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ABSTRACT 

Current code requirements for the design of beam-coumn joints shear 

reinforcement for earthquake resistance result in steel congestion, and consequently poor 

quality of the joint, construction difficulties and high cost. Based on previous research, 

steel studs with plain (non-deformed) stems and a head at each end can replace 

conventional closed hoops and cross ties for shear reinforcing the beam-column joints. 

Use of the headed studs in the joint results in reduction of the steel congestion, and hence, 

easier assemblage of the reinforcing cage and improved joint performance. The present 

research investigates experimentally the use of steel double-headed studs with deformed 

stems and Glass Fibre-Reinforced Polymer (GFRP) double-headed bars in lieu of the 

steel double-headed studs with plain stems. 

The experimental program consists of constructing and testing nine full-scale 

beam-column joint specimens under quasi-static cyclic loading. The specimens represent 

exterior beam-column joints subassembly isolated at the points of contra-flexure in a 

multi-storey multi-bay moment resisting concrete frame. The test parameters include the 

material and type of double-headed studs and their amount in the in-plane and out-of- 

plane directions and the concrete strength. 

Envelopes of the load-displacement hysteresis loops, moment-lateral drift angle, 

load-ductility, storey shear-drift angle, and the joint shear strength-deformation are 

plotted and analyzed. The stiffness degradation, the strains in the joint reinforcement, the 

contribution of specimen elements (joint, beam, and column) to the drift angle, and the 

energy dissipation capacity of the specimens are presented and discussed. Performance of 
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the tested specimens is checked against the requirements and acceptance criteria of the 

ACI 374.1-05, ACI 252R-02 and CSA A23.3-04. 

The use of steel deformed studs or GFRP headed bars proved to be an acceptable 

replacement of closed hoops and cross-ties as shear reinforcement of beam-column joints. 

All of the tested specimens exhibited acceptable behavior satisfying the code 

requirements. Some specimens demonstrated better behavior in comparison with the 

specimen designed and reinforced according to the code provisions. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

The joints between beams and columns, especially exterior ones, are critical 

elements in reinforced concrete building frames subjected to earthquakes. These joints 

fail prematurely, and form debilitated links in concrete structures. Failure is mainly 

caused by two reasons: (1) Occurrence of cracking due to high shear forces in the joints 

with insufficient shear reinforcement, (2) Pullout of the beam flexural reinforcement 

before the joint reaches its full capacity when adequate anchorage is not available.  

The diagonal compression strut mechanism is commonly used to explain the flow 

of forces in the joint core. This model is employed to determine the adequate amounts of 

vertical and transverse reinforcement required for developing full shear capacity of the 

joint. The ACI Building Code, ACI 318-11, and the Canadian Concrete Design 

Standards, CSA A23.3-04, adopt the compression strut mechanism. These codes require 

that sufficient transverse reinforcement in the form of closed hoops and cross ties should 

be provided to ensure enough confinement is available to produce full strength of the 

compression strut. In addition, to anchor the beam bars, the codes suggest using bends at 

the end of the bars. The closed hoops and the cross ties, in addition to these bends cause 

considerable congestion in the joint. This congestion leads to a weak joint caused by 

difficulty in casting the concrete and lack of proper compaction. Moreover, it leads to 

uneconomical construction by increasing the labor cost. 
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In early eighties, Dilger and Ghali (1981) introduced a system of bars with forged 

heads, known as headed studs, to reinforce thin concrete slabs and flat plates for enhancing 

their strength against punching shear in the areas around columns. A stud is a straight bar 

with an anchor head at one or both ends. The area of the head of a stud is 9 to 10 times the 

cross-sectional area of the stem. This area ratio ensures full yielding of the stem to occur 

just behind the head, with negligible slip. Consequently, double headed studs have 

remarkable anchorage properties over ties and stirrups, and eliminate the necessity for 

hooks, bends and development lengths needed in conventional reinforcement. 

Today, double headed studs have been used in many applications as shear 

reinforcement of different types of structural elements (e.g. in flat slabs, footings, and raft 

foundations). Double-headed studs have also been proposed for many other applications. 

Birkle, Ghali and Schäfer (2002) conducted experimental and analytical research on 

corbels reinforced with double headed studs as main tension reinforcement. Gayed and 

Ghali (2004) investigated the effectiveness of using the studs as web shear reinforcement 

in I-beams in place of stirrups. Use of single headed and double headed studs as shear 

reinforcement of dapped-end beams has been investigated by Herzinger and Elbadry 

(2004 and 2007). Recently, a research by Ibrahim and Elbadry (2008) and Ibrahim (2011) 

showed that use of double-headed studs is a viable alternative for shear reinforcing of the 

joints between beams and columns in building frames and for reducing steel congestion 

and, easy assemblage of the reinforcing cage. Their results showed that the joints 

reinforced with headed studs exhibit considerable enhancement in the strength, ductility, 

and energy dissipation in comparison with shear deficient joints. The double-headed studs 

used by Ibrahim and Elbadry (2008) had plain stems without deformations. 
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In recent years there has been a remarkable increase in the use of fiber-reinforced 

polymers (FRPs) in the form reinforcing bars and prestressing tendons as replacement to 

steel in new construction or in the form of sheets, plates or jackets for strengthening and 

rehabilitation of existing structures. This is attributed to the excellent characteristics of 

FRP such as corrosion resistance and high strength-to-weight ratio. Glass FRP bars with 

anchor heads are now available and have been proposed for some applications as will be 

discussed in Section 2.7. 

1.2 Objectives and Research Significance 

The main objectives of this research are: 

1. To investigate the effect of out-of-plane confinement on the behavior of beam-

column joints under seismic loads. 

2. To investigate the efficiency of using steel double-headed studs with deformed 

stems as shear reinforcement in concrete beam-column joints under cyclic loading.  

3. To investigate the feasibility and efficiency of using glass fiber-reinforced 

polymer (GFRP) double-headed bars in place of steel as shear reinforcement in 

concrete beam-column joints under cyclic loading. 

The use of headed reinforcement will reduce congestion of reinforcement within 

the joint while providing sufficient anchorage and, hence, results in easier and more 

economical construction. In addition, the deformed stems in steel double-headed studs 

would contribute to better bond and hence effective control of cracking in the joint. 

Finally, the use of GFRP headed bars will lead to a stronger and corrosion-resistant joint. 
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1.3 Methodology 

In order to achieve the above-mentioned objectives, experimental research is 

carried out to investigate the behavior of beam-column joints reinforced with double- 

headed studs under cyclic loading. Nine full-scale specimens were cast and tested under 

cyclic loading. Different layouts, amounts and materials of stud reinforcement within the 

joint in both the in-plane and out-of-plane directions have been studied. A comparison is 

made with the behavior of a shear-deficient joint provided with no shear reinforcement, a 

conventionally reinforced joint designed and detailed according to the CSA A23.04 

provisions, and a number of specimens reinforced with plain steel double-headed studs 

with the same arrangement (Ibrahim, 2011).  

1.4 Outline of Thesis 

This thesis includes six chapters. Chapter two provides a brief review of the 

previous research on the behavior of beam-column joints. A summary of the diagonal 

strut analytical model is given to better understand the distribution of the forces in the 

joint and the code equations developed based on this model. Also, the provisions of CSA 

A23.3-04 and ACI 318-11 standards for seismic design and detailing of beam-column 

joints are outlined. Previous experimental investigations into the different parameters 

affecting the behavior of beam-column joints under cyclic loading are presented. A 

summary of studies on different applications of plain and deformed steel as well as GFRP 

reinforcement in both headed and straight forms is given. 

Chapter 3 presents the details of the experimental program conducted for testing 

the behavior of beam-column joints with different detailing, material and amounts of 
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double-headed studs in comparison with the performance of joints reinforced with or 

without conventional closed hoops and cross ties, and joints reinforced with plain steel 

double-headed studs. Details of the design process of the test specimens in terms of 

section dimensions, reinforcing layout and material properties are reviewed. Fabrication, 

preparation and instrumentation of the test specimens is described, as well as the test 

setup, loading routine and testing method. 

Chapter 4 is devoted to qualitative and quantitative presentation of the 

experimental results. Plots of the hysteretic load versus displacement, shear storey versus 

the joint shear deformation angle, and the strain in the joint reinforcement versus drift 

ratio up to failure of the specimens are provided. Observations of the crack propagation 

pattern within the joint and the beam as well as the overall behavior of the specimens 

throughout the tests up to the failure are given. The ultimate load capacities and the 

failure modes of tested specimens are presented and discussed.  

Analysis and discussion of the experimental results and behavior of the test 

specimens are provided in Chapter 5. Envelopes of the load-displacement hysteresis 

loops, moment- lateral drift angle, load-ductility, storey shear-drift angle, and the joint 

shear strength-joint shear deformation are plotted and analyzed. The stiffness 

degradation, the strains in the joint reinforcement in both the in-plane and the out-of-

plane directions, the contribution of specimen elements (joint, beam, and column) to the 

drift angle, and the energy dissipation capacity of the specimens are demonstrated and 

discussed. The ACI 374.1-05, ACI 252R-02 and CSA A23.3-04 requirements and 

acceptance criteria is checked for the tested specimens. 
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Finally, a summary of the conducted experimental research and the conclusions 

are outlined in Chapter 6. Recommendations are made for possible future research on 

development of the use of double-headed studs as shear reinforcement of the beam-

column joints for earthquake resistant structures. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 General 

This chapter provides a brief review of the previous research on the behavior of 

reinforced concrete beam-column joints. A summary of the diagonal strut analytical model 

is given to better understand the distribution of the forces in the joint and the code equations 

based on this model. Provisions of the Canadian Standards CSA A23.3-04 (2004) and the 

American Code ACI 318-11 (2011) for seismic design and detailing of beam-column joints 

are presented. Experimental investigations into the different parameters affecting the 

behavior of beam-column joints under cyclic loading are reviewed. A summary of the 

previous investigations into the different applications of plain and deformed steel and 

GFRP reinforcement in both headed and straight forms is provided. 

2.2 Code Specifications 

For the design and detailing of reinforced concrete beam-column joints, there is 

significant similarity between the recommendations of the Canadian Standard CSA A23.3-04 

(2004) and the American Code ACI 318-11 (2011) specifications. For the transfer of the 

shear force to the joint, a diagonal strut mechanism is adopted in both codes, with 

consideration of severe deterioration of bond of the beam flexural bars. In order to avoid 

brittle compression failure of the strut, a limit is set on the shear capacity. Sufficient 

transverse and vertical confinement is required to ensure high strength of the compression 

strut. The requirement for confinement is extended to the critical regions in the column and 
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the beam areas adjacent to the joint. Futhermore, adequate development length and anchorage 

of the beam reinforcing bars within the joint is required. A brief discussion of the diagonal 

strut mechanism is given below, followed by a review of the provisions of the two codes. 

2.2.1 The Diagonal Strut Mechanism 

In the diagonal strut mechanism, concrete is required to solely resist the shear in 

the joint. The internal forces acting on the joint are presented in Figure 2.1.  

 

Figure 2.1:  The diagonal strut mechanism (Paulay and Priestley, 1992) 

The horizontal shear in the joint, jhV , is given by:  

 Coljh VTV                                                           (2.1) 

where T  is the tension force in the reinforcing bars and ColV  is the shear in the column. 

To account for over strength of the tensile steel, a factor 0  between 1.2 and 1.4 is used. 

Therefore, the horizontal component of the shear in the joint is: 
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Colysjh VfAV  0                                                     (2.2) 

with sA  and yf  being the cross-sectional area and the yield strength of the beam 

reinforcement, respectively.  

The vertical shear in the joint, jvV , can be calculated with adequate accuracy as: 

jh
c

b
jv V

h

h
V                                                          (2.3) 

with hb and hc as the beam and column depth, respectively. 

The contributions of the strut to the horizontal and vertical shear capacities of the 

joint, chV  and cvV , respectively, can be calculated as: 

cosdch CV                                                      (2.4) 

sindcv CV                                                     (2.5) 

with dC  being the diagonal compression in the strut, and 







 

c

b

h

h1tan  the angle of 

inclination of the strut. 

