3% drift. The experimental results indicated that displacement ductility 

of JPA0-R was 22.66% more than the corresponding value of JPA0. This value was 18.2% 

more for the specimen JPC-R in comparison with JPC. 

Esmaeel et al. (2016) [22] evaluated the seismic performance and effectiveness of the novel 

technique for the strengthening of exterior BCJs using bidirectional GFRP layers and 

anchorage was done with steel plates. Two 3D full -scale BCJs were constructed without 

transverse reinforcement in the joint region. One of the specimens was tested in its as-built 

condition, designated as TS. While the other specimen was subjected to reverse cyclic 

loading on the vertical and horizontal beams, as it is corner 3D full -scale joint, after that, 

it was retrofitted with the proposed scheme as shown in Figure 2-13 and designated as 

TSR.  



25 

 

 

Figure 2-13 Retrofitted Scheme proposed by Esmaeel (2016) [22] 

Experimental results showed that TS specimen achieved peak story shear of 35.5 kN in a 

vertical plane at drift angle of 1.6% and in a horizontal plane, this value was 38.6 kN. 

However, TSR specimen reached a value 47.8 kN and 45.7 kN at a drift angle of 1.6% and 

2.4% in vertical and horizontal plane respectively. Experimental results showed that 

proposed technique achieved 28% higher displacement ductility than TS specimen. The 

energy dissipated by TSR specimen was 10.7 times more than TS specimen at the ultimate 

load point. 
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2.3 UHPFRC Material Properties  

2.3.1 Background: 

Different manufacturers in different countries have developed several types of UHPFRC. 

Of these, three fundamental types are Compact Reinforced Composite (CRC), Multi -Scale 

Cement Composite (MSCC) and Reactive Powder Concrete (RPC). The main difference 

between these types are the amount and the type of fibers used. One of the leading types 

of UHPFRC is RPC and French companies Lafrage, Bougues, and Rhodia launched one 

such product marked under the name Ductal®. Since RPC is commonly available, reliable 

and economically feasible type of UHPFRC. 

2.3.2 Constituents of UHPFRC: 

One of the main development in concrete technology is UHPFRC. The key factors behind 

the excellent mechanical properties and improved durability of UHPFRC are; 

1. The formation of capillary pores is minimized due to the very low water-cement 

ratio of about 0.13-0.25 resulting into denser and stiff structure of hydration 

product. 

2. The reduction in the water demand of fresh mix specifically results in a higher 

degree of particle packing density of fine grains in the binder matrix and enhancing 

the compressive strength. 

3. The use of steel fibers prevents the growth and inter-connectivity of micro-cracks 

by absorbing the tensile stresses. The micro-cracks join together form macro-cracks 

[23]. 
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Cementitious materials: As compared to conventional concrete and high-performance 

concrete (HPC), relatively high fractions of cement are used in UHPFR [24]. The 

compressive strength of UHPFRC increases with the increase of cement content but up to 

a certain limit known as optimum content, beyond this limit , the strength tends to reduce 

due to limited contribution of aggregates [25]. Cement with the calcium aluminates less 

than 6% is preferred due to its lower water demand. Cement content does not hydrate 

completely due to lower water-binder ratio, so the part of un-hydrated cement content can 

be replaced with silica fume, crush quartz or blast furnace slag without compromising the 

strength. Because of much finer particle size 0.1 to 10 µm, optimal spherical shape, and its 

pozzolanic reactions fill the gap between the relatively coarser particles and hence improve 

the workability and compressive strength [26]. 

Water-binder ratio:  In order to achieve allowable spread flow and maximum relative 

density and the optimum water-binder ratio of 0.13-0.25 was suggested in the literature. 

Willey et. al 2011 achieved compressive strength of 150 MPa with w/b equals to 0.25[26]. 

In addition to w/b ratio, other strength governing parameters are properties of constituents, 

mixing procedure, mixer type, curing regime and curing type. 

Superplasticizer: Water-binder (cement + silica fume) ratio much affect the workability 

of concrete. The much low workability of UHPFRC mixture, because of very low w/b ratio, 

can be enhanced by the use of effective superplasticizers (SP). The compatibility between 

the constituents of the mix and the type of SP effects the required SP dosage[27]. Due to 

dispersing effect, the gradual addition of SP to the mix is more effective rather than adding 

SP once. SP dosage of 1.4% to 2.4% was recommended by Wille et al[26].  
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Aggregate: Cracking in the concrete typically initiates in the proximity of the aggregates. 

Cement-aggregate interfacial zone (ITZ) is the weakest link in the normal concrete. The 

major portion of the fracture paths in the normal concrete presents along the interface 

between coarse aggregate particles and cementitious matrix called ITZ. This is may be due 

to the inherent weakness of ITZ or due to stress concentration induced by rigid aggregates 

embedded in the cementitious matrix. ITZ have high w/b ratio as compared to surrounding 

matrix due to internal bleeding around the elongated and flat coarse aggregate particles and 

hence characterized by the highly porous region affect the durability of concrete. 

Therefore, above-mentioned weaknesses induced by ITZ can be reduced by eliminating 

the coarse aggregates from the mixture of UHPFRC[28]. Fine aggregates like quartz sand 

are used in UHPFRC mixture which plays a key role in reducing the maximum plate 

thickness (MPT). MPT is an important factor in the mixture design of UHPFRC. Wille et 

al. reported an optimum sand to cement ratio of 1.4 for a quartz particle size of 0.8 mm[26]. 

Fibers: UHPFRC exhibits the ductility and as the specimen begins to crack, the small scale 

fibers reinforced the cementitious matrix causing smaller and less damaging cracks to form. 

Fibers are either metallic, polymeric or natural. Generally, metallic (Steel) fibers are used 

for structural and non-structural purposes. The steel fibers bridge the crack due to which 

UHPFRC shows strain hardening behavior under tensile loading. The size, shape, and type 

of steel fibers affect the workability and energy dissipation capacity during crack bridging. 

For economical and workable UHPFRC mixture, Richard and Cheyrezy recommended 2% 

by mixture volume of steel fibers[29]. 
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2.3.3 Mechanical properties: 

Sufficient data has been published about the properties of UHPFRC and sufficient 

information is available to establish a range of material properties [30]. The range of 

UHPFRC material properties is listed in Table 2-2. 

Table 2-2 Range of UHPFRC material properties 

Property Range 

Compressive strength 20 ï 30 ksi 140 ï 200 MPa 

Tensile strength 0.9 ï 1.5 Ksi 6 ï 10 MPa 

Modulus of Elasticity 6000 ï 10000 Ksi 40 ï 70 GPa 

Poissonôs ratio 0.2 0.2 

Coefficient of thermal expansion 5.5 ï 8.5 millionths/oF 10 ï 15 millionths/oC 

Creep coefficient 0.2 ï 0.8 0.2 ï 0.8 

Specific creep 0.04 ï 0.3 

millionths/psi 

6 to 45 millionths/Mpa 

Total shrinkage Up to 900 millionths Up to 900 millionths 

2.3.4 Compatibility of NC and UHPFRC:  

Miguel Angel Carbonell Munoz studied the bond characteristics of UHPFRCC and NCSS 

by conducting the different bond tests such as slant shear test with bond interface inclined 

at 55o, 60o and 70o, pull off and splitting prism tests. The role of surface preparation 

treatment, pre-wetting conditions and freeze-thaw cycles in the development of bond were 
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herein investigated. Different NCSS of samples for the split tensile test is shown in             

Figure 2-14 and for slant shear, and pull off tests are shown in Figure 2-15. The samples 

prepared for all bond tests and test setup are shown in Figure 2-16. 