2.2.2 Joint Shear 

In the CSA A23.3-04 (2004) and ACI 318-11 (2011) provisions, the joint shear is 

calculated based on an over strength factor 25.1  for the yield strength, yf , of the 

beam bars. Consequently, the value of 0  in Equation (2.2) is replaced by   for 

calculation of the joint horizontal shear, jhV . 
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2.2.3 Limit on Joint Shear 

To avoid brittle compression failure of the diagonal strut, a limit is set on the joint 

shear. Clause 21.5.4.1.1 of CSA A23.3-04 specifies this limit for exterior joints as: 

jccr AfV  3.1                                                 (2.6) 

where 

  = 1.0    for normal density concrete 
0.85  for semi-low (medium) density concrete 
0.75  for low density concrete 

c  = 0.65 

 

jA  
 
= the smallest of  





colw

g

hb

A

2

columnof,area,gross
 

wb  = beam width 

colh  = dimension of the column parallel to the shear force in the joint. 

Similar limit is provided in Clause 21.7.4.1 of ACI 318-11 (2011) as: 

hbfV jcn  12                   with cf   in psi                  (2.7) 

The equation is readjusted in ACI 352R-02 with cf   in MPa as: 

cjcn hbfV  083.0                                                       (2.8) 

with 12  for joints with continuous columns but without transverse confining beams 

(Table 1 of ACI 352R-02, 2002, report). 
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jb = the smallest of  






















c

c
b

cb

b

hm
b

bb

2

2

 

where bb , cb   and ch  are the beam width, column width and column depth, respectively, 

and 5.0m  for the case of specimens without eccentricity between the beam centerline 

and column centroid. 

2.2.4 Horizontal Confinement of the Joint Core 

For the joint to achieve the shear limit, the codes require sufficient confinement of 

the joint concrete core. In case of inadequate confinement provided by the beams framing 

into the joint, closely spaced transverse reinforcement must be supplied in the joint. 

Clause 21.4.4.2 of CSA A23.3-04 defines the amount of this confining reinforcement 

within spacing s  as:  

ch

g

yh

c
cpnsh A

A

f

f
hskkA


 2.0                                                (2.9) 

and 

                                                     
yh

c
csh f

f
hsA


 09.0                                                   (2.10) 

where 

shA  = required area including all legs of hoops and cross ties in one layer 

chA  = area of the joint core 
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nk  = 
2



n

n
 

n  = total number of the column longitudinal bars tied to corners of hoops or hooks 
of cross-ties 

pk  = 
O

f

P

P
 

fP  = factored axial load on column 

OP  = nominal axial resistance of column 

ch  = dimension of the joint core between the outer edges of perifiral hoops measured 

in a direction perpendicular to the hoop reinforcement calculated 

yhf  = yield strength of hoops, taken no greater than 500 MPa 

 

 
s  

 

 

= 

 

 
centre to centre spacing of hoops 

 

 

= the smallest of  





















 



b

x

c

d

h

b

6

3

350
100

4

 

cb  = the smallest dimension of column cross-section 

bd  = diameter of the smallest longitudinal bar 

xh  = a distance on each face of the column 

 
  the greater of  







dimensioncorecolumntheof

mm

3

1
200

 

   350 mm 
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Clause 21.6.4.4 of ACI 318-11 suggests taking Ash as: 

shA    










13.0

ch

g

yh

c
c A

A

f

f
hs  

 
  

yh

c
c f

f
hs


09.0  

2.2.5 Vertical Confinement of the Joint Core 

Both the CSA A23.3-04 (2004) and ACI 318-11 (2011) require equal distribution 

of column vertical reinforcement on each face of the column with the spacing between 

vertical bars in one column face not exceeding xh  used previously for finding the s  

values in Equations 2.11 and 2.12. In addition, to ensure that the lateral spacing between 

the legs of hoops or crossties does not exceed 300 mm, intermediate column bars should 

be confined by additional cross ties. 

2.2.6 Horizontal Confinement of the Critical Region of Column 

For proper ductile behavior of the frame, CSA A23.3-04 (2004) and ACI 318-11 

(2011) both require continuation of the horizontal confining reinforcement in the column 

to a distance, 0 , from the top and bottom surfaces of the beam. The distance 0  is 

specified in Clause 21.4.4.5 of the CSA A23.3-04 as: 

1) For gccf AfP  5.0  

0  = the greater of 




 

columntheofheightcleartheof
6

1
sectioncrosscolumntheofdimensionlargestthetimes5.1

 

2) For gccf AfP  5.0  

0  = the greater of 




 

columntheofheightcleartheof
6

1
sectioncrosscolumntheofdimensionlargestthetimes2
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where fP  is the factored axial load on the column, and 65.0c  for cast-in-place concrete. 

The ACI 318-11 (2011) defines the 0  in Clause 21.6.4.1 as: 

0  = the greatest of 








 

in.)(18mm450

columntheofheightcleartheof
6

1
sectioncrosscolumntheofdimensionlargestthe

 

2.2.7 Transverse Confinement of the Critical Region of Beam 

Clause 21.3.3.2 of CSA A23.3-04 (2004) and Clause 21.5.3.2 of ACI 318-11 (2011) 

require confining hoops or U-shaped stirrups to be provided at maximum spacing s  equal to: 

s = the smallest of  













mm300

hoopstheofdiameterbarthetimes24

barallongitudinsmallesttheofdiameterthetimes8
4

d

 

with d  being the effective beam depth. The code requires the first hoop be placed no 

farther than 50 mm from the column face. The confining reinforcement needs to be 

provided in two zones: 

1) Over a length equal to d2  from the column face; 

2) Over a distance d  on either side of zones where plastic hinges can occur. 

2.2.8 Adequate Anchorage of Beam Bars 

To ensure sufficient anchorage of the beam bars within the joint Clause 21.5.5.2 of 

CSA 23.3-04 and Clause 21.7.5.1 of ACI 318-11 require the use of 90º bent hooks with
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 length bd12  after the bent and minimum development length, dh , given by: 

dh  = the greatest of  
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2.2.9 Acceptance Criteria for Moment Frames Based on Testing 

ACI 374.1-05 (2005) presents acceptance criteria for moment-resistant frames 

based on structural testing. This report specifies the required testing and acceptance criteria 

appropriate for validation of the behavior of the frames for regions with high seismic risk or 

for structures expected to meet high seismic demands or design cases of weak beam-strong 

column moment frames that do not satisfy the ACI 318-11 Chapter 21 requirements. Some 

of the important requirements and limits related to this research are presented below. 

2.2.9.1 Test Method 

According to section 7.2 of ACI 374.1-05 (2005), three fully reversed cycles shall 

be applied at each drift ratio. Section 7.3 requires the initial drift ratio to be within the 

inherently linear elastic response range for the specimen; and subsequent drift ratios to be 

between 1¼ and 1½ times the previous drift ratio. Based on section 7.4, the test should be 

continued until the drift angle reaches or exceeds 3.5% drift ratio.  

2.2.9.2 Acceptance Criteria 

Section 9 of ACI 374.1-05 (2005) requires each individual module of the test 

program to satisfy three main criteria:  
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1. Based on section 9.1.1, the test specimen should reach a lateral resistance equal to 

or greater than nE  before its drift ratio exceeds the value consistent with the 

allowable storey drift limitation of the International Building Code; nE  is the 

nominal lateral resistance of the test module determined based on specified 

properties of components of the test module, for instance, specified yield and 

compressive strength of the reinforcement and concrete, respectively. Based on 

Section R 7.4 of the report, the maximum drift ratio of 3.5% can be a conservative 

limit for specimens at which they should satisfy this criterion. 

2. The maximum lateral resistance maxE  recorded in the test shall not exceed nE  

with   being an over strength factor (Section 9.1.2 of the report). As previously 

mentioned, the over strength factor   is replaced by a parameter 25.1  based 

on CSA A23.3-04 (2004) and ACI 318-11 (2011). 

3. Section 9.1.3 of the report demands the third cycle of the drift angle found based 

on the International Building Code provisions with the minimum limit of 3.5% to 

meet three criteria: 

a) The peak force for a certain loading direction should be equal to or higher than 

maxE . 

b) The relative dissipation energy ratio should not be less than 1/8 (12.5%). 

c) The secant stiffness from a drift ratio of 3.5% to +3.5% should not be less 

than the stiffness for the initial drift ratio. 

The relative energy dissipation ratio is the ratio of actual to ideal energy dissipated by 

the test specimen during a complete cycle, and is equal to the ratio of the area of the 
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circumscribing parallelograms defined by the initial stiffness ( K  and K  ) during the first 

cycle and the peak load  reached during the cycle for which the relative energy dissipation 

ratio is calculated. Accordingly, the relative energy dissipation ratio (REDR) is calculated as: 

AGFDABCD

hl

AA

A
REDR


                                                 (2.11) 

with hlA  being the area circumscribed by hysteresis loop and ABCDA  and AGFDA  being the 

area of the parallelograms ABCD and AGFD, respectively. Figure 2.2 illustrates the 

definition of the parallelograms based on the peak load and initial stiffness. 

 

Figure 2.2:  Parallelograms shaped by load peaks and initial stiffness (K and K') 

2.3 Research on the Effects of Different Beam-Column Joints Design 
Parameters 

By testing six exterior beam-column joints under cyclic loading, Ehsani and 

Wight (1985) conducted one of the earliest experimental research work in this area. They 
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studied different parameters such as beam to column capacity ratio, joint shear stress limit 

and the transverse reinforcement. They concluded that although the ACI code provisions, 

like the ratio limit of 1.4 between the column and beam flexural capacity, ensures 

formation of the plastic hinge in the beam, and the ACI limit of 12 cf   for the joint shear 

stress results in much less joint damage, they might be overestimating the required 

amount of hoops, especially when the ratio between the column and the beam flexural 

capacity is less than 1.4 and the joint shear stress is less than 12 cf  . They also 

highlighted the difficulty in construction of the specimens detailed based on the code 

provisions due to high steel congestion. 

Tsonos et al. (1992) conducted experimental investigation on the effects of 

bending column intermediate bars diagonally in the in-plane joint area instead of using 

conventionally straight bars. In comparison with specimens designed according to the 

code, the new specimens showed superior behavior in terms of ductility, strength and 

elimination of the shear explosive failure. 

Murty et al. (2003) experimentally examined the behavior of exterior beam-

column joints reinforced with hair pin type reinforcement under cyclic loading. They 

studied the behavior of four different anchorage details for beam bars with three types of 

joint reinforcement: 1) plain concrete core (no joint reinforcement), 2) conventional ACI 

closed hoops with the same area as that of the hair pins and 3) hair pin type reinforcement 

embedded in the beam for a length enough to develop the pin yield strength at the column 

face. While all joint  specimens failed by crushing of the concrete at high levels of shear 

stress, the combination of the beam bars anchorage according to the ACI code 
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recommendations and the pin hair joint reinforcement proved to exhibit the most ductile 

behavior among all combinations. 

Some experimental research was conducted on the effects of the loading rate on 

the behavior of the beam-column joints. Chung and Shah (1989) experimentally studied 

the effect of loading rate change on the bond strength of the beam longitudinal bars, and 

on the stiffness degradation, energy dissipation and mode of failure of the joints. The 

loading history consisted of four stages of displacement ductility factors of 1.5, 2, 3 and 

4.5, with each stage including four identical cycles. This loading history was applied to 

two small scale exterior beam-column joints designed based on the ACI-ASCE 

committee 352 recommendations with two different loading rates of 0.0025 Hz and 1 Hz. 

Application of the higher loading rate on the specimen resulted in slightly higher peak 

load, wider and more concentrated cracks and higher amount of damage after the peak, 

which can be related to higher concrete tensile and bond strengths at high loading rates. 

Dhakal and Pan (2003) tested interior beam-column joints under loading rates up to 20 

Hz. The joints were designed as shear deficient, and the results showed that the shear 

strength was 40% higher than the maximum limit implied by the code. 

2.3.1 Fiber-Reinforced Polymers 

Fiber reinforced polymers (FRPs) are composite materials made of two 

components: high strength fibers and polymer matrix. The stiffness and the strength of 

the composite is mostly provided by the fibers, hence, the load carrying capacity of the 

composite is dependent on them. Polymer matrix embeds the fibers, and for the fibers to 

resist the acting loads, the matrix provides the bond between them, and protects them to 
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transfer the stress from one fiber to another through shear stresses (ACI 440R-07). Three 

main types of fibers are used for structural applications: glass fibers, carbon fibers, and 

aramid fibers. The form of FRP materials can vary based on their structural application. 