 
Figure 2-14 NSC substrate surfaces for Split tensile samples 

 

 

Figure 2-15 NCSS for Slant Shear and Pull off samples 
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Figure 2-16 Test Setup of split tensile, slant-shear and pull off tests 

It was reported that the bond performance between NCSS and UHPFRCC is successful. 

Results showed that saturated conditions of NCSS resulted into an excellent bond 

performance. The roughness degree of NCSS became irrelevant to obtain a good bond 

strength if appropriate wetting conditions took place[31]. 

Al -Osta et al. [32] evaluated the bond strength between UHPFRC and normal concrete by 

conducting the bond test such as split cylinder tensile strength test and slant-shear test. 
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Epoxy bonded (EP), plane surface and sandblasted (SB) hybrid cylinder specimens were 

tested in the current research work. The author concluded that specimens whose NC 

substrate surfaces was made rough through sandblasting had higher slant-shear strength 

than epoxy bonded or plane surface specimens and failure was observed in the interface 

plus partial concrete substrate. The values of split tensile strength test for both techniques 

(EP and SB) showed that the bond between UHPFRC and NSC fall under excellent bond 

quality regardless of surface preparation. 

2.4 Application of UHPFRC in Strengthening the RC Beams: 

Katrin et al. (2007) [33] experimentally investigated the rehabilitation potential of 

UHPFRC and conventional concrete structural members. The experimental work consists 

of 12 full scale 5.4 m long flexural beams with UHPFRC layer on the tensile face. The 

beams were comprised of conventional reinforced concrete substrate and UHPFRC layer 

as shown in Figure 2-17.  

 
Figure 2-17 Hybrid UHPFRC -RC Beam Test  [33] 

These composite beams were tested under displacement control four-point loading system. 

Different thickness of UHPFRC layer (hu) and the presence of steel reinforcement in 
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UHPFRC layers were the experimental parameters. Beams without reinforcing bars in 

UHPFRC layer (NR) and Beams with reinforcing bars in UHPFRC layers (R) were under 

investigation. The results indicated that the use of rebars in UHPFRC layer increased the 

ultimate load carrying capacity by two times for R5 beams with hu= 50 mm. this value was 

five times more for R10 beams with hu= 100 mm in comparison with NR beams. The 

application of UHPFRC layer on the conventional RC beams enhanced the stiffness, 

reduced the deformations, minimize the crack spacing, crack width and delay the 

development of localized macro-cracks. 

Martinola et al. [13] studied the performance of RC beams strengthened with HPFRC. For 

this purpose, total 3 full-scale 4.55 long beams had been tested in the current research work. 

Beam without any reinforcing bars and beam with very low 0.03 % reinforcement ratio had 

been strengthened with an HPFRCC jacket having a thickness of 40 mm as shown in     

Figure 2-18. The third beam without HPFRCC jacket but with the same reinforcement ratio 

had been used as a control specimen. After sandblasting the surface of normal concrete, 

HPFRCC jacket was applied. HPFRCC was reinforced with straight steel fibers.  

 

Figure 2-18 Strengthening Scheme of Beams [13] 

It was reported that the strength of a beam with jacketing was increased by 2.15 times than 

the beam without strengthening. The proposed strengthening technique significantly 
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increased the beam stiffness and consequently, mid-span deflection of beam strengthened 

with HPFRCC was reduced to from 6 mm to 0.5 mm at service load of 80 kN. Experimental 

results evidently showed that there is no need of any primer adhesive product for 

application of HPFRC. Sandblasting with the surface roughness of 1-2 mm is enough for 

proper bonding. 

Serena et al. [34] experimentally evaluated the increment in the bearing capacity of RC 

members under shear action which is the challenging issue in repairing field. The test 

matrix consisted of 4 full scale 2.85 m long beams. One of the beams was used as a 

benchmark while all other beams were strengthened with HPFRC. The beam specimens 

had been strengthened with longitudinal reinforcement only. Stirrups and inclined 

reinforcement had not been used to ensure shear failure. The surface of other beams was 

made rough by sandblasting technique and U bent wire mesh was placed within HPFRC 

jacket. A different configuration of HPFRC jacket and specimen characteristics are shown 

in Figure 2-19.  

 

Figure 2-19 Specimen Characteristics [34] 
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Experimental results showed that the thickness of jacket effect the maximum load capacity. 

Beams B and D had the same thickness of HPFRC jacket and equal to 50 mm. Their 

capacities improved 1.7 times while beam E having a jacket of thickness 30 mm on the 

lateral surface, the maximum load increased 1.5 times. It was observed that HPFRCC 

jacket played the role of shear reinforcement and replaced it effectively. 

Yehi et al. [35] investigated the flexural behavior of beams strengthened and retrofitted 

using the mixed steel fiber concrete jacket (MSFCJ) under short time repeated load. In the 

proposed research work, fourteen (14) 2.3 m long beams were cast and tested under      

three-point load configuration. Of these, two RC beams were constructed without 

retrofitting. One of them was tested under static load and other was tested under repeated 

load. The remaining 12 beams were strengthened and repaired. Of these, 6 beams were 

strengthened using U shape MSFCJ. MSFCJ was comprised of corrugated and end-hooked 

steel fibers. The other 6 beams were loaded up to 50% of ultimate static load then damaged 

beam was retrofitted using MSFCJ. Strengthening and retrofitting schemes are shown in 

Figure 2-20. 

 

Figure 2-20 Strengthening Schemes and Shear Connector Details [35] 
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It was reported that the number of cracks had been reduced by using these types of 

strengthening and repairing techniques and cracks were concentrated in middle third 

portion of beams avoiding the formation of shear cracks. De-bonding failure had been 

prevented by use of shear connectors in MSFCJ. The stiffness of strengthened and 

retrofitted beams had been significantly enhanced. The addition of 1.5% fiber content in 

MSFCJ significantly increased the number of cycles and decreased the deflection and 

strains. 

Prabhat et al. [36] studied the flexural behavior of damaged RC beams repaired using 

UHPC. The author experimentally evaluated the effectiveness of UHPC jacket in repairing 

the damaged RC beams. Total fifteen (15) 1.5 m long RC beams were fabricated having 

100x200 mm X-section dimensions. Out of these 15 beams, 3 beams were tested without 

strengthening for finding the ultimate load carrying capacity of the reference beams. The 

remaining 12 beams were loaded up to 80-90% of ultimate load to induce distress in beams. 

Later on, these damaged specimens were repaired using UHPC strips of 20 mm thickness 

using an epoxy primer to take up the tensile stresses. In the current research work, the 

experimental parameter was curing type of retrofitted UHPC strips. Three different curing 

types namely hot air curing, steam curing and moist curing were used for curing of UHPC 

strips. All beams were tested under three-point loading system. It was observed that de-

bonding failure had been prevented by the use of an epoxy primer. Results showed that 

UHPC strips cured with hot air treatment increased the failure load up to 30% while UHPC 

strips cured with steam curing increased load up to 10%. However, this value was equal to 

20% for moist cured UHPC strips. 
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Al -Osta et al. [32] investigated the flexural behavior of RC beams retrofitted with UHPC. 

Two different techniques of strengthening of RC beams using UHPC with different 

configurations were assessed in this research. These two techniques are; i) NC surface was 

made rough by sandblasting and in-situ casting of UHPC around beams with different 

configurations. ii) Epoxy primer was used to attach the precast UHPC plates with 

conventional RC beams. Total experimental work consisted of 8 RC beams. Of these, two 

beams were tested under four point loading configurations without strengthening and used 

as reference beams. Each technique of strengthening consisted of 3 beams with different 

strengthening schemes, as shown in Figure 2-21. 

 

Figure 2-21 Strengthening Patterns and Specimen identifications [36] 

The author reported that there was no considerable difference in the results of two 

strengthening techniques. However, sandblasting interface preparation technique was more 

promising. It was reported that the stiffness and a cracking load of strengthened beams 

were increased, crack propagation was delayed and crack were concentrated in the middle 

third portion of the beam which reflected the increment in the shear strength of the beam.  
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From the review of literature presented above, it is observed that many research works 

have been conducted to study the efficiency of UHPFRC jacketing in strengthening the RC 

beams. However, very limited work is reported on the evaluation of the effectiveness of 

HPFRC jacketing in retrofitting the BCJs for making them capable of resisting the seismic 

loading. In the present research work, an attempt has been made to study the effectiveness 

of UHPFRC-jacketing for post-earthquake repairing and pre-earthquake strengthening of 

exterior BCJs, experimentally and numerically. The positive effect of the strengthening of 

BCJs using UHPFRC-jacketing was noticed against seismic loading due to the high 

compressive strength of UHPFRC coupled with strain hardening behavior under tensile 

stresses, high fracture toughness, and ductility. 
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3 CHAPTER 3 

Experimental Program 

3.1 Introduction  

Experimental simulation is considered indispensable for getting insight into the response 

of structural members under earthquake-generated agitation to a structure. This chapter 

introduces the specimens tested at Heavy Equipment Reaction Floor Laboratory of 

KFUPM to investigate the effectiveness of UHPFRC jacket in repairing and strengthening 

the external RC BCJs with no stirrups in the joint region under monotonic and reversed 

cyclic loading protocols. The complete experimental matrix consists of seven (7) 1/3 scale 

exterior BCJs sub-assemblages and there were characterized by the same geometry and 

reinforcement detailing. Exterior BCJs are more susceptible to damage under seismic 

excitation due to less confinement, high torsional stresses and lower axial load on the 

column as compared to interior BCJs. The experimental campaign has been divided into 

two groups 

1) Group # 1: Post-earthquake or post-damage repairing 

2) Group # 2: Pre-earthquake or pre-damage strengthening  

The following section will report detail description about the detailing and design of test 

specimens, fabrication of specimens, damaged specimens, and their retrofitting 

configurations, strengthening schemes of undamaged units, material properties of normal 
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concrete, steel reinforcement, Sikadur® 32-LP and UHPFRC, the experimental test setup 

details, instrumentation and loading protocols. 

3.2 Description of the specimens  

A total of 7, 1/3 scale RC T-connections without any transverse reinforcement in their joint 

region were fabricated and tested under monotonic and reversed cyclic loading. Each 

specimen represents a part of the multi-story plane frame. As described earlier, these 

specimens had been divided into two groups. Group # 1 consisted of three damaged 

specimens repaired by using UHPFRC jacket and tested under monotonic loading. The 

effectiveness of UHPFRC jacket in repairing the damaged specimens under varying axial 

load had been studied in this group. The specimen were labeled as SP1-R, SP2-R, and       

SP3-R. Group # 2 comprised of four undamaged specimens. One of them was tested in as 

built condition and used as the reference unit, designated as TC. The remaining three 

specimens were strengthened by using UHPFRC jacket. Before jacketing, the normal 

concrete substrate surface (NCSS) of two specimens was made rough through sandblasting 

for the development of the full bond between normal concrete and UHPFRC jacket. After 

surface treatment, UHPFRC was cast around the BCJs inside the mold and these two 

specimens were designated as TS1 and TS2. However, for the fourth specimen, UHPFRC 

plates were cast and cured for 28 days. After cleaning the substrate concrete surface of the 

test unit, UHPFRC plates were attached to the surface of the unit, without any surface 

treatment, with the help of the epoxy primer. This specimen was designated as TSE. 

Specimens TC, TS1, TS2, and TSE were tested under reversed cyclic loading simulating 

the real loading event such as earthquake and CAL was kept constant and equal to 150 kN.  
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3.3 Design of specimen 

All test units have same geometry and reinforcement detailing and they were designed such 

that failure would occur in the joint region due to shear without yielding of beamôs 

reinforcement. Concrete outline and reinforcement detailing of the specimen are shown in 

Figure 3-1 and Figure 3-2, respectively. Each specimen is comprised of an upper and lower 

column along with one orthogonal beam, coinciding in the joint region. According to the 

elastic lateral response of a moment-sway frame when subjected to lateral loads, the points 

of contra-flexural approximately occur at mid-height of columns and mid-length of beams. 

Therefore, the length of structural elements is representative of mid-story height for 

columns and mid-span of beams of the frame structure to simulate the boundary conditions 

at the extremity of elements. The column has rectangular 200 x 250 mm cross section and 

a length of 1200 mm whereas the beam has a rectangular 200 x 250 mm cross section and 

a length of 900 mm. Therefore, the joint panel has a square 250 x 250 mm plane section. 

Joint aspect ratio is kept 1 which is the most common case found in the literature. Two sets 

of four ū20 (diameter of rebar is 20mm) deformed bars are selected for positive and 

negative reinforcement of beam. Reinforcement ratio for beam was kept high to promote 

joint failure mechanism without yielding of beamôs reinforcement. The anchorages of 

beam bars are conforming to current building code ACI 318-11[37] to ensure proper 

transfer of forces from beam to joint. As per code, bars are anchored in the joint by 90-

degree standard hooks which are spotted within 500 mm from the face of the column. The 

hook tail length is 200 mm embedded into the joint. ū8 transverse reinforcement in the 

beam is spaced at 50 mm. The first stirrup is provided at 10 mm from the face of the column 

in the beam. The flexural capacity of the column is kept around two times higher than 
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demand imposed by the beam for all load combination used in the experiment. The column 

is designed by following the guidelines provided by ACI 318-11. Six ū20 deformed bars 

are placed along the shorter dimension of the column as the column longitudinal 

reinforcement. The transverse reinforcement in column consists of ū8 deformed bars 

spaced at 50 mm. The first tie in the column is placed at 25 mm from the face of the beam. 

No transverse reinforcement is placed in the joint area and all specimens are cast 

horizontally. 

 

Figure 3-1  Geometric details of BCJ (3-D view) 



 

 

 

 

Figure 3-2 Reinforcement detailing of test specimen

4
3 
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3.4 Preparation of Specimen 

The specimens were cast at ñPRAINSA Precast Factoryò. For the construction of 

specimens, wooden molds and steel cages were prepared at the same factory while the 

ready-mix concrete company supplied the concrete. The preparation of wooden molds and 

steel cages are described in the following sections. 

3.4.1 Preparation of wooden molds: 

New smooth surface plywood formwork of standard thickness 18 mm was used as a mold 

for casting the normal concrete. These molds were formed to produce specimens consisted 

of a column and beam with 200 x 250 mm cross section and the length of 1200 mm and 

900 mm, respectively. In the formation of formwork, special attention was given to 

dimension, alignment and concrete cover. Before casting, inner sides of molds were 

properly cleaned and the gaps between the edges of formwork were sealed using silicon to 

prevent the flow of water from the concrete matrix. The preparation phase of the mold is 

shown in Figure 3-3. A thin layer of oil was sprayed on the inner sides of molds to facilitate 

the de-molding of RC specimens.  