For strengthening of structures, the FRPs can be manufactured as sheets, plates and 

jackets. For new construction, the FRPs are produced as bars, rods, and tendons for 

internal reinforcement of concrete. The FRP materials can also be fabricated as 

independent structural elements, such as bridge deck panels, pedestrian bridges, utility 

poles, or girders. (Ametrano, 2011) 

As corrosion of steel reinforcement (especially in harsh environments) causes 

deterioration of reinforced structures, use of FRP materials as reinforcement has become 

a viable economical alternative. Replacing steel with FRP reinforcement has advantages 

such as higher strength-to-weight ratio, favorable fatigue performance, neutrality to 

electrical and magnetic disturbances, and higher tensile strength than steel. Nonetheless, 

they have a linear-elastic behavior until failure. Consequently, concerns exist among 

researchers on the credibility of using FRP reinforcement in regions with high seismic 

risk where ductile behavior is required. (Hasaballa et al., 2011) 

Hasaballa et al. (2011) examined the performance of exterior beam-column joints 

reinforced with glass fiber-reinforced polymer (GFRP) bars under earthquake loads. Their 

research program included testing four beam-column joint specimens under two phases of 

loading. Phase I consisted of two load cycles applied in a load-controlled mode based on 

the determined cracking and service loads of specimens. In phase II, cyclic loading was 

applied on the specimens in a displacement-controlled mode following ACI 374.1-05 

recommendations. The test parameters were the type of longitudinal and transverse 
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reinforcement as well as the detailing of the beam longitudinal reinforcement. One 

specimen was detailed according to CSA A23.3-04 using steel bars and stirrups. Another 

specimen was detailed using a combination of GFRP bars and steel stirrups. The two 

remaining specimens were reinforced with GFRP bars and stirrups with difference in the 

anchorage length of the beam bars in the joint. Generally, specimens with GFRP bars and 

stirrups exhibited acceptable behavior. Hasaballa et al. (2011) concluded that this type of 

reinforcement can be used in beam-column joints subjected to earthquake loads as they 

can meet the strength and deformability requirements of structures designed for areas 

with high seismic risk. 

Hasaballa and Salakawy (2012) investigated the effects of the joint shear stress on 

the behavior of exterior beam-column joints reinforced with GRP bars and stirrups in case 

of earthquakes. They tested four full-scale exterior beam-column joint specimens. Two 

specimens were designated to study the effects of type of anchorage on the behavior of 

specimen using the bent or straight headed bars. The influence of shear stress was 

investigated by testing two different specimens designed in such a way that they achieve 

moderate  cf 8.0  and high  cf   shear stress levels in the joint. The results showed 

that using straight headed bars enabled the specimen to achieve its design flexural 

capacity, whereas the specimen with bent bar reinforcement was unable to do so due to 

high slippage of the beam bars. Hasaballa and Salakawy (2012) also reported that the 

specimen with higher joint shear stress could maintain its flexural capacities better, 

undergoing higher drift ratios although the high shear stress accelerated the joint failure. 
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2.4 Research on the Use of Headed Reinforcement for Shear 
Resistance, Anchorage, and Concrete Confinement 

Dilger and Ghali (1981) introduced the application of headed studs to resist 

punching shear in concrete flat plates. This form of reinforcement has many benefits over 

conventional stirrups. Superior anchorage properties, better confinement of the concrete 

especially near the surface of the structural members, and convenient concrete casting due 

to reduction of steel congestion are some of these advantages. Furthermore, full yielding 

of the stem can be achieved right behind the head without the need for hooks or 

development length as required in conventional reinforcement. When studs are used as 

shear reinforcement in flat plates CSA A23.3-04 allows higher limits for nominal shear 

strength, nV , longer spacing, s , and higher concrete contribution, cV . Ghali and Dilger 

(1998) outlined several potential applications of double-headed studs, some of which are: 

shear reinforcement in beams, cross ties in columns and circular walls, flexure and shear 

reinforcement in corbels, ties in deep beams etc. Following the success of this type of 

reinforcement in flat plates, several investigations were conducted into other applications 

of headed studs in reinforced concrete structures. 

Wallace et al. (1998) experimentally examined replacement of the beam 

longitudinal bars and their conventional 90º hooks with single-headed bars in corner and 

exterior beam-column joints. The test specimens were designed based on ACI R352-91 

requirements, and use of headed bars proved to be a viable option to decrease steel 

congestion. The overall behavior of the specimen under cyclic loading was acceptable, 

but push out of concrete cover was observed at 6% lateral drift. Later research by Chun et 

al. (2007) showed that increasing the concrete cover behind the head would be a practical 
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solution for concrete push out. The research conducted by Chun et al. (2007) on exterior 

inter-storey beam-column joints and roof-level joints with anchored headed beam and 

column bars resulted in same or better hysteretic behavior as conventionally detailed 

joints. The head size of the reinforcement varied between 3 and 4 times the bar diameter, 

and the loading routine was adopted according to ACI T1.1-01, an earlier version of ACI 

374.1-05 mentioned in Subsection 2.2.9. The decrease in embedment length of the beam 

bars in the joint in comparison with the ACI specifications led to results that could not 

meet ACI T1.1-01 acceptance criteria. 

Birkle et al. (2002) experimentally investigated the behavior of double-corbel 

specimens with double-headed studs as flexural reinforcement. Small studs were placed 

perpendicular to the plane of corbels for confinement of highly compressed areas. 

Double-headed studs provided adequate anchorage to the main tensile reinforcement. 

Their installation was convenient as well, resulting in less steel congestion. Although 

using double-headed studs in the out-of-plane direction did not significantly increase the 

corbel strength, it considerably developed the ductile behavior of specimens.  

Youakim (2002) and Youakim and Ghali (2002) examined replacement of 

conventional cross ties in columns with double-headed studs. Specimens tested under axial 

load combined with bending moments showed superior performance in terms of ductility 

and energy dissipation even though the ultimate strength was not much enhanced.  

Chutarat and Aboutaha (2003) examined the possibility of moving plastic hinge 

away from the beam section at the interface with the column using double-headed studs 

placed parallel to the beam bars at top and bottom. The double-headed studs spanned 

from the location of the beam bar bends in the joint to a distance equal to the column 
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cross-section depth from the column face. The results showed the success of this method 

in relocation of plastic hinge for specimens with low beam reinforcement ratios. Due to 

high shear stresses beyond the joint shear strength, the failure took place in the joint for 

specimens with high reinforcement ratios.  

Gayed and Ghali (2006) conducted an experimental program to develop a 

procedure for the punching shear design of post-tensioned slab-column connections 

subjected to gravity and earthquake induced loads. They tested seven full-scale 

specimens. The test parameter was the ratio of prestressed to non-prestressed 

reinforcement while the flexural strength was kept the same. The slabs were reinforced 

with stud shear reinforcement (SSR). The loading routine consisted of three stages: 

gravity loads, cyclic displacements, and reserve strengths. In the reserve strength stage, a 

shearing force in a load displacement control mode was applied to the specimens to 

examine the residual shear strength of the tested specimens after they underwent the 

earthquake resembling displacements in the second stage. The results showed that the 

SSR was successful in maintaining the required shear strength as the punching shear 

failure occurred outside the shear reinforced zone, and none of the studs yielded. Gayed 

and Ghali (2006) concluded that non-prestressed slabs have superior energy dissipating 

capacity in comparison to prestressed slabs. Nonetheless, prestressing developed the 

unbalanced moment strength of the connections, and improved the ability to transfer the 

gravity shear forces after initial failure caused by seismic loading.  

Herzinger and Elbadry (2007) introduced the use of double-headed studs as shear 

reinforcement in dapped ends of precast girders. The conventional details commonly 

include closely-spaced stirrups and longitudinal reinforcing bars. The anchorage to 
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concrete is normally achieved by hooks and bends and even welded connections to 

external plates, leading to a steel congested end girder with difficulties in casting and 

compaction of concrete. Herzinger and Elbadry (2007) suggested three main layouts of 

combinations of single and double-headed studs designed based on three different strut-

and-tie models (Figure 2.3). The results showed higher efficiency of the layout using 

inclined double-headed studs in comparison with two other layouts in terms of strength 

and control of crack widths at service loads. The combination of vertical, horizontal and 

inclined studs proved to have the highest ductility among other layouts.  

 

Figure 2.3:  Headed bars as shear reinforcement in dapped-end beams 
(Herzinger and Elbadry, 2007) 
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2.5 Research on the Use of Double-Headed Studs as Shear 
Reinforcement in Beam-Column Joints 

Ibrahim and Elbadry (2007 and 2008) and Ibrahim (2011) investigated both 

experimentally and numerically the use of double-headed studs as shear reinforcement in 

beam-column joints for seismic resistance. They designed and tested ten full-scale exterior 

beam-column joints specimens under cyclic loading. The test parameters included the type, 

arrangement and amount of shear reinforcement, the load history and rate of loading, and the 

amount of out-of-plane reinforcement for confinement. 

Two control specimens were tested. The first, designated as C-1, was designed as 

shear deficient specimen without any transverse shear reinforcement in the joint as shown 

in Figure 2.4a. In the second control specimen, C-2, the joint reinforcement was designed 

and detailed according to the CSA A23.3-04 specifications using closed hoops and cross 

ties (Figure 2.4b). In specimen SS-1, the conventional hoops of specimen C-2 were 

replaced by double-headed studs of equivalent reinforcing area in the in-plane direction 

(Figure 2.4c). Additional five double-headed studs of 3/8 in. diameter were used in the out-

of-plane direction, providing a volumetric reinforcement ratio (VRR) equal to 30% of what 

was provided by the closed hoop legs of specimen C-2. The VRR is defined as the ratio of 

the volume of reinforcement in the specific direction to the volume of concrete in the joint. 

The joint in-plane reinforcement in specimen SS-2 was designed according to a so-called 

“softened strut-and-tie” model shown in Figure 2.5 developed by Hwang and Lee (1999). 

This resulted in the use of four ½ in. diameter double headed studs placed horizontally in 

the in-plane direction (Figure 2.4d). The out-of-plane reinforcement was same as in 

specimen SS-1. The joint in-plane and out-of-plane reinforcement of specimen SS-3 was 
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similar to specimen SS-2, but two vertical ½ in. diameter studs were added to the joint to 

act as a tie in addition to two 15M intermediate bars in the column (Figure 2.4e). 

Ibrahim and Elbadry (2007) developed the strut-and-tie model presented in 

Figure 2.6, and applied it for design of specimens SS-4A and SS-4B. The joint of these 

two specimens were reinforced with four diagonal ¾ in. double-headed studs (Figure 2.4f). 

The out-of-plane VRR was equal to that of specimens SS-1, SS-2 and SS-3. Two different 

cyclic loading routines and rates of loading, see Figure 2.7, were used in testing these two 

specimens. Two specimens, SS-5 and SS-6, had similar in-plane reinforcement as 

specimens SS-1 and SS-2, respectively, but the out-of-plane reinforcement was increased 

by 80% (Figures 2.4g and h). Nine 3/8 in. diameter double-headed studs were used, 

providing VRR= 0.75%, very close to that of specimen C-2.  Ibrahim and Elbadry (2007 

and 2008) designed specimen SS-7 according to a strut-and-tie model combining both the 

softened strut-and-tie model of Hwang and Lee and the model with diagonal ties shown in 

Figures 2.5 and 2.6, respectively. The in-plane reinforcement specimen SS-7 included four 

horizontal ½ in. diameter studs, two on each column face, plus four diagonal ½ in. 

diameter studs placed in the middle plane of the joint as shown in Figure 2.4c. The out-of-

plane reinforcement was similar to specimens SS-5 and SS-6. 

Based on the test results, Ibrahim and Elbadry (2007 and 2008) reported that all the 

test specimens reinforced with shear studs in the joint exhibited considerable enhancement 

in their behavior under cyclic loading in comparison to the shear deficient joint. 

Performance of the specimens was also close to that of a joint reinforced with closed hoops 

and cross ties designed based on the code provisions. Specimens C-2, SS-1, SS-4B, SS-5, 

SS-6, and SS-7 developed a plastic hinge in the beam, thus, exhibited a desirable mode of 
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failure. Specimens C-1, SS-2, SS-4A, and SS-3 failed in the joint. More details of the 

results are provided in Chapter 5 of this thesis in which a comparison is made with the 

results of specimens tested by the present writer.  