 
 

Figure 3-3 Preparation of wooden molds 
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3.4.2 Preparation of steel cages 

The reinforcement was cut and bent by commercial steel supplier according to bar bending 

schedule provided to them. The steel cages were assembled in the factory. For the 

construction of steel cages, steel wires were used to hold the main bars and stirrups in their 

position. Plastic spacers attached to steel cage were used to ensure the required concrete 

cover. Complete steel cages are shown in Figure 3-4. After the construction of steel cages, 

the location of strain gauges for monitoring the strain in the rebar was marked appropriately 

on the main and transverse reinforcements. After their formation, they were placed in the 

wooden molds. Figure 3-5 shows the placement of steel cage inside the wooden mold. The 

steel cage, settled in the wooden mold before casting, is shown in Figure 3-6. Before casting 

the concrete, the strain gauges were installed on the main and transverse reinforcement 

after cleaning and sanding the surface of the rebar to provide the flat surface. Strain gauges 

were attached using super glue and covered them using waterproof tape to avoid their 

damage from water and protect them from the impact of aggregates and vibrator during 

casting.  

 
 

Figure 3-4 Steel cages for the test specimen 
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Figure 3-5 Placement of steel cages inside the wooden molds 

 

Figure 3-6 Wooden molds with reinforcement cage before casting 

 

3.4.3 Casting and curing of the concrete 

 The conventional concrete for casting was provided by ñSaudi Ready-Mix Concrete 

Companyò. All specimens were cast from the same batch. The concrete was poured directly 

into the molds from the truck. Small electrical poker vibrator was used to consolidate the 

concrete completely and leveling was done with the help of trowels to level an uneven 

surface as shown in Figure 3-7. For determining the material properties like concrete 

compressive strength and split tensile strength at the age of 28 days, standard size cylinders 

were cast from the same batch of concrete. After casting the concrete, BCJs and cylinders 

were covered with plastic sheets to prevent the loss of water that may result in the surface 
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cracks. After de-molding, specimens were cured using wet jute to avoid shrinkage cracks 

and premature stresses in the concrete. 

 
 

Figure 3-7 Casting of test specimens 

 

After completion of curing period (28 days), specimens were transported from the precast 

factory to Heavy Equipment Reaction Floor Lab of KFUPM as shown in Figure 3-8.  

 

Figure 3-8 Test specimens at 28 days curing period 
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3.5 Repairing and Strengthening Scheme 

3.5.1 Repairing Strategy 

The experimental work involves the post-damage repair and pre-damage strengthening of 

damaged and undamaged BCJs, respectively. In the former set, three severely damaged 

exterior BCJs designated as SP1, SP2, and SP3 were elected from a group of specimens 

that were tested in their virgin state in the ambit of the research program of MS thesis [38]. 

All specimens were similar regarding geometric and reinforcement detailing. The only 

difference between these specimens was Column Axial Load (CAL). For this group, Axial 

Load Ratio (ALR) varied from 0 to 0.57 and CAL was 0 kN, 200 kN, and 600 kN for units 

SP1, SP2, and SP3, respectively. These specimens were tested under monotonic loading 

and were loaded up to 100% of ultimate load carrying capacity at the beam tip in their 

virgin state to distresses their elements. These damaged specimens were repaired with state 

of the art magic material. These specimens were reinforced in the column, beam and joint 

region using UHPFRC jacket. The jacket was extended 250 mm from the joint region to 

the beam and columns, and this extension was equal to the depth of the element. Before 

application of UHPFRC jacket, the normal concrete substrate surface (NCSS) was made 

clean through brushing. For making the successful bond between NCSS and UHPFRC, 

some surface preparation techniques were available for the preparation of substrate surface 

such as chipped surface, sandblasted surface, and grooved surface. For the specimens of 

group 1, chipped surface slightly brushed with the dry condition was selected for surface 

preparation which includes the small holes produced by a hand drill. Figure 3-9 shows the 

NCSS after surface treatment.  
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Figure 3-9  Chipped NCSS after surface treatment 

Smooth surface wooden molds were used for casting the UHPFRC jacket around the NC, 

as shown in Figure 3-10. The inner surface of the molds was cleaned and inside edges were 

sealed with silicon. To facilitate the demolding of UHPFRC jacket, a thin layer of oil was 

sprayed onto the inner surfaces before casting the UHPFRC. Figure 3-11 shows the 

damaged specimen after surface treatment positioned in the mold. The whole set-up of 

UHPFRC jacketing was placed on the vibrating table to provide small magnitude vibrations 

for the flow of UHPFRC if required. The equipment and material used for mixing and 

casting the UHPFRC will be discussed in section 3.6.3. Jackets were cast when specimens 

place horizontally. UHPFRC was poured around the damaged specimen inside the mold. 

 

Figure 3-10 Smooth surface wooden molds for jacketing with vibrating table  
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Figure 3-11 Specimen positioned inside the mold before UHPFRC jacketing 

The column, beam, and joint region were encased in UHPFRC jacket of 30 mm thickness. 

The geometry and reinforcement details of retrofitted specimens are shown in Figure 3-12 

and Figure 3-13, respectively. After casting the jacket, test units were covered with plastic 

sheets to prevent rapid loss of water. Repaired specimens were de-molded after 24 hours 

of casting. These specimens were cured for 28 days with wet burlaps. The pictorial view 

of specimenôs repairing, jacket casting, and curing is shown in Figure 3-14.  

 

Figure 3-12 Geometric details of retrofitted specimens  



 

 

  

Figure 3-13 Reinforcement detailing of retrofitted specimens 
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Figure 3-14 Casting and curing of UHPFRC jacket of repaired specimens 

 

3.5.2 Strengthening Scheme 

Group 2 consisted of four undamaged specimens. Of these, three specimens were 

strengthened using UHPFRC jacket before application of load, designated as TS-1, TS-2, 

and TSE. From the numerous surface preparation techniques, NCSS of specimens TS-1 

and TS-2 was made rough through sandblasting technique up to medium level. 

Sandblasting of these specimens had been done at Prainsa Precast Factory, as shown in 

Figure 3-15. Figure 3-16 shows the strengthening process of units TS1 and TS2. The 

casting of UHPFRC jacketing was done in the same way as described in section 3.5.1. The 

geometry and thickness of UHPFRC jacket were same as described in section 3.5.1. Figure 

3-12 shows the schematic view of strengthened specimen. Specimens upgraded using 

UHPFRC jackets were de-molded after 24 hours of casting. These specimens were cured 

for 28 days with wet burlaps.  
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Figure 3-15  Sandblasting of BCJôs substrate surface 

 

 

Figure 3-16 Strengthening process of units TS1 and TS2 

For the third specimen of this group, designated as TSE, the structural epoxy-bonding agent 

was used to attach the pre-fabricated UHPFRC plates without adopting any surface 

preparation technique. Instead of the in-situ casting of UHPFRC inside the molds, T, I and 

Square shape UHPFRC plates of 30 mm thick were cast using the wooden molds as shown 

in Figure 3-17 and cured for 28 days. These wooden molds were cleaned and sealed with 

silicon before casting. The wooden molds and UHPFRC-plates after de-molding are shown 
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in Figure 3-17 and Figure 3-18, respectively. These UHPFRC plates were applied to NCSS 

using 2-parts structural epoxy bonding agent named as Sikadur®-32 LP. It is moisture 

tolerant, structural two part bonding agent based on a combination of epoxy resin and 

special fillers. NCSS was cleaned using an angle grinder to obtain the surface that was 

sound, clean, dry and free from any cement lattice. Any loose or friable particles were 

removed to achieve a contaminated free and open textured surface. Before application of 

these plates, the NCSS was also made clean through compressed air, as shown in Figure 3-

19 and Figure 3-21. The components A and B of Sikadur®-32 LP were mixed for 3 minutes 

using spindle attached to an electric drill. After mixing the components of epoxy, I-shaped 

UHPFRC plate was attached to back face of the column, as shown in Figure 3-19 and 