                 
                (a) Specimen C-1                                   (b) Specimen C-2 

 
             (c) Specimen SS-1                                         (d) Specimen SS-2 

 

Figure 2.4:  Joint reinforcement details for specimens tested by Ibrahim (2011) 
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               (e) Specimen SS-3                              (f) Specimens SS-4A and SS-4B 

       
               (g) Specimen SS-5                                  (h) Specimens SS-6 

 
                                                   (i) Specimen SS-7 

Figure 2.4 (Cont’d):  Joint reinforcement details for specimens tested by Ibrahim (2011)  
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Figure 2.5: Softened strut-and-tie model by Hwang and Lee (1999 and 2002) 

 

Figure 2.6:  Strut-and-tie model with diagonal ties in the joint (Ibrahim and Elbadry, 2008) 

2.6 Research on Anchorage of Deformed Steel Headed Bars 

Gayed and Ghali (2004) investigated the application of deformed double-headed 

studs as shear reinforcement in I-shaped concrete beams. They tested six concrete I-

beams with heights varying from 300 to 600 mm. Half length of the beams was reinforced 

with conventional single-leg hooked stirrups, and the other half was reinforced with 

M

M 
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double-headed studs made from heads welded to deformed bars with the same diameter 

as the single-leg hooked stirrups used in the other half of the beam. Each half was 

separately tested under single point loading, while the other half was reinforced with 

external prestressed threaded bars to fail the beam in tested shear span. The results 

showed that the order in which the shear spans were failed influenced the values of the 

ultimate shearing force, as the external prestressed rods could not prevent cracking, 

hence, weakening the non-tested half. Gayed and Ghali (2004) concluded that using 

double-headed studs as shear reinforcement in the beam can be a viable alternative to 

conventional ties with more convenient installation and higher level of control. 

Thompson et al. (2006) conducted two series of experimental investigations to 

model the anchorage behavior of headed reinforcement. In the first program, they tested 

sixty four compression-compression-tension (CCT) node specimens. The test parameters 

included confinement of the nodes (confined or unconfined), net head area-to-bar area 

ratio (from zero for non-headed to 10.4), the head shape (circular, square or rectangular) 

and the head orientation for rectangular shapes. The stress distribution in the bars 

throughout the tests showed that the force in the bar is initially transferred to concrete 

mostly by bond rather than head bearing. With the rise in the force, the bond component 

decreased, and further increases in the bar stress was transferred by head bearing. 

Consequently, the bigger the head size, the less the bond at failure. The test also showed 

that addition of a small head to the straight bar developed 44 percent of the capacity of 

the node. Moreover, inclusion of a small head doubled the peak bar stress at a 

corresponding head slip of 0.3 mm. Confinement of the nodes by means of stirrups 
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increased the anchorage length of the tie bar and enhanced the bond strength, ductility 

and crack control. 

 

(a) Loading routine applied to all specimens except SS-4B 

 
(b) Loading routine applied to specimen SS-4B 

Figure 2.7:  Cyclic loading routine used by Ibrahim (2011) 

In the second investigation, Thompson et al. (2006) tested twenty seven lap splice 

specimens under monotonic loading. The test parameters included the head size and 
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shape, the splice length, the bar spacing, the contact or non-contact lapping and the 

confinement details. Straight and headed bars with two different head sizes and either 

rectangular or circular head shapes were tested. Specimens with headed bars reached a 

maximum bar stress approximately 80% higher than the stress reached by non-headed 

bars. Thompson et al. (2006) pointed out that the bond component of the headed bars was 

less than that of the non-headed bars. The results also exhibited that, generally, the 

capacity increased with the increase in the splice length and head size, with the latter 

having a smaller effect. Finally, the contact lap splices proved to have slightly higher 

capacity than the non-contact splices, and the difference was less for headed 

reinforcement with bigger head size.  

2.7 Research on Applications of GFRP Headed Bars 

To study the anchorage properties of GFRP headed bars, Mohamed et al. (2012) 

conducted an experimental program testing 50 specimens under tension. Specimens 

consisted of FRP headed bars embedded in 200 mm concrete cubes. Test parameters 

included the bar size, concrete compressive strength, and conditioning of the specimens. 

Two concrete strengths: 36 MPa and 47 MPa were selected along with two different 

diameters of GFRP bars, i.e. 16 mm and 19 mm for FRP bars number 5 and 6, 

respectively. To study the effect of confinement on the mode of failure, the specimens 

were either confined with a spiral steel bar of diameter 3.2 mm or unconfined. Based on 

test results and observations, Mohamed et al. (2012) concluded that using FRP headed 

bars anchorage is beneficial as the FRP bars can develop their ultimate tensile strength, 

thus, they can replace the bent bars. The results showed that the higher the concrete 



 

34 

strength, the more effective the anchorage of the heads. Confining the head by steel bar 

spirals proved to change the mode of failure. Mohamed et al. (2012) also pointed out that 

when sufficient confinement is provided, shear stress develops between the bar ribs and 

the head before the bar fails in a pull-through mode before reaching the ultimate tensile 

strength. Therefore, the pull-out capacity of the FRP headed bars is governed by the split 

tensile strength of the concrete.  

Khalafalla and Sennah (2012) investigated the application of GFRP bars (headed or 

straight) in reinforcing precast bridge deck slab joints in prefabricated bridge bulb-tee 

pretensioned girders (Figure 2.8). Two specimens were tested to examine the application of 

headed bars embedded in the closure strips. The difference between the two specimens was 

the joint width (125 mm and 200mm) and the type of concrete filling the joint area 

(concrete grout and ultra high performance concret, UHPC); see Figure 2.9. The joint width 

was reduced in the specimen with UHPC due to better bond resistance in comparison with 

the normal concrete grout. The specimen with UHPC exhibited a load carrying capacity 

close to that of a control specimen reinforced with steel bars while the specimen with 

concrete grout filling reached a peak load 22% less than the control steel reinforced 

specimen. Breakage of the heads of the studs was the mode of failure. 



 

35 

 

Figure 2.8:  Prefabricated deck bulb tee girder joints (Khalafalla and Sennah, 2012) 

 

 

Figure 2.9:  Details of closure strips for specimens reinforced with headed GFRP bars 

(Khalafalla and Sennah, 2012) 

As a part of a large experimental investigation on the use of FRP bars as internal 

reinforcement in reinforced concrete structures, Johnson and Sheikh (2012) examined the 

behavior of the bent stirrups and headed GFRP bars in large scale beams. The beams were 

reinforced with longitudinal double-headed GFRP bars for flexural resistance and designed 

to fail by concrete crushing. The beams were reinforced in shear with either GFRP bent 

stirrups of 12mm diameter or double-headed studs of 16mm diameter. Three different 
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shear reinforcement ratios of 0.4%, 0.5% and 0.75% were used (Figure 2.10).The beams 

were tested under monotonic three-point flexure load applied in a displacement-controlled 

mode until failure (Figure 2.10a). The tests showed that beams with the different shear 

reinforcement types but same ratios performed similarly up to the peak load. After 

reaching the theoretical flexural crushing load, a significant additional deformability was 

observed for the specimens reinforced with bent GFRP stirrups. This was attributed to the 

better confinement provided to the concrete core by the closed stirrups. In the beams 

reinforced with double headed studs, the strains in the reinforcements satisfied the 

maximum strain requirements of the Canadian Highway Bridge Design Code, CHBDC, 

CSA S6-06 (2006). 

 

 

Figure 2.10:  Concrete beams reinforced with GFRP double-headed bars for flexure and 
shear or with GFRP stirrups for shear tested by Johnson and Sheikh (2012) 
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CHAPTER 3 

EXPERIMENTAL PROGRAM 

 

3.1 General 

This chapter provides details on the experimental program conducted to 

investigate the behavior under cyclic loading of concrete beam-column joints reinforced 

with double-headed studs. The program consisted of fabricating and testing nine full-

scale exterior beam-column joint specimens. The test parameters included: the material, 

type, and arrangement of the joint shear shear reinforcement, the amount of out-of-plain 

confinement and the concrete strength. 

The first specimen was reinforced with diagonal double-headed studs in the plane of 

the joint, and with horizontal double-headed studs in the out-of-plain direction. All the studs 

used in this specimen were made of steel plain bars (Figure 3.1). The next three specimens 

were reinforced with steel double headed-studs with deformed stems (Figure 3.2) placed 

either horizontally or diagonally in the plane of the joint. Similar arrangements were used in 

specimen five to eight, but with double-headed deformed GFRP bars (Figure 3.3). The in-

plane reinforcement in the joint of the ninth specimen consisted of a combination of diagonal 

and horizontal double-headed GFRP bars. Specimens two to nine were also reinforced with 

horizontal out-of-plane headed studs of the same type as the in-plane reinforcement. 

The following section gives the typical dimensions and reinforcement of the 

specimens. Section 3.3 describes detailing of the joint reinforcement of each specimen. 



 

38 

The subsequent sections present the material properties, test setup, loading routine and 

details of instrumentation and data acquisition system, respectively. 

 

Figure 3.1:  Steel double-headed studs with plain stems 

 

Figure 3.2:  Steel double-headed studs with deformed stems 

 

Figure 3.3:  Glass FRP double-headed studs 

3.2 Specimen Geometry and Typical Reinforcement 

Each specimen represented an exterior beam-column joint subassembly isolated at 

the points of contra-flexure of a multi-storey concrete frame subjected to lateral loads 
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(Figure 3.4). The concrete dimensions and the beam and column reinforcing details were 

the same in all specimens (Figure 3.5). 

 

Figure 3.4:  Location of points of contraflexure in a moment-resistant frame 
under lateral loads 

 

The column height was 3.0 m with a 2.75 m distance between the points of contra-

flexure. The beam was 1.8 m long from the column face with a 1.65 m distance to the 

point of contra-flexure. A cross-section of 300 mm width, b, and 400 mm height, h, was 

used for both the beam and the column of each sepecimen. Each side of the column was 

reinforced with 3-20M bars of a total area of 900 mm2 in addition to one intermediate 15M 

bar on each face. Each of the top and the bottom of the beam was reinforced with 4-20M 

bars of a total area of 1200 mm2. Based on the CSA A23.3-04 code provisions, size 10M 

stirrups, closed hoops and cross-ties were used as shear reinforcement in the beam and the 

column. The target compressive strength of concrete was 35 MPa. Grade 400 steel was 

used for reinforcing the beam and the column. 
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Figure 3.5:  Specimen dimensions and typical reinforcing details 

The moment capacity, brM , of the beam can be calculated according to the CSA 

A23.3-04 code from the following equation: 

)(
2

ddC
a

dCM scrb 





                                             (3.1) 
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where  

cC  = compressive force in the concrete; 

sC  = compressive force in the steel; 

d  = depth from the extreme compression fiber to the tension reinforcing bars; 

d   = depth from the extreme compression fiber to the compression reinforcing bars; 

a  = depth of the equivalent rectangular stress block. 

The value of a  can be obtained from equilibrium of forces: 

TCC sc                                                             (3.2) 

in which T  is the tension force in the reinforcing bars. Substituting the values of cC , 

sC and T , Equation (3.2) can be written as: 

sysssscc AfAfabf  1                                                (3.3) 

where 1  is the ratio of stress in the equivalent rectangular compressive stress block to 

the specified concrete strength, cf  0015.085.01 ; 

c  = concrete material resistance factor (= 1 for nominal strength); 

sC  = steel material resistance factor (= 1 for nominal strength); 

cf   = concrete compressive strength; 

yf  = yield strength of the steel reinforcing bars; 

sA  = area of compression steel; 

sA  = area of tension steel; 

b  = width of beam cross-section 
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sf   = stress in the compression steel sEs                                                             (3.4)

where s   is the strain in compression steel, and sE is the modulus of elasticity of steel. 

Considering a linear distribution for strain, s   can be related to the strain in concrete at 

the extreme compression fiber, cu , as: 







 


c

dc
cus                                                       (3.5) 

The depth of the compression block, a , is related to the depth, c , of the neutral axis of 

the beam cross-section, as: 

ca 1                                                            (3.6) 

where 1  ratio of depth of the equivalent rectangular compressive stress block to the 

specified concrete strength, cf  0025.097.01 . 

Substituting Equations (3.4) to (3.6) in (3.3) results in: 

    01
2

1  dAEaAfAEabf sscusysscuc                      (3.7) 

Considering 30 mm cover to the stirrups, 50d  mm and 350d  mm, With 

0035.0cu , 4.48a  mm. For 35cf  MPa, 7975.01   and 8825.01  . With 

400yf  MPa, 1200 ss AA  mm2, and 300b  mm, Equation (3.1) gives the beam 

moment capacity, 153rbM  kN·m. Applying an over strength factor, 25.1 , to the 

yield strength of the beam longitudinal reinforcing bars gives 159strengthoverM  kN·m. 

The nominal strength of the column can be calculated using the same equations. 

Equation (3.2) can be rewritten as: 

21 TTCC sc                                                     (3.8) 
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where 1T and 2T  are the forces in the intermediate and the tension reinforcing bars, 

respectively. Using the same approach previously mentioned, the value of a  is equal to 

71.6 mm. The nominal moment capacity of the column can be calculated as: 

   112
ddTddC

a
dCM scrc 






                                 (3.9) 

with 1d  being the distance from the extreme compression fiber to the intermediate 

reinforcing bars of the column. This gives the nominal flexural strength of the column, 

3.184rcM  kN·m. Using an over strength factor 25.1  gives 4.230strengthoverM  kN·m. 

3.3 Specimen Designation, Description, and Design 

This section elaborates on the joint reinforcement details of the nine test specimens. 

Design of each joint shear reinforcement layout was by Ibrahim and Elbadry (2008) based 

on strut and tie models (STM). The overall dimensions and beam and column 

reinforcement details was the same for all specimens as shown in Figure 3.5. Each 

specimen is designated based on the number and arrangement of the double-headed stud 

reinforcement in the in-plane direction of the joint. The number in the specimen designation 

indicates the total number of in-plane double-headed studs. The letter following that 

number indicates the orientation of the studs: H and D refer to horizontal and diagonal 

arrangement, respectively. The last letter in the designation indicates the material type of 

the stud or the form of the stud stem surface: P refers to plain steel stem, D refers to 

deformed steel stem and G refers to glass fiber reinforced polymer (GFRP) double-headed 

bars. For example, specimen 4H4DG has four horizontal and four diagonal GFRP double-

headed bars, whereas specimen 4DD has four diagonal deformed steel double-headed studs. 
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3.3.1 Specimen 4DP 

Ibrahim and Elbadry (2008) tested a beam-column specimen, designated as SS-4, in 

which the joint was reinforced with four 3/4 inch diagonal double-headed studs in the in-

plane direction, and five 3/8 inch horizontal double-headed studs in the out-of-plane (Figure 

2.4f). All the studs had plain stems. Ibrahim and Elbadry (2008) designed the joint in-plane 

shear reinforcement based on a strut-and-tie model they developed (Figure 2.5). 

The joint of specimen 4DP tested in the present experimental program was reinforced 

similar to specimen SS-4 of Ibrahim and Elbadry (2008) with four 3/4 inch diagonal double-

headed studs in the in-plane direction. The amount of out-of-plane reinforcement however 

was increased from five to nine 3/8 inch horizontal double-headed studs (Figures 3.6 and 3.7) 

in order to investigate the effect of out-of-plane confinement on the overall behavior of the 

specimen. This reinforcing layout provided a volumetric reinforcement ratio, VRR=1.022 

percent in the in-plane direction (same as specimen SS-4 of Ibrahim and Elbadry, 2008) and 

VRR=0.320 percent in the out-of-plane direction (80 percent higher than in specimen SS-4). 

3.3.2 Specimen 8HD 

Specimens 8HD represents a joint in which the conventional hoops in specimen C-2 

(Figure 2.4a) designed based on CSA A23.3-04 specifications (Ibrahim and Elbadry, 2008), 

are replaced by deformed steel double-headed studs of the same matching reinforcement area 

(Figure 3.8 and 3.9). The values of the in-plane and out-of-plane VRRs are 0.75% and 

0.178%, respectively. 
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3.3.3 Specimen 4HD 

This specimen is similar to specimen SS-2 (Figure 2.4d) tested by Ibrahim and 

Elbadry (2008) in terms of amount and arrangement of the in-plane and out-of-plane joint 

reinforcement (4 in-plane and 5 out-of-plane double headed studs) except that the steel 

double-headed studs have deformed stem (Figures 3.10 and 3.11). The in-plane joint 

reinforcement in both specimens SS-2 and HD4 are designed based on the softened strut-

and-tie model (Figure 2.5) of Hwang and Lee (1999 and 2002). The values of the in-plane 

and out-of-plane VRRs are 0.375% and 0.178%, respectively. 

3.3.4 Specimen 4DD 

The arrangement of the in-plane joint reinforcement of specimen 4DD is the same 

as specimen 4DP, but the out-of-plane reinforcement is similar to specimens 8HD and 

4HD. In other words, the specimen’s joint is reinforced with four ¾ inch. diagonal 

deformed steel double-headed studs in the plane of the joint (VRR=1.022), and with five 

3/8 inch. deformed steel double-headed studs in the out-of-plane direction of the joint 

(VRR=0.178%). The joint reinforcement detail is demonstrated in Figures 3.12 and 3.13. 

3.3.5 Specimen 8HG and 8HG2 

Specimens 8HG and 8HG2 represent a joint in which the conventional hoops in the 

control specimen C-2 (Figure 2.4b) designed based on CSA 23.3-04 specifications (Ibrahim 

and Elbadry, 2008), are replaced by GFRP double-headed bars of a matching reinforcement 

area. The joint of each of specimens 8HG and 8HG2 was reinforced with eight 12 mm 

diameter GFRP double-headed bars in the in-plane direction (VRR=0.75%) and five 12 

mm diameter GFRP double-headed bars in the out-of-plane direction (VRR=0.178%) 
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(Figures 3.14 and 3.15), with the same arrangement as the joint reinforcement of specimens 

SS-1 (Figure 2.4c) and 8HD (Figures 3.8 and 3.9). Specimens 8HG and 8HG2 differed only 

in the concrete strength at the day of testing. The average compressive strength at the day of 

testing was 26.6 MPa and 38.0 MPa for 8HG and 8HG2, respectively. 



 

47 

 

Figure 3.6:  Specimen 4DP joint reinforcing details 

 

 

Figure 3.7:  Specimen 4DP reinforcing cage in the joint zone 
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Figure 3.8:  Specimen 8HD joint reinforcing details 

 

Figure 3.9:  Specimen 8HD reinforcing cage in the joint zone 
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Figure 3.10:  Specimen 4HD joint reinforcing details 

 

Figure 3.11:  Specimen 4HD reinforcing cage in the joint zone 
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Figure 3.12:  Specimen 4DD joint reinforcing details 

 

Figure 3.13:  Specimen 4DD reinforcing cage in the joint zone 
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Figure 3.14:  Specimen 8HG and 8HG2 joint reinforcing detail 

 

Figure 3.15:  Specimen 8HG and 8HG2 reinforcing cage in the joint zone 
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3.3.6 Specimen 4HG 

The arrangement of the joint reinforcement in specimen 4HG is analogous to 

specimen 4HD in both the in-plane and the out-of-plane directions, with the difference in 

that the deformed steel studs are replaced by GFRP double-headed bars (Figure 3.16 and 

3.17). The values of the VRR are 0.375 % and 0.178% for the in-plane and the out-of-

plane direction, respectively. 

3.3.7 Specimen 4DG 

The arrangement of the in-plane and out-of-plane joint reinforcement of specimen 

4DG is the same as specimen 4DD, but the steel double-headed deformed studs are 

replaced by GFRP double-headed bars. The joint of specimen 4DG is reinforced with 

four 16 mm diameter diagonal GFRP double-headed bars in the plane of the joint 

(VRR=1.022%), and with five 12 mm diameter GFRP double-headed bars in the out-of-

plane direction of the joint (VRR=0.178%). The joint reinforcement detail is shown in 

Figures 3.18 and 3.19. 

3.3.8 Specimen 4H4DG 

The joint reinforcement arrangement in specimen 4H4DG is similar to specimen 

SS-7 tested by Ibrahim (2011). The two specimens were designed based on a strut-and-tie 

model that combines the softened strut-and-tie model (Figure 2.5) of Hwang and Lee and 

the SST model with diagonal ties (Figure 2.6). Four 12 mm diameter horizontal and four 

16 mm diameter diagonal GFRP double-headed bars were used in the in-plane direction 

of the joint. The joint detail is shown in Figures 3.20 and 3.21. 
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Figure 3.16:  Specimen 4HG joint reinforcing detail 

 

 

Figure 3.17:  Specimen 8HG and 8HG2 reinforcing cage in the joint zone 
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Figure 3.18:  Specimen 4DG joint reinforcing detail 
 

 

Figure 3.19:  Specimen 4DG reinforcing cage in the joint zone 
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Figure 3.20:  Specimen 4H4DG joint reinforcing detail 

 

Figure 3.21:  Specimen 4H4DG reinforcing cage in the joint zone 
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3.4 Material Properties 

This section provides details of the mechanical properties of the materials used in 

fabricating the specimens. 

3.4.1 Concrete 

The concrete used for casting of specimens was either made at the M.A Ward 

Structures Laboratory at University of Calgary or donated by Lafarge company. The 

target average compressive strength on the day of testing was 35 MPa. The average 

strengths obtained by testing control cylinders on the day of testing are given in Table 3.1 

for each joint specimen. Stress-strain curves of tested samples are shown in Figure 3.22. 

Table 3.1:  Concrete average compressive strength on the day of testing 

Specimen 4DP 8HD 4HD 4DD 8HG 8HG2 4HG 4DG 4H4DG

Average Concrete 
Strength (MPa) 36.6 36.5 37.6 37.7 26.6 38.0 37.3 38.0 37.7 

 

 

Figure 3.22:  Stress-strain curves for concrete samples on the day of testing 
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3.4.2 Reinforcement 

Tension tests were conducted on reinforcing bars and double-headed studs in 

order to determine the reinforcement characteristics. Two different batches of 20M, 15M 

and 10M bars were used, and a sample of three specimens was tested from each batch. 

Steel double-headed studs were tested either with the heads fixed through the machine 

grips (¾ and ½ inch) or directly through the stem (3/8 inch). The stress and strain curves 

for reinforcing bars used in the joint specimens are given in Figures 3.23 and 3.24. The 

results of tension tests on the plain and deformed steel studs are presented in Figures 3.25 

and 3.26. Table 3.2 gives the values of yield and ultimate strengths with the 

corresponding strains of all reinforcement. 

3.5 Specimen Fabrication 

The required longitudinal reinforcement for specimens was cut and bent in the 

structures lab at the University of Calgary. Closed hoops and cross ties were prepared 

manually at the machine shop. Before tying the cage, the longitudinal beam bars and one 

beam stirrup was strain gauged at certain locations (Figure 3.42). The closed hoops and 

cross ties in the column were initially tied to the column longitudinal bars using tying 

wires. The beam longitudinal bars were then inserted through the joint and tied to the 

column longitudinal bars. Subsequently, the beam stirrups were tied to the longitudinal 

reinforcement. Finally, the joint reinforcement was installed at the locations shown in 

Figures 3.6 to 3.21. The tied reinforcing cage is shown in Figures 3.27 and 3.28. 

The tied cage was lifted and placed in the formwork using the lab crane (Figure 3.29). 

The wooden formwork was made of ¾ in. plywood sheets attached to the base with steel 
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angles and screws. To accelerate fabrication of the specimens another formwork was added 

afterwards, and two specimens were cast at the same time. C-shaped wooden braces were 

employed to avoid formworks walls from bulging due to concrete pressure (Figure 3.30). 

The concrete batches required for casting of the specimens were either prepared in 

the materials laboratory or delivered in mixers by Lafarge® Company. Concrete 

compaction was handled using electric vibrators. Finally, the specimens were finished 

manually with float and trawl. To help the specimens maintain their moisture during the 

hardening phase, they were covered with plastic sheets for one day. Depending on the 

number of specimens cast at the same time, the number of concrete cylinders for strength 

monitoring varied from 18 to 32. 

.  