Figure 3-22 (a), followed by the square-shaped strips that were bonded to column and beam 

portions, as shown in Figure 3-19 and Figure 3-22 (b). In the end, T-shape plates were 

applied to the specimen covering beam, column, and joint region. Figure 3-19 shows the 

retrofitting process of specimen TSE. Figure 3-20 displays the 3-D view of TSE. The 

ambient conditions and temperature, as stated in product data sheet provided by the epoxy 

supplier, were maintained using two 500 watts halogen bulb, as shown in Figure 3-23. 
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Figure 3-17 Molds used for casting the UHPFRC plates 

 

 

 Figure 3-18 Precast UHPFRC plates 

 



 

 

 

Step 1: Casting of UHPFRC plates of required geometry 

 

 

 

 

 

 

 

 

Step 2: Cleaning the NCSS 

 

 

 

Step 3: Mixing the components of structural bonding agent  

 

 

 

Step 4: Attachment of I-plate by using epoxy bonding agent 

on the outer face of column 
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Step 5: Attachment of square plates by using epoxy bonding 

agent on the inner face of column and upper and lower face of 

beam 

Step 6: Attachment of T-plates by using epoxy bonding 

agent on the front and back face of column and beam 

Figure 3-19 Strengthening process of unit TSE  
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    UHPFRC                                    Normal Concrete                       Epoxy primer 

Figure 3-20 3-D views of Specimen TSE 
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Figure 3-21 Cleaning process of NCSS before application of plates 

 

   
(a) Attachment of I-plate 

 
(b) Attachment of rectangular plate 

Figure 3-22 Strengthening of BCJ with pre-fabricated UHPFRC plates  
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Figure 3-23  Curing of epoxy adhesive using halogen lights 

3.6 Material Properties  

Four materials were used in fabrication, repairing and strengthening of damaged and 

undamaged test units. To characterize these materials, different tests had been performed 

according to standard test methods given in the literature. The material characteristics of 

following four materials were determined. 

1. Normal concrete 

2. Steel reinforcement 

3. Ultra-High Performance Fiber Reinforced Concrete 

4. Sikadur 32 Lp ®  
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3.6.1 Normal Concrete 

Saudi Ready-mix Concrete Company provided the Normal concrete with a minimum 

design strength of 25 MPa. The slump of concrete before casting was 110 mm and the 

maximum aggregate size used was 25 mm. During the casting of BCJs, multiple cylindrical 

specimens of 75mm x 150 mm were cast from the same batch, as shown in Figure 3-24, 

for characterization and material modelling. For modelling the concrete in Finite Element 

solver, uniaxial compression test under monotonic and cyclic loading was performed. From 

this test, stress-strain behavior of the material, modulus of elasticity and Poisson's ratio 

were calculated which were used to characterize and model the material. In addition to 

compression testing, split cylinder strength test was also performed to determine the 

indirect tensile strength of concrete. 

 

Figure 3-24 Sampling of concrete during Casting  
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3.6.1.1 Compressive strength test 

For determining the compressive strength and stress-strain behavior of normal concrete, 

cylindrical of 75 mm diameter and 150 mm height were tested, on test date of BCJs, in 

compression as per ASTM C39 [39] at a loading rate of 0.25 MPa/sec. Before testing the 

cylinders, sulphur capping was done to obtain the smoothness at the top and bottom 

surfaces. Compression strength test was performed using a digital compression-testing 

machine with a maximum loading capacity of 3000 kN. For this purpose, a frame of 87 

mm gauge length with two LVDTôs and load cell of 1000 kN capacity attached to portable 

data logger TDS-303 was used to record load-deformation data. Figure 3-25 shows the 

whole test setup and specimen after failure. Compressive strength was calculated by 

dividing the load at the failure to X-sectional area of the specimen. The compressive 

strength values of concrete used for casting the specimens of group 1 (damaged specimens) 

and group 2 (undamaged specimens) are tabulated in Table 3-1 and Table 3-2, respectively. 

Figure 3-26 shows the stress-strain behavior of concrete used for casting the specimens of 

group 2. 

 

Figure 3-25 Test Setup for compression testing (Left), ultimate failure in cylinders (Right) 
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Table 3-1 Compressive Strength of Normal Concrete (Group 2) 

Specimen 

Ultimate Load X-sectional Area Strength 

Average 

Strength 

kN mm2 MPa MPa 

Cylinder 1 134.61 4417.86 30.47 

30.09 

Cylinder 2 131.25 4417.86 29.71 

Table 3-2 Compressive Strength of Normal Concrete (Group 1) 

Specimen 

Ultimate Load X-sectional Area Strength 
Average 

Strength 

kN mm2 MPa MPa 

Cylinder 1 88.4 4417.86 20.01 

20.47 Cylinder 2 89.73 4417.86 20.31 

Cylinder 3 93.17 4417.86 21.09 
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Figure 3-26 Normal concrete stress-strain behavior of group 2 specimens 

3.6.1.2 Modulus of elasticity and Poisson's ratio  

The Experimental test setup used for the measurements of the modulus of elasticity and 

Poissonôs ratio was same as used in compression strength test. The only difference between 

them was the application of load. The compression strength test was performed under 

monotonic loading while in this setup, the test was performed under cyclic compression 

loading. For the measurements of strains in concrete, in addition to LVDTs, two strain 

gauges were installed on a concrete surface in horizontal and vertical direction. MOE (E) 

and Poissonôs ration (µ) were calculated by using the following formula reported in ASTM 

C469 [40]. 

 

%  
Ὓ Ὓ

ᶰ πȢππππυ
 

(3.1) 
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Where: 

E = Modulus of elasticity (MPa) 

S2 = Stress corresponding to 40 % of Ultimate Load 

S1 = Stress corresponding to longitudinal strain of 0.00005 

ᶰ  = Longitudinal strain corresponding to stress S2  

ᶰ  = Transverse strain corresponding to stress S2 

ᶰ  Transverse strain corresponding to stress S1 

The behavior of normal concrete used for casting the specimens of group 2 under cyclic 

loading is shown in Figure 3-27. 

 
Figure 3-27 Response of Normal concrete under cyclic compressive loading 

‘  
ᶰ   ɴ

ᶰ πȢππππυ
 (3.2) 
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MOE and Poissonôs ratio of normal concrete used for casting the specimens of group 1 

were reported by the research program of MS thesis [38] and for specimens of group 2,  

these values were calculated as per ASTM C 469 and given in Table 3-3. 

Table 3-3 MOE and Poissonôs ratio of normal concrete 

Group No. 

MOE 

Poissonôs ratio 

MPa 

Group 1 21542 0.2 

Group 2 25700 0.19 

 

3.6.1.3 Split tensile test 

Split tensile strength test was carried out on three cylinders for the measurement of the 

indirect tensile strength of concrete used for casting the specimens of group 2 while for the 

specimens of group 1, split tensile strength values were reported in MS thesis [38]. The 

test setup used for testing and specimen after testing is shown in Figure 3-28. 

 

Figure 3-28 Test setup for Split tensile test (left) and failure mode (right) 
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The strength value was determined in according to ASTM C496 [41]. Compression testing 

machine with a maximum capacity of 3000 kN was used for this test. Peak failure load was 

obtained from the machine and following formula was used to determine the indirect tensile 

strength of the concrete. 

 

where: 

Ὢ 3ÐÌÉÔ ÔÅÎÓÉÌÅ ÓÔÒÅÎÇÔÈ (MPa) 

P = Peak failure load (N)  

ὰ   Length (mm) 

d = Diameter (mm) 

Split tensile strength values of concrete used for casting the specimens of group 1 and 

group 2 were calculated using Eq. 3.3 and given in Table 3-4. 

 

 

 

 

 

Ὢ  
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“ ὰ Ὠ
 

(3.3) 

Table 3-4 Split tensile strength of normal concrete 

Group No. 

Tensile Strength 

MPa 

Group 1 2.81 

Group 2 3.08 
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3.6.2 Steel reinforcement 

The uniaxial tensile strength test was carried out on the deformed rebar used in BCJ 

subassembly, as per ASTM A615, by using Universal Tension Machine available in 

Structural Mechanics Lab of KFUPM. 20 mm bars were used as longitudinal reinforcement 

and 8 mm bars were used as transverse reinforcement in all specimens. The test setup used 

for tensile test of rebar and failure mode of 20 mm bar is shown in Figure 3-29   

 

Figure 3-29 Uniaxial tensile test setup (Left) and failure mode of rebar (Right) 

By performing the tensile test on steel bars, average values of 605 and 695 MPa were 

determined for the yield tensile strength and ultimate tensile strength of the longitudinal 

reinforcement at the strain of 0.0031 mm/mm and 0.0106 mm/mm, respectively with an 

elastic modulus of 195161 MPa. Figure 3-30 displays the stress-strain behavior of 

longitudinal bar under tensile loading. However, transverse reinforcement had the yield 

strength and ultimate tensile strength of 580MPa and 667 MPa at the strain of 0.003 

mm/mm and 0.0105 mm/mm, respectively with an elastic modulus of 193600 MPa. Figure 



 

69 

 

3-31 shows the stress-strain behavior of transverse reinforcement under tensile loading. 

The result data of tensile test for longitudinal and transverse reinforcement is given in   

Table 3-5. 

 

Figure 3-30 Stress-strain behavior of longitudinal reinforcement (Ø20) 

 

Figure 3-31  Stress-strain behavior of transverse reinforcement (Ø8) 
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Table 3-5 Result data of tensile test performed on steel reinforcement 

Bar Size 

Stress Strain  
Modulus of 

Elasticity 

█◐ █◊ ◐ɴ ◊ɴ E 

MPa MPa mm/mm mm/mm MPa 

Ø20 605 695 0.0031 0.0106 195161 

Ø8 580 667 0.0030 0.0105 193600 

3.6.3 Ultra -High Performance Fiber Reinforced Concrete  

3.6.3.1 Components of UHPFRC mixture  

UHPFRC composition consists of a combination of cementitious materials such as 

Portland cement and silica fume, fine aggregate, high-range water reducing admixtures, 

fibers and water. Depending on its application and use, different dosages of these materials 

can be used. UHPFRC was prepared in Concrete Lab of KFUPM with the help of the 

planetary mixer. 

Cement  

In UHPFRC mixture, Type I ordinary Portland cement with a specific gravity of 3.15 was 

used. The chemical composition of used cement is given in Table 3-6. 

Silica Fume 

Silica fume is mineral additive, acts chemically as a highly reactive pozzolan due to its 

fineness, and physically optimize the particle packing density. It was obtained from the 

local suppliers Elkem. Elkem is the Norwayôs largest industrial company and Elkem 
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Materials is the world largest suppliers of Micro-Silica. Elkem micro-silica is a byproduct 

of silicon and ferrosilicon alloy obtained from the carbothermic reduction quartz and 

quartzite in the electric furnace with a specific gravity of 2.25. The chemical composition 

of Elkem micro-silica obtained from product data sheet is given in Table 3-6. 

Table 3-6 Chemical Composition of Cement and Silica fume 

Constituents 

% by mass 

Type I Cement Silica Fume 

CaO 64.35 0.48 

SiO2 22.00 92.5 

Al 2O3 5.64 0.72 

K2O 3.80 0.84 

MgO 2.11 1.78 

Na2O 0.19 0.5 

Equivalent alkalies 

Na2O + 0.658K2O 
0.33 - 

Loss on Ignition 0.7 1.55 

C3S 55 - 

C2S 19 - 

C3A 10 - 

C4AF 7 - 

 

Aggregate   

Dune sand with a specific gravity 2.56 was used as fine aggregate in the mixture. The 

absorption value was 0.4 %. The grading of the sand used is given in Table 3-7. 
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Table 3-7 Sieve analysis of fine aggregate 

ASTM sieve Number Sieve size Percentage Passing 

# mm % 

4 4.75 100 

8 2.36 100 

16 1.18 100 

30 0.6 75 

50 0.3 10 

100 0.15 5 

Superplasticizer 

Polycarboxylic ether based new generation high range water reducing/superplasticizer 

concrete admixture named as Master Glenium®51, the product of chemical company 

BASF, was used as HRWR agent which is consistent with ASTM C494 Type F. Its color 

is amber and structure is polycarboxylic ether based. Its density varies from 1.082 ï 1.142 

Kg/liter. Chloride contents are less than 0.1% as per EN 480-10 and alkaline contents are 

less than 3% as per EN 480-12.   

Steel Fibers 

Steel fibers with two different shapes in equal ratio were used in UHPFRC mixture having 

a different role in improving the properties of the fresh and hardened mixture. Shapes of 

steel fibers affect the ductility, crack bridging, energy dissipation around the crack, and 

workability. To improve the quality of mixture, hooked end and straight fibers were used 

in the ratio of 1:1. The product name of straight fibers is Micro Steel Fibers. Micro Steel 
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Fibers had 0.2 mm diameter, 13 mm length and aspect ratio of 65 with tensile strength 

more than 2500 MPa. The product name of hooked end fibers is Brass Coated Hooked End 

Fibers. These fibers were 0.35 mm in diameter, 25 mm in length and had an aspect ratio of 

71 with tensile strength more than 2500 MPa. 

The components of UHPFRC mixture are shown in Figure 3-32 

 

 

 

 

Figure 3-32 Constituents of UHPFRC mixture 

3.6.3.2 UHPFRC mixture design 

UHPFRC mixture was prepared by using the mixture design developed by                   

Hakeem et al. (2011) [42]. The strengthening material utilized in repairing and 

strengthening of damaged and undamaged specimens, had the composition per cubic meter 

as follows: ASTM Type I Portland cement 900 kg; Elkem Micro-silica 220 kg, dune sand 

991 kg; steel fibers 157 kg (about 2% by volume of UHPFRC); 40.3 kg Master 

Glenium®51 and water 168 kg representing water-binder ratio of 0.15. The UHPFRC 

mixture design yielded compressive strength more than 170 MPa on 50 mm cube and 

flexural strength exceeding 31 MPa. 
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3.6.3.3 UHPFRC mixture Preparation 

Locally developed and optimized mixture was used for strengthening and repairing of all 

BCJ specimens. Special equipment and procedure were used for the preparation of 

UHPFRC mixture. For the preparation of strengthening material, a high shear capacity 

mixer was required. The casting of UHPFRC was carried out in Concrete Lab, using 

horizontal pan mixer and average flow diameter was measured using flow table test, as 

shown in Figure 3-33. 

Following procedure was adopted for the preparation of strengthening material 

¶ Weight the superplasticizer and water in the start and mix them. Leave this mix for 

around 20 minutes. 

¶ Start weighing the remaining components in the order of lighter component first 

followed by heavier components. This precaution is taken in order to avoid the loss 

of material due to the spilling of constituents in dry mixing. 

¶ Put these constituents one after the other into the mixing drum except fiber which 

was added at the end. 

¶ Run the mixer for 2-3 minutes for dry mixing. 

¶ Add 50% of water and superplasticizer mix with small discharge so that it can be 

thoroughly mixed rather than being concentrated and forming the lumps. 

¶ Note the time when water and superplasticizer mix is added. 