 

 

 

 



 

59 

 

Figure 3.23:  Stress-strain curves for reinforcing bars (Batch 2) 
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Figure 3.24: Stress-strain curves Batch 1 for 20M reinforcing bars (Batch 3 in graph 
corresponds to Batch 1 in this research) (Ibrahim, 2011) 
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Figure 3.25: Joint reinforcement stress-strain curves for plain steel studs 
and 10M bar Batch 1 (Ibrahim, 2011) 

 

 

Figure 3.26:  Stress-strain curves for steel double-headed studs with deformed stems 



 

61 

 

 

Table 3.2:  Mechanical properties of reinforcing elements 

Reinforcement type Cross-
sectional 
area 
(mm2) 

Yield 
/ proof 
Stress 
(MPa)

Strain at 
yield or 
proof 
stress 

Ultimate 
stress 
(MPa) 

Strain 
at 
ultimate 
stress 

Used in 
Specimens 

10M bars (Batch 1) 100 484 0.0034 760 0.0800 
4DP, 8HD, 8HG, 

4HG, 

10M bars (Batch 2) 100 460 0.0043 732 0.0800 
4HD, 4DD, 4DG, 
8HG2, 4H4DG 

15M bars (Batch 1) 200 491 0.0034 772 0.0800 
4DP, 8HD, 8HG, 

4HG, 

15M bars (Batch 2) 200 430 0.0038 580 0.130 
4HD, 4DD, 4DG, 
8HG2, 4H4DG 

20M bars (Batch 1) 300 466 0.0026 611 > 0.032 
4DP, 8HD, 8HG, 

4HG, 

20M bars (Batch 2) 300 432 0.0033 727 0.100 
4HD, 4DD, 4DG, 
8HG2, 4H4DG 

¾ in. plain studs 287 576 0.0037 648 0.017 4DP 

3/8 in. plain studs 71 414 0.0032 531 0.0190 4DP 

¾ in. deformed studs 287 542 0.0047 603 0.0046 4DD 

½ in. deformed studs 127 559 0.0048 640 0.0340 8HD, 4HD 

3/8 in. deformed 
studs 

71 574 0.0050 620 0.0130 
8HD, 4HD, 

4DD 

12 mm GFRP studs 113 N/A N/A > 1000 0.0260 
8HG, 8HG2, 
4HG, 4DG, 

4H4DG 

16 mm GFRP studs 201 N/A N/A > 1000 0.0260 4DG, 4H4DG 
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Figure 3.27:  Tied reinforcement cage 

       

                       (a)                                                                 (b) 
 

Figure 3.28:  Reinforcement detail: a) Column. b) Beam 
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Figure 3.29:  Reinforcing cage placed in wooden formwork 

 

Figure 3.30:  Wooden C-shaped braces attached to formwork wall 
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Figure 3.31:  Schematic view of test setup 

 

Figure 3.32:  Beam-column joint specimen ready for testing 
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3.6 Test Setup 

The test setup detail is illustrated in Figures 3.31 and 3.32. To apply the required 

axial load to the column, a hydraulic Enerpac Jack was used. The axial load was gradually 

increased until it reached 360 kN, producing a compressive stress equivalent to 10 percent 

of the column strength. A MTS actuator with 250 kN load and 10 in. stroke capacity was 

utilized for applying the vertical force F at the beam tip. The reactions caused by these 

forces were initially transferred to the steel frame via thick plates and high strength bolts, 

and then to the structures lab strong floor by 2 in. diameter rods and nuts. 

The column is laterally restrained at its ends as demonstrated in Figure 3.31.  Considering 

the vertical forces F and P acting on the beam tip and column, respectively, the column 

shear, V, can be obtained by force equilibrium equation: 

                                                        H

LF
V

)2/(
                                                          (3.10) 

where L is the beam length and H is column height. 

In the actual frame without the lateral restraints (Figure 3.33), the column 

displaces laterally a distance column . Considering the beam vertical displacement, beam , 

the inter-storey drift angle,  , can be defined as: 

2LH
beamcolumn                                                    (3.11) 
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Consequently, the actual shear, actualV , and maximum beam bending moment at the 

column face, M , can be calculated as: 







  P

F
VVactual 2

                                              (3.12) 

FM                  with  =1650mm             (3.13) 

 
                       (a)                                                          (b) 

Figure 3.33:  Inter-storey drift angle: (a) in the idealized structure, (b) in the test specimen 

3.7 Loading Routine 

As mentioned in Section 3.6, the axial load on the column was gradually applied 

until it reached 360 kN at the start of the test. This was followed by a quasi-static cyclic 

load applied at the beam tip based on a displacement-controlled regime. Details of the 

loading history are presented in Figure 3.34. The general test procedure included 22 series 

of displacement sets each containing 3 identical cycles. The displacement amplitudes 

increased by 5 mm increment in subsequent sets. The rate of loading was 0.25 mm/s till 
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the amplitudes reached 35 mm. The rate was increased to 1 mm/s in subsequent cycles. 

Generally the test was stopped when the specimen lost 75% of its strength. 

The quasi-static loading was preferred over dynamic loading due to its conservative 

effect on the overall strength. In other words, dynamic loading results in higher strain rates 

which increase the specimen’s strength and stiffness (Paulay and Priestley, 1992). The 

loading regime was intended to cause extensive inelastic displacements corresponding to 

those experienced by beam-column joints in destructive earthquakes. In comparison with 

the loading routines suggested by ACI T1.1-01 (2001), the loading routine in Figure 3.34 

caused more severe effects on the test specimens. 

 

Figure 3.34:  Loading routine 

3.8 Instrumentation 

Design of instrumentation system targeted recording the general behavior and the 

load resistance mechanism of the specimen and its components (i.e. beam, column and joint).  
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Values of the axial load, P, the vertical load, F, and the beam tip displacement, 

beam , were measured by load cells and displacement transducer installed on the shafts of the 

hydraulic jack and actuator. The beam tip displacement was measured with a spring 

potentiometer too. Recording values for F, P and beam  facilitated plotting of the hysteresis 

loops as well as calculation of the ductility factor, the energy dissipated in each cycle and the 

rate of stiffness degradation, all presented in Chapters 4 and 5. 

Analysis of contribution of the beam, column and joint to the overall deformation 

was done based on the data acquired from different transducers. Figure 3.35 shows the 

location of different transducers along with their names and the distance between their 

measuring fixed points. 

 

Figure 3.35:  Details and spacing of transducers 
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For calculation of the joint shear distortion, readings from transducers JSU and 

JSL mounted on the joint surface (Figures 3.35 and 3.36) were used. The joint shear 

deformation angle   is calculated by: 



2

21

SinD


                                                     (3.14) 

with 1 and 2  being the change in the lengths of JSU and JSL, D  being the undeformed 

diagonal length, and  being the angle of the diagonal with the horizontal, where tan 

 =
b

h
, with h and b being the vertical and horizontal distances between the end points of 

diagonal (Figure 3.37a). Equation (3.14) can be only used for the regions that are 

uncracked, or the regions that have vertical flexural cracks. As soon as a crack traverses 

one diagonal transducer, this equation is not applicable although it can still give an 

estimate of the average shear deformation. 
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Figure 3.36:  Position of transducers JSL, JSU, JBB and JBF on specimen 

 

After occurrence of diagonal cracks in the joint, the shear deformation angle,  , 

can be calculated more genuinely using the deformation angles  and  , the angles with 

the vertical and the horizontal planes, respectively (Figure 3.37b). 

                                                                (3.15) 

The difference between the values of readings of the horizontal transducers JAU 

and JAL gives the angle  , and the difference in values of readings of the vertical 

transducers JBB and JBF gives the angle  . 

 

JSL JSU 

JBB JBF 
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  (a)                                                                    (b) 

Figure 3.37:  Calculation of the joint shear deformation angle  : (a) from the diagonal 
displacements; (b) from the vertical and horizontal deformation angles 

 

Transducers BU1, BU2, BU3 (Figure 3.39) and BL1, BL2, BL3 were fixed on top 

and bottom surfaces of the beam, respectively, to measure the beam rotation over a 

probable plastic hinge zone of 600 mm length from the column face. The beam rotation at 

one location can be calculated from the difference in readings of the upper and lower 

transducers (e.g. BU1 and BL1) divided by the vertical  distance between the two 

transducers.Transducers CF and CB (Figure 3.38a and b) were installed on each side of 

the column to measure its rotation. It should be mentioned that with the spreading of the 

cracks and spalling of the concrete pieces, the transducers stopped measuring the 

displacements. 

Three spring potentiometers were hooked at 550 mm spacing from the column 

face to measure the beam vertical displacements, in such a way that the third spring 

potentiometer (SP3) was measuring the beam tip vertical displacement. 
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                                 (a)                                             (b) 

Figure 3.38:  Location of transducers: a) JAU, JAL and CB and b) CF 

 

 

Figure 3.39:  Transducers BU1, BU2 and BU3 on beam top surface 
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For more accurate measurement of two sets of displacements, laser transducers 

were used. Lasers 1B and 2B (Figure 3.40) were measuring the beam vertical 

displacements at the same distances from column face as the spring potentiometers SP1 

and SP3 targeting the top surface of the beam. Lasers 3CU and 4CL (Figure 3.41) 

measured the values of displacements analogous to transducers BU1 and BL1. 

 

 

Figure 3.40:  Vertical displacement measurement instruments: lasers and  
spring potentiometers 
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The strain values in the various reinforcement elements (i.e beam longitudinal 

bars, beam stirrup and in-plane and out-of-plane double-headed studs) were obtained 

using electrical resistance strain gauges. Figure 3.42 shows the detail of strain gauge 

locations relative to the joint. In the beam bars, strain gauges were installed close to the 

column face and at the point where the bent was finished. Two strain gauges were fixed at 

the two vertical legs of the closest stirrup to the column face. All of the in-plane and out-

of-plane double-headed studs were strain gauged at the mid-length of the stem. 

 

 

Figure 3.41:  Rotational displacement measurement laser instruments 

Laser 3CU 

Laser 4CL 



 

75 

  

Figure 3.42:  Locations of the strain gauges on reinforcement 

 

3.9 Data Acquisition 

The data captured through the instrumentation system mentioned in Section 3.8 was 

collected and recorded using the data acquisition configuration shown in Figure 3.43. All the 

load cells, displacement transducers, spring potentiometers, strain gauges and laser 

transducers were connected to a circuit of Datascan® channels connected to a computer. The 

Labtech® software (Figure 3.44) was employed to save and simultaneously plot the data 

during the test running time. The frequency of the readings was 1Hz (1 reading per second). 
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Figure 3.43:  Data acquisition configuration 
 

 

Figure 3.44:  Labtech® software for data recording 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 General 

This chapter presents the results recorded during the experiments, as well as 

general explanation of the observed behavior of the specimens. To investigate the 

behavior quantitatively, the hysteresis loops of the load versus displacement, the strain in 

the joint reinforcement versus the drift angle and the storey shear versus the joint shear 

deformation are plotted.  The hysteretic behavior and the crack propagation pattern in 

each specimen is separately discussed. Finally, the failure type of each specimen is 

presented and discussed. 

4.2 General Specimen Behavior  

4.2.1 Specimen 4DP 

Specimen 4DP was reinforced with four 3/4 in. diameter diagonal double-headed 

studs in in-plane direction and nine 3/8 in. diameter plain double-headed studs in out-of-

plane direction. Mentioned reinforcement supplied 1.022% in-plane VRR and 0.320% 

out-of-plane VRR. 

Figure 4.1 depicts the hysteresis loops of the beam-tip load versus the beam-tip 

imposed displacement for specimen 4DP. The crack propagation pattern is shown through 

Figures 4.2 to 4.6. The first crack emerged in beam at 5 mm displacement at the column 

interface, while the joint remained un-cracked until beam-tip displacement reached 
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15mm. The beam crack width at the column interface reached 0.5 mm at this 

displacement. Beam bottom reinforcement yielding commenced at 14 mm upward 

displacement and corresponding 60 kN load. The yielding of top reinforcement embarked 

on at 18 mm downward displacement (negative) and corresponding 91 kN (negative) 

load. With yielding of reinforcement, stiffness degradation, hence increase in the energy 

dissipation was observed (Figure 4.1). The maximum upward load of value 132 kN was 

reached at 80 mm displacement, which is 10% higher than the maximum load reached by 

specimen C-2 (Ibrahim, 2011) with standard design, and 13% higher than the peak load in 

specimen SS-4A (Ibrahim, 2011) with the same amount of in-plane reinforcement and 

56% less out-of-plane reinforcement. Specimen maintained this strength until 85mm 

displacement. While the cracks in the beam got stabled at this point, the diagonal joint 

cracks passing from the center of the joint through the top and bottom exterior corners of 

the joint started to widen rapidly (Figure 4.6), and the load-bearing capacity started to 

fail. Spalling of the joint concrete initiated at this displacement as well. The recorded 

downward maximum load was 128 kN (negative) at 75 mm (negative) displacement, 9% 

and 16 % higher than corresponding load carried by specimens C-2 and SS-4A, 

respectively. After the load bearing capacity dropped down by 30% at 105mm 

displacement, the test was stopped. The failed specimen is demonstrated in Figure 4.7. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.8. The hysteretic behavior of the strain, versus the drift angle, 

in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 4.9 and 

4.10. High values of strain were observed in both presented reinforcements, especially in 
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the stud in the out-of-plain direction, undergoing strains approximately 7 times the yield 

strain. The yield and the resulted reduction in the strain of diagonal reinforcement is 

obvious in Figure 4.9, as well as the increase in the hysteresis loops area. Further 

discussion on the joint reinforcement strain values and story shear versus the joint shear 

deformation angle is provided in Chapter 5. 