¶ Keep monitoring the mix for observing the sign of cohesiveness 

¶ After 8-10 minutes of first pouring of water and HRWR agent mix, add 20 % more 

of this mix into the mixing drum. 
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¶ Around 13 minutes of first addition of water and HRWR agent mix, signs of the 

cohesive mix will be prominent and moisture traces will be visible in the mixture. 

Now add remaining water and HRWR agent mix and mix them for another 2 

minutes. The mixture will start to flow at this stage. 

¶ Dispense the steel fibers into the matrix and keep mixing for another 3-5 minutes 

until all fibers seem to be evenly mixed. The UHPFRC mixture is ready to perform 

spread flow test and strengthening the BCJs.  

 

Figure 3-33 Planetary  mixer (Left), UHPFRC mixture (Center) Flow Table Test (Right) 

3.6.3.4 Trial Mixes  

UHPFRC jacketing around all sides of BCJ specimens was one of the challenging tasks 

due to lower water-binder ratio. Four trial mixes had been prepared using the mixture 

design developed by Hakeem et al. (2011) [42]  to obtain the maximum spread flow without 

compromising the mechanical properties. The variable parameters in these mixtures were 

the dosage of super plasticizers and water-binder ratio. Spread flow values were determined 

through flow table test and compression strength test was conducted on 50 mm cubes. For 

this purpose, UHPFRC mixture was prepared and 50 mm cubes were cast, as shown in 

Figure 3-34. Trial mixtures were tested for consistency. ASTM C1437 standard test method 

for measuring the flow of hydraulic cement was used to comply with the recommendation 
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outlined in Ductal reference TOO6 (Operating Procedure Flow Test). For this, the mini 

cone was filled with the mixture and removed slowly to allow the mixture to flow evenly 

on the table and then flow table was dropped 20 times and its average flow diameter was 

recorded, as shown in Figure 3-34.The compression strength test was conducted on 50 mm 

cubes. The details of these mixes and test results are given in Table 3-8. 

 

 

Figure 3-34 Casting of cubes (Left) and Flow table test (Right) 

 

Table 3-8 Average flow diameter and compressive strength of trial mixes 

Mix 

No. 

Water-

Binder 

ratio  

Dosage of 

superplasticizer 

Avg. 

flow 

diameter 

Cube 

Compressive 

Strength 

Avg. 

Compressive 

Strength 

% mm MPa MPa MPa MPa 

1 0.145 3.6 162 170 169 167 168.67 

2 0.15 3.6 170 165 162 157 161.33 

3 0.145 3.7 180 156 149 144 149.67 

4 0.15 3.7 190 139 150 140 143 
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Mixture # 2 had been selected for the preparation of strengthening the material. As these 

mixtures had been prepared in small mixers, so these properties such as Avg. flow diameter 

and cube compressive strength would be enhanced when they were prepared in big 

horizontal pan mixers as described in section 3.6.3.2. The procedure used for the 

preparation of UHPFRC mixture had already been described in section 3.6.3.3. 

3.6.3.5 Evaluation of mechanical properties of UHPFRC 

Compressive strength test on cubes and cylinders, uniaxial tensile strength test on            

dog-bones and flexural strength test on prisms had been performed to determine the 

characteristics of retrofitting material, 

3.6.3.5.1 Compressive Strength and Modulus of Elasticity 

For determining the stress-strain behavior of UHPFRC under compression, three cylinders 

of 75 mm diameter and 150 mm height were tested according to ASTM C39 using the 

setup, as explained in section 2.6.1.1 and shown in Figure 3-36. The strength of UHPFRC 

is more than Sulphur, so for the smoothness of ends, if Sulphur capping is done will result 

in the failure of capping before the failure of UHPFRC. Therefore, sulphur capping will 

not work for this material. One side of the cylinder was made smooth by cutting a thin layer 

of rough surface with the help of an electrical cutter. The results of compression testing on 

cubes and cylinders is presented in Table 3-9 and Table 3-10, respectively. Figure 3-35 

displays the average stress-strain behavior of UHPFRC under compression. Figure 3-36 

shows the failure mode of cubes and cylinder of UHPFRC under compression. 
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Table 3-9 Cube compressive strength of UHPFRC 

Specimen ID 

Compressive 

strength 

Average Cube 

Compressive Strength 

MPa MPa 

Cube 1 170 

170.33 Cube 2 171 

Cube 3 171 

 

 

Figure 3-35 Stress-Strain behavior of UHPFRC under compression 
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Figure 3-36 Test set-up for Compressive strength test (left) and Failure modes of specimens (right) 

The load-deformation data acquired from compression testing was used to determine the 

modulus of elasticity of UHPFRC according to ASTM C469. The procedure and equations 

adopted to determine the MOE as per ASTM C469 discussed in detail in section 2.6.1.2. 

The test results of MOE is presented in Table 3-10. 

Table 3-10 Compressive strength test results of UHPFRC 

Specimen 

ID 

Compressive 

strength 

Average Cylinder 

Compressive 

Strength 

MOE 
Average 

MOE 

MPa MPa GPa GPa 

Cylinder 1 145.9 

145.1 

52.9 

52.4 Cylinder 2 140.8 49.7 

Cylinder 3 148.6 54.6 
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3.6.3.5.2 Flexural strength or Modulus of Rupture  

Flexural strength of concrete was commonly represented by a parameter named as modulus 

of rupture. According to ASTM C78, four points flexural loading was applied on the prism 

having size 40x40x160 mm. The test was performed using Instron 1196 Universal testing 

machine with a maximum capacity of 250 kN. LVDT was placed at the center of prism for 

measuring the mid-span deflection. Figure 3-37 displays the complete test setup for finding 

the flexural strength. The test was displacement control and the load was applied at the rate 

of 0.5 mm/minute. The load-deflection data was recorded using TDS-303 portable data 

logger. Figure 3-38 shows the load-deflection response of prism specimen under four point 

flexural loading. MOR was calculated using Eq. 3.4 and the results are presented in            

Table 3-11. 

where: 

Ὑ 3ÐÌÉÔ ÔÅÎÓÉÌÅ ÓÔÒÅÎÇÔÈ (MPa) 

P = Peak load (N)  

ὒ   Length (mm) 

b = Width of prism (mm) 

d = Depth of prism (mm) 

 

Ὑ  
ὖὒ

ὦ Ὠ
 

(3.4) 
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Figure 3-37 Test setup for flexural strength test of UHPFRC 

 

 

Figure 3-38  Load-deflection response of prism under four point bending 

 

Table 3-11 Modulus of rupture of UHPFRC 

Specimen ID 

Modulus of 

Rupture 

Average Modulus of 

Rupture 

MPa MPa 

Prism 1 31.9 

31.22 Prism 2 30.34 

Prism 3 31.43 
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3.6.3.5.3 Direct tensile test 

The direct tensile test was executed on dog-bone specimens to characterize the retrofitting 

material in tension. The specimen geometry is shown in Figure 3-39. The direct tensile test 

was performed using Instron 5589 Universal testing machine available in structural 

mechanics lab of KFUPM. Figure 3-39 shows the complete test setup. The concrete is 

characterized by average direct tensile strength of 8.51 MPa. Figure 3-40 displays the 

stress-strain behavior of retrofitting material under uniaxial tensile loading. Stress-strain 

behavior highlighted the growth of micro cracking up to 2000 µⱦ. After peak stress, strain 

value represented the crack mouth opening. Stress-strain behavior highlighted strain 

hardening up to 2000 µⱦ followed by stable and gradually degrading softening behavior. 

 

Figure 3-39 Test setup for direct tensile strength test  
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Figure 3-40  Stress-strain behavior of UHPFRC under tension 

3.6.4 Sikadur® -32 LP 

For upgrading the BCJ sub-assembly, pre-fabricated UHPFRC plates were attached to 

NCSS using Sikadur®-32 LP. It is available in 5kg (A+B) package, as shown in               

Figure 3-41. It is 2-part structural epoxy bonding agent and adhesive for concrete 

elements. The mechanical properties, as given in product data sheet are described 

in Table 3-12 

 

Figure 3-41 Packaging of Sikadur® -32 LP 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

0 2000 4000 6000 8000 10000 12000

A
x
ia

l 
S

tr
e

s
s
 (

M
P

a
)

Starin (micro starin)



 

84 

 

 

 

Table 3-12 Mechanical properties of epoxy primer 

Properties Curing time 

Curing temperature 

+230C +300C +400C 

Compressive Strength 

(MPa) 
14 days ~39 ~43 ~56 

Flexural strength (MPa) 14 days ~38 ~38 ~42 

Tensile Strength (MPa) 14 days ~22 ~24 ~25 

Bond Strength (MPa) 7 days >3 - - 

Tensile E-modulus 

(MPa)  

14 days 

~2750 

- - 
Flexural E-modulus 

(MPa) 
~2600 

Compressive E-modulus 

(MPa) 
~2100 

3.7 Test setup details 

A special test setup and devices were designed and mounted to achieve the idealized 

boundary and loading conditions as much as possible to which BCJ was subjected during 

ground motion. So, for simulating the three inflection points in the actual structure, as 

shown in Figure 3-42, moment release was provided at the top and bottom end of columns 

and at the end of the beam. Figure 3-43(a) and (b) shows the deformed shape of BCJ                           



 

85 

 

sub-assemblies under seismic shocks. Figure 3-43(a) represents the deformed shape of BCJ 

sub-assemblages when the structure is subjected to ground movement from right to left. 

However, Figure 3-43(b) accounts for the deformed shape of BCJ sub-assemblages when 

the structure is subjected to ground movement from left to right ignoring the P-ȹ effect 

which does not affect the performance of BCJ as per ACI 318-14. 

 

Figure 3-42  Deformed shape of RC frame under seismic activity 

 

 

              (a)                                                                       (b) 

Figure 3-43  Idealized BCJ sub-assemblages 
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Figure 3-44 shows the schematic view of test specimen inside the self-reaction steel loading 

frame with the loading apparatus and load measuring devices mounted to characterize the 

performance of specimens in its original state. The test specimens were loaded in the 

vertical position to simulate the real-time event as earthquake resulted in a repeated and an 

alternating tensile and compressive stresses in the structural elements which were achieved 

by the application of alternate push and pull at the beam tip. The specimen was held in 

place by pin supports at the top and the bottom ends of the column through steel rods and 

plates. The BCJ sub-assemblies were tested under a displacement control multipurpose 

testing system with a loading capacity of 1200 kN and 300 kN in the vertical direction. For 

specimens of group 1, CAL of different magnitude according to their loading protocol and 

for specimens of group 2, CAL of 150 kN (10% of column axial load capacity) was applied 

at the start of test by using the Hydraulic Jack A of capacity 1200 kN positioned between 

the column top end and load cell A, which had a direct contact with steel loading frame. 

The lower column was fixed to strong epoxy coated floor by a pin support. CAL load was 

measured through Load Cell A placed over the hydraulic jack A. The cyclic load was 

applied at the end of the beam using Hydraulic Jack B of 300 kN capacity. The hydraulic 

jack was mounted vertically and reacted against a steel frame from one end and applied 

load through steel plates. Two load cells labeled as Load Cell B and Load Cell C were used 

between the face of beam and load transferring element of Hydraulic Jack B for measuring 

the reaction developed at beam tip in push and pull actions. 

 

 

             



 

 

 
 

 
Figure 3-44  Schematic view of Test setup 
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3.8 Instrumentation 

3.8.1 Int roduction 

Test units were highly equipped with external and internal instruments to monitor beam 

shear and column axial forces, beam tip displacement, the global translation of the system, 

strains in concrete, strains of reinforcing bars and crack monitoring. Beam shear and 

column axial forces were applied through hydraulic jacks and monitored through load cells. 

Beam tip displacement was captured through Linear motion transducer, steel, and concrete 

strain gauges were mounted to monitor strains in UHPFRC and steel reinforcement, the 

global motion of the complete system was captured through LVDTôs mounted at the top 

and bottom end of the column and crack mouth opening was measured using LVDTôs and 

displacement transducers.  

3.8.2 Beam Shear and column axial Forces 

The two hydraulic jacks of capacity 1200 kN and 300 kN were used to apply column axial 

load and beam shear force, respectively. Hydraulic jack used to apply force at beam tip was 

operated under displacement control. However, hydraulic jack A for column axial load was 

driven by force control. These forces were monitored through load cells. Three load cells 

were used to measure column axial and beam shear forces. These load cells were calibrated 

before testing. The capacities of load cell A, B, and C are 200 tf, 100 tf and 50 tf, 

respectively. Figure 3-44 displays the location of these load cells in the test setup. 
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3.8.3 Beam tip displacement 

Beam tip displacement, which was used to plot load-displacement response of test units or 

hysteresis behavior of specimen, was monitored through linear motion string transducer 

manufactured by Patriot Sensors and Controls Corporation. 

3.8.4 Global translation 

The global translation was monitored through two LVDTôs which were installed at steel 

plates used in hinge support system at the top and bottom ends of columns, as shown in           

Figure 3-45. The readings of these LVDTôs were subtracted from the imposed 

displacement monitored through string transducer to find the actually imposed 

displacement at beam tip. 

3.8.5 Joint Shear deformation and crack monitoring 

To measure shear deformations in the joint, in addition to strain gauges, two LVDTôs were 

installed diagonally on the joint front and back face in case of a reference specimen, 

designated as TC. However, for upgraded specimens, these LVDTôs were shifted to the 

beam-joint interface to monitor the crack mouth opening. So, two different arrangements 

of LVDTôs were adopted for reference and upgraded specimens, as shown in Figure 3-45 

and Figure 3-46, respectively. In the case of upgraded units, crack opening was monitored 

through two LVDTôs and two TML PI-2-50 displacement transducers which were mounted 

to the beam-joint interface, as shown in Figure 3-46 (a) and (b). Figure 3-45 shows the 

setup for reference specimen and Figure 3-46 shows the set up for the upgraded specimens. 

The differences between two instrumentations were the location of LVDTôs and the use of 
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displacement transducers for crack monitoring which were not used for reference 

specimen. 

3.8.6 Concrete Strain gauges 

A total of 11 concrete strain gauges were mounted on each specimen to measure the 

deformations and strains in the concrete at critical locations, as shown in Figure 3-45 and 

Figure 3-46. Of these, two concrete strain gauges were mounted in the vertical direction on 

the front and back face of the top column to ensure the concentric application of axial load, 

as far as possible because P-ȹ had not been considered in the present research work. The 

joint area was gauged with four strain gauges mounted diagonally, at the front and back 

face of joint, to monitor the shear deformation and strains. Top and bottom faces of the 

beam near the joint area which is the most crucial flexural zone were gauges with two strain 

gauges. One concrete strain gauge was mounted at the face of column opposite to beam to 

measure the strain at the onset of reinforcement rotation or slip.  

 

a) Front view 
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b) Back view 

 

Figure 3-45 Schematic diagram of external instrumentation of control specimen 
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a) Front view 

 
b) Back view 

Figure 3-46 Schematic diagram of external instrumentation of upgraded specimen 
























































































































































































































