 

 

 

Figure 4.1: Load-displacement hysteresis loops for specimen 4DP 
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Figure 4.2: Crack pattern at 25 mm displacement in specimen 4DP 

 

 

Figure 4. 3: Joint cracking pattern at 50 mm displacement in specimen 4DP 
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Figure 4.4: Beam cracking pattern at 50 mm displacement in specimen 4DP 

 

 

Figure 4.5: Crack pattern at 75 mm displacement in specimen 4DP 
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Figure 4.6: Crack pattern at 100 mm displacement in specimen 4DP 

 

 

Figure 4.7:  Joint failure of specimen 4DP 
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Figure 4.8: Hysteresis loops of storey shear versus joint deformation angle for 

specimen 4DP 

 

 

Figure 4.9: Strain in the in-plane joint reinforcement of specimen 4DP 
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Figure 4.10: Strain in the out-of-plane joint reinforcement of specimen 4DP 

 

4.2.2 Specimen 8HD 

Specimen 8HD joint was reinforced with eight 1/2” diameter deformed steel studs 

in in-plane direction (VRR=0.75%) and five 3/8” diameter deformed-steel studs in out-of-

plane direction (VRR=0.178%). 

Hysteresis loops of the beam-tip load versus the beam-tip imposed displacement 

for specimen 8HD are plotted in Figure 4.11. The crack propagation pattern is shown 

through Figures 4.12 to 4.15. The first crack was observed in the beam at 5 mm 

displacement at the column interface. The joint remained uncracked until first diagonal 

shear crack in the joint appeared at 15 mm displacement. Beam bottom reinforcement 

yielding started at 18 mm upward displacement and 71 kN load. The yielding of top 

reinforcement happened at 17 mm downward displacement (negative) and corresponding 
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80 kN load (negative). Yielding of reinforcement led to stiffness degradation, and 

eventually increase in the energy dissipation (Figure 4.11). The maximum upward load of 

value 122 kN was reached at 75 mm displacement, which is close to the maximum load 

reached by specimens C-2 with standard design, and SS-1 with the same amount of plain 

double headed studs as in-plane reinforcement.  The recorded downward maximum load 

was 122 kN (negative) at 70 mm displacement (negative), 4% and 9% higher than 

corresponding load carried by specimens C-2 and SS-1, respectively. The cracking speed 

in both beam and joint was approximately the same until reaching the peak load, but the 

beam cracks got stabled, and the joint cracks widened rapidly afterwards. The detachment 

of the concrete chips started from 80mm beam-tip displacement. Test was terminated 

after the load-bearing capacity of the beam dropped by 73% at the third cycle of 75mm 

beam-tip displacement. The failed specimen is presented in Figure 4.16. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.17. The hysteretic behavior of the strain, versus the drift 

angle, in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 

4.18 and 4.19, respectively. As seen in Figure 4.18, the strain in the in-plane joint 

reinforcement reaches the yield point when the beam is undergoing negative beam-tip 

displacement (negative drift ratio), and it drops afterwards. The strain in the out-of-plane 

reinforcement (presented in Figure 4.19) also passes the yield point, but it keeps 

increasing with higher beam-tip displacements, and the failure of the strain gauge makes 

further judgment impossible. 
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Figure 4.11: Load-displacement hysteresis loops for specimen 8HD 

 

Figure 4.12: Crack pattern at 25 mm displacement in specimen 8HD 
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Figure 4.13: Crack pattern at 45 mm displacement in specimen 8HD 

 

 

Figure 4.14: Crack pattern at 65 mm displacement in specimen 8HD 
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Figure 4.15: Crack pattern at 85 mm displacement in specimen 8HD 

    
Figure 4.16: Joint failure of specimen 8HD 
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Figure 4.17: Hysteresis loops of storey shear versus joint deformation angle for  

specimen 8HD 

 

 
Figure 4.18: Strain in the in-plane joint reinforcement of specimen 8HD 
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Figure 4.19: Strain in the out-of-plane joint reinforcement of specimen 8HD 

 

4.2.3 Specimen 4HD 

The joint reinforcement of specimen 4HD consisted of four 1/2” diameter in-plane 

and five 3/8” diameter out-of-plane deformed-steel double-headed studs. The values of 

the VRR are 0.375 % and 0.178% for in-plane and out-of-plane directions, respectively. 

Hysteresis loops of the beam-tip load versus the beam-tip imposed displacement 

for specimen 4HD are plotted in Figure 4.20. The cracking procedure is presented 

through Figures 4.21 to 4.24. The first crack appeared in the beam at 5 mm displacement 

at the column interface. Diagonal crack in the joint was observed at 15 mm displacement 

for the first time in the joint. Beam bottom reinforcement yielding started at 18 mm 

upward displacement and 72 kN corresponding load. The yielding of top reinforcement 

happened at 15 mm downward displacement (negative) and 71 kN corresponding load 
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(negative). Yielding of reinforcement caused stiffness degradation; hence, the increase in 

the hysteresis loops area and dissipated energy (Figure 4.20). The maximum upward load 

of value 126 kN was reached at 65 mm displacement. The recorded downward maximum 

load was 126 kN (negative) at 65 mm beam-tip displacement (negative). Some small 

concrete chips started to detach from the beam at the column interface at this 

displacement in the joint (Figure 4.23). The abrupt widening of the diagonal cracks in the 

joint was observed at the third cycle of 70 mm beam-tip displacement, which led to the 

decrease in load-bearing capacity and final failure. In comparison with specimen SS-2 

(Ibrahim, 2011), with the same amount and arrangement of plain steel reinforcement in 

both in-plane and out-of-plane directions, specimen 4HD showed 4% higher maximum 

positive load, while the negative maximum load was 12% higher. The test was stopped 

after the load-bearing capacity of the beam dropped by 81% at the third cycle of 100 mm 

beam-tip displacement. The failed specimen is presented in Figure 4.25. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.26. The hysteretic behavior of the strain, versus the drift 

angle, in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 

4.27 and 4.28, respectively. Although the strain in none of the presented strain gauges 

reaches the yield strain, but the strain drops in both of them after reaching a certain point 

in drift ratio (Figures 4.27 and 4.28). 
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Figure 4.20: Load-displacement hysteresis loops for specimen 4HD 

 

 

Figure 4.21: Crack pattern at 20 mm displacement in specimen 4HD 
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Figure 4.22: Crack pattern at 50 mm displacement in specimen 4HD 

 

 

Figure 4.23: Crack pattern at 70 mm displacement in specimen 4HD 
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` 
Figure 4.24: Crack pattern at 90 mm displacement in specimen 4HD 

 

 
Figure 4.25: Joint failure of specimen 4HD 

 



 

95 

 
Figure 4.26: Hysteresis loops of storey shear versus joint deformation angle for  

specimen 4HD 

 

 

Figure 4.27: Strain in the in-plane joint reinforcement of specimen 4HD 
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Figure 4.28: Strain in the out-of-plane joint reinforcement of specimen 4HD 

 

4.2.4 Specimen 4DD 

The arrangement of the in-plane joint reinforcement of specimen 4DD consists of 

four 3/4” diagonal deformed double-headed steel studs in the plane of the joint 

(VRR=1.022%), and five 3/8” deformed double-headed steel studs in the out-of-plane 

direction of the joint (VRR=0.178%). 

Plotted hysteresis loops of the beam-tip load versus the beam-tip imposed 

displacement for specimen 4DD are presented in Figure 4.29. The cracking procedure is 

presented through Figures 4.30 to 4.35. The first crack appeared in the beam at 5 mm 

displacement at the column interface. Diagonal crack was observed at 20 mm 
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displacement for the first time in the joint. Beam bottom reinforcement yielding started at 

17 mm upward displacement and 73 kN corresponding load. The yielding of top 

reinforcement happened at 12 mm downward displacement (negative) and 65 kN load 

(negative). Looking at the hysteresis loops, it is evident that the yielding of reinforcement 

has resulted in the increase of the hysteresis loops area and energy dissipation, as well as 

stiffness degradation (Figure 4.29). The maximum upward load of value 133 kN was 

reached at 75 mm displacement.  The recorded downward maximum load was 125 kN 

(negative) happening at 70 mm displacement (negative). After reaching this point, the 

diagonal shear crack in the joint widened quickly, which led to the final failure of the 

specimen. In comparison with specimen 4DP, with the same amount and arrangement of 

plain steel reinforcement in the in-plane directions, but 80% higher out-of-plane 

reinforcement, specimen 4DD showed a very close behavior in terms of maximum load. 

Test was stopped after the load-bearing capacity of the beam dropped by 75% at the third 

cycle of 100 mm beam-tip displacement. The failed specimen is presented in Figure 4.36. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.37. The hysteretic behavior of the strain, versus the drift 

angle, in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 

4.38 and 4.39, respectively. The strain in the in-plane joint reinforcement presented in 

Figure 4.38 reaches the yield point when the beam is undergoing positive beam-tip 

displacement (positive drift ratio), and it drops afterwards. The increase in the area 

enclosed by hysteresis loops and decrease in the stiffness is completely evident. Although 

the strain in the out-of-plane reinforcement (presented in Figure 4.39) does not pass the 
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yield point, it drops after the drift ratio passes 4.8% drift angle, and the area enclosed by 

hysteresis loops increases similar to mentioned in-plane reinforcement. 

 

Figure 4.29: Load-displacement hysteresis loops for specimen 4DD 

 

 

Figure 4.30: Crack pattern at 15 mm displacement in specimen 4DD 



 

99 

 

Figure 4.31: Crack pattern in beam at 15 mm displacement in specimen 4DD 

 

 

Figure 4.32: Crack pattern in beam at 30 mm displacement in specimen 4DD 

 



 

100 

 

Figure 4.33: Crack pattern in beam at 50 mm displacement in specimen 4DD 

 

Figure 4.34: Crack pattern in beam at 70 mm displacement in specimen 4DD 
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Figure 4.35: Crack pattern in beam at 90 mm displacement in specimen 4DD 

 

 

Figure 4.36: Joint failure of specimen 4DD 
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Figure 4.37: Hysteresis loops of storey shear versus joint deformation angle for  
specimen 4DD 

 

 

Figure 4.38: Strain in the in-plane joint reinforcement of specimen 4DD 
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Figure 4.39: Strain in the out-of-plane joint reinforcement of specimen 4DD 

 

4.2.5 Specimen 8HG 

Specimen 8HG joint was reinforced with eight 16 mm diameter GFRP studs in in-

plane direction (VRR=0.75%) and five 12 mm diameter GFRP studs in out-of-plane 

direction (VRR=0.178%). 

Hysteresis loops of the beam-tip load versus the beam-tip imposed displacement 

for specimen 8HG are plotted in Figure 4.40. The crack propagation pattern is shown 

through Figures 4.41 to 4.44. The first crack was observed in the beam at 5 mm 

displacement at the column interface. Diagonal crack in the joint appeared at 15 mm 

displacement for the first time. Beam bottom reinforcement yielding started at 22 mm 

upward displacement and corresponding 85 kN load. The yielding of top reinforcement 

happened at 16 mm downward displacement (negative) and corresponding load of 73 kN 
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(negative). Yielding of reinforcement lead to stiffness degradation, and eventually 

increase in the energy dissipation. The speed of crack propagation in the joint surpassed 

in the beam after beam-tip displacement passed 35 mm. Two main diagonal cracks 

initiated from the center of the joint, and propagated through a wide angle causing a 

failed area approximately three times higher than the beam depth (Figures 4.44 and 4.45). 

The maximum upward load of value 110.21 kN was reached at 50 mm displacement, 

which is 10% less than the maximum load reached by specimen C-2 (Ibrahim, 2011) with 

standard design, and 9% less than the peak load in specimen SS-1 (Ibrahim, 2011) with 

the same amount of plain double headed studs as in-plane reinforcement. It should be 

considered that the concrete strength of specimen 8HG at the day of testing was 25% and 

27% less than specimens C-2 and SS-1, respectively. This relative weakness can be also 

attributed to low strength of casted concrete heads, as most of them broke during the test 

(Figure 4.46).   The recorded downward maximum load was 107 kN (negative) at 45 mm 

displacement (negative), 6% and 1.6% higher than corresponding load carried by 

specimens C-2 and SS-1, respectively. Test was stopped after the load-bearing capacity of 

the beam dropped by 33% at the third cycle of 75 mm beam-tip displacement. The failed 

specimen is demonstrated in Figure 4.45. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are plotted in Figure 4.47. The hysteretic behavior of the strain, versus the drift angle, 

in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 4.48  and 

4.49, respectively. The values of strains in the GFRP studs are much less than the 

ultimate strain of GFRP studs. The maximum strain in the presented reinforcement drops 
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after drift angle passes 2.2%. Detailed discussion on the joint reinforcement strain values 

and story shear versus the joint shear deformation angle is provided in Chapter 5. 

 

Figure 4.40: Load-displacement hysteresis loops of specimen 8HG 

 

 

Figure 4.41: Joint cracking pattern at 20 mm displacement in specimen 8HG 
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Figure 4.42: Beam crack pattern at 20 mm displacement in specimen 8HG 

 

Figure 4.43: Crack pattern at 40 mm displacement in specimen 8HG 
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Figure 4.44: Crack pattern at 60 mm displacement in specimen 8HG 

 

 

Figure 4.45: Joint failure of specimen 8HG 
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Figure 4.46: Broken heads of GFRP studs: a) In-plane reinforcement; b) Out-of-plane 

reinforcement 

 

 

Figure 4.47: Hysteresis loops of storey shear versus joint deformation angle  
specimen 8HG 

(a) (b) 
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Figure 4.48: Strain in the in-plane joint reinforcement of specimen 8HG 

 

 

Figure 4.49: Strain in the out-of-plane joint reinforcement of specimen 8HG 
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4.2.6 Specimen 8HG2 

The joint reinforcement arrangement and material of specimen 8HG2 was similar 

to specimen 8HG (VRR=0.75% and 0.178% in in-plane and out-of-plane directions, 

respectively), but specimen 8HG2 had 43% higher concrete strength at the day of testing 

compared to specimen 8HG. 

Plotted hysteresis loops of the beam-tip load versus the beam-tip imposed 

displacement for specimen 8HG2 are presented in Figure 4.50. The crack development 

pattern is demonstrated through Figures 4.51 to 4.55. The first flexural crack was 

observed in the beam at 5 mm displacement at the column interface. Diagonal crack in 

the joint appeared at 20 mm displacement for the first time. Beam bottom reinforcement 

yielding started at 18 mm upward displacement and 73 kN corresponding load. The 

yielding of top reinforcement happened at 14 mm downward displacement (negative) and 

corresponding 72 kN load. Yielding of reinforcement caused stiffness degradation, and 

the increase in the hysteresis loops area. After reaching 30 mm beam-tip displacement, 

the cracks in the beam got stabled and started to widen, and the crack propagation pace 

rapidly increased in the joint. The maximum upward load of value 118 kN was reached at 

70 mm displacement, and was closely maintained until 75 mm beam-tip displacement.  

The maximum recorded downward load was 114 kN (negative) at 70 mm displacement 

(negative). Comparing specimens 8HG and 8HG2, specimen 8HG2 showed 6% higher 

maximum load, while the peak happened at a 50% higher beam-tip displacement. 

Regarding the hysteretic behavior, the pinching was much less in specimen 8HG2, and 

the area enclosed by load-displacement hysteresis loops is obviously higher. Specimen 
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8HG2 showed better behavior in terms of ductility as well, which is more discussed in 

Chapter 5. Similar to specimen 8HG, the shear failure happened in the joint through the 

diagonal crack commenced from the center of the joint. The test was stopped after the 

load-bearing capacity of the beam dropped by 65% at the third cycle of 90 mm beam-tip 

displacement. The failed specimen is presented in Figure 4.56. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are plotted in Figure 4.57. The hysteretic behavior of the strain, versus the drift angle, 

in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 4.58 and  

4.59, respectively. The drop in maximum strain values is obvious in these figures after 

passing 4% of drift angle. Nevertheless, the values of strains in the GFRP studs are much 

less than the ultimate strains. Detailed discussion on the joint reinforcement strain values 

and story shear versus the joint shear deformation angle is provided in Chapter 5. 
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Figure 4.50: Load-displacement hysteresis loops of specimen 8HG2 

 

 

Figure 4.51: Crack pattern at 30 mm displacement in specimen 8HG2 
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Figure 4.52: Crack pattern at 45 mm displacement in specimen 8HG2 

 

 

 
Figure 4.53: Crack pattern at 70 mm displacement in specimen 8HG2 

 



 

114 

 

Figure 4.54: Crack pattern at 70 mm displacement in specimen 8HG2 

 

 

Figure 4.55: Crack pattern at 80 mm displacement in specimen 8HG2 
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Figure 4.56: Joint failure of specimen 8HG2 

 
 

Figure 4.57: Hysteresis loops of storey shear versus joint deformation angle for  
specimen 8HG2 
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Figure 4.58: Strain in the in-plane joint reinforcement of specimen 8HG2 

 

  

Figure 4.59: Strain in the out-of-plane joint reinforcement of specimen 8HG2 
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4.2.7 Specimen 4HG 

The joint reinforcement of specimen 4HG consisted of four 12 mm diameter in-

plane and five 12 mm diameter out-of-plane GFRP double headed studs. The values of 

the VRR are 0.375 % and 0.178% for in-plane and out-of-plane direction, respectively. 

Hysteresis loops of the beam-tip load versus the beam-tip imposed displacement 

for specimen 4HG are plotted in Figure 4.60. The cracking procedure is presented 

through Figures 4.61 to 4.64. The first flexural crack was observed in the beam at 5 mm 

displacement at the column interface. Initiation of shear diagonal cracking happened at 20 

mm displacement for the first time in the joint. Beam bottom reinforcement yielding 

started at 18 mm upward displacement and 72 kN corresponding load. The yielding of top 

reinforcement happened at 15 mm downward displacement (negative) and corresponding 

load of 70 kN (negative). Yielding of reinforcement caused stiffness degradation; hence, 

the increase in the hysteresis loops area and energy dissipation. After reaching 30mm 

displacement, the cracking in the joint happened faster than in the beam. Similar to 

specimens 8HG and 8HG2, the x-shaped diagonal shear crack started from the center of 

the joint, and through the exterior side of the column with a wide angle. The maximum 

upward load of value 114 kN was reached at 65 mm displacement. The recorded 

downward maximum load was 112 kN (negative) at 55 mm displacement. In comparison 

with specimen SS-2 ( Ibrahim, 2011), with the same amount and arrangement of plain 

steel reinforcement in both in-plane and out-of-plane directions, specimen SS2 showed 

5% higher maximum positive load, while the negative maximum load was just 1% higher. 
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Test was stopped after the load-bearing capacity of the beam dropped by 65% at the third 

cycle of 100 mm beam-tip displacement. The failed specimen is presented in Figure 4.64. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.65. The hysteretic behavior of the strain, versus the drift 

angle, in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 

4.66 and 4.67, respectively. The maximum values of strains in the in-plane reinforcement 

drop after passing 4% of drift angle, which can be related to the fracture of the heads of 

the studs. Detailed discussion on the joint reinforcement strain values and story shear 

versus the joint shear deformation angle is provided in Chapter 5. 

 

 

Figure 4.60: Load-displacement hysteresis loops for specimen 4HG 
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Figure 4.61: Crack pattern at 35 mm displacement in specimen 4HG 

 

 

Figure 4.62: Crack pattern at 50 mm displacement in specimen 4HG 
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Figure 4.63: Crack pattern at 80 mm displacement in specimen 4HG 

 

Figure 4.64: Joint failure of specimen 4HG 
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Figure 4.65: Hysteresis loops of storey shear versus joint deformation angle for  
specimen 4HG 

 

 

Figure 4.66: Strain in the in-plane joint reinforcement of specimen 4HG 
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Figure 4.67: Strain in the out-of-plane joint reinforcement of specimen 4HG 

 

4.2.8 Specimen 4DG 

The arrangement of the in-plane joint reinforcement of specimen 4DG is the same 

as specimen 4DP, but the out-of-plane reinforcement is similar to specimens 8HG and 

4HG. In other words, the specimen’s joint is reinforced with four 16 mm diagonal GFRP 

double-headed studs in the plane of the joint (VRR=1.022), and with five 12 mm GFRP 

double-headed studs in the out-of-plane direction of the joint (VRR=0.178%). 

Hysteresis loops of the beam-tip load versus the beam-tip imposed displacement 

for specimen 4DG are plotted in Figure 4.68. The cracking procedure is presented 

through Figures 4.69 to 4.72. The first flexural crack appeared in the beam at 5 mm 

displacement at the column interface. Diagonal crack was observed at 20 mm 
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displacement for the first time in the joint. The yielding of beam bottom reinforcement 

initiated at 21 mm upward displacement with 79 kN corresponding load (negative). The 

yielding of top reinforcement happened at 19 mm downward displacement (negative) and 

91 kN corresponding load (negative). Looking at the hysteresis loops, it is evident that the 

yielding of reinforcement has resulted in the increase of the hysteresis loops area and 

energy dissipation, as well as stiffness degradation (Figure 4.68). After 30 mm 

displacement, the beam cracks got stabled, and the shear diagonal cracks in the joint 

widened rapidly, in such a way that they reached 5 mm and 10 mm width at 55 mm and 

60 mm beam-tip displacement, respectively. The maximum upward load of value 111 kN 

was reached at 60 mm displacement.  The recorded downward maximum load was 115 

kN (negative) happening at 30 mm (negative) displacement. In comparison with 

specimen SS-4A (Ibrahim, 2011), with the same amount and arrangement of plain steel 

reinforcement in both in-plane and out-of-plane directions, specimen 4DG showed a very 

close behavior in terms of maximum load, although the maximum negative peak load was 

reached at 50% less displacement. The test was stopped after the load-bearing capacity of 

the beam dropped by 70% at the third cycle of 100 mm beam-tip displacement. The failed 

specimen is shown in Figure 4.72. Similar to specimens 8HG1, 8HG2, and 4HG, the 

failure happened at the joint by diagonal shear cracking, damaging a high length of 

column (Figure 4.73). 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.74. The hysteretic behavior of the strain, versus the drift 

angle, in the in-plane and out-of-plane joint reinforcements is demonstrated in  
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Figures 4.75 and 4.76, respectively. Detailed discussion on the joint reinforcement strain 

values and story shear versus the joint shear deformation angle is provided in Chapter 5. 

 

 

 

Figure 4.68: Load-displacement hysteresis loops for specimen 4DG 
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Figure 4.69: Crack pattern at 15 mm displacement in specimen 4DG 

 

 

Figure 4.70: Crack pattern at 35 mm displacement in specimen 4DG 
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Figure 4.71: Crack pattern at 55 mm displacement in specimen 4DG 

  

 

Figure 4.72: Crack pattern at 80 mm displacement in specimen 4DG 
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Figure 4.73: Joint failure of specimen 4DG 

 

 

Figure 4.74: Hysteresis loops of storey shear versus joint deformation angle for  
specimen 4DG 
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Figure 4.75: Strain in the in-plane joint reinforcement of specimen 4DG 

 

Figure 4.76: Strain in the out-of-plane joint reinforcement of specimen 4DG 
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4.2.9 Specimen 4H4DG 

The in-plane joint reinforcement of specimen 4H4DG consisted of 4 horizontal 

GFRP 12 mm diameter double-headed studs (two in each face), plus four diagonal 16 mm 

GFRP studs in the middle of the joint. The out-of-plane reinforcement consisted of five 

12 mm diameter GFRP studs, similar to every tested specimen reinforced with GFRP 

studs. 

Hysteresis loops of the beam-tip load versus the beam-tip imposed displacement 

for specimen 4H4DG are presented in Figure 4.77. The cracking procedure is presented 

through Figures 4.78 to 4.81. The first crack appeared in the beam at 5 mm displacement 

at the column interface. Shear diagonal crack in the joint was observed at 15 mm 

displacement for the first time in the joint. Beam bottom reinforcement yielding started at 

20 mm upward displacement and 79 kN corresponding load. The yielding of top 

reinforcement happened at 18 mm downward displacement (negative) and 84 kN 

corresponding load (negative). The yielding of reinforcement has obviously resulted in 

the increase of the hysteresis loops area and energy dissipation, as well as stiffness 

degradation (Figure 4.77). The maximum upward load of value 117 kN was reached at 65 

mm displacement. The recorded downward maximum load was 110 kN (negative) 

happening at 60 mm (negative) displacement. The crack propagation pace was closely the 

same for beam and joint until 65 mm beam-tip displacement, but after passing this point, 

diagonal shear cracks in the joint started to widen rapidly, and they caused the final 

failure in the joint. The height of damaged area was much less in comparison with 

previously mentioned GFRP specimens (i.e. 8HG1, 8HG2, 4HG and 4DG) (Figure 4.82).  
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Test was stopped after the load-bearing capacity of the beam dropped by 65% at 

the third cycle of 100 mm beam-tip displacement. The failed specimen is presented in 

Figure 4.82. 

The hysteresis loops of the storey shear versus the joint shear deformation angle, 

γ, are presented in Figure 4.84. The hysteretic behavior of the strain, versus the drift 

angle, in the in-plane and out-of-plane joint reinforcements is demonstrated in Figures 

4.85 and 4.86, respectively. Detailed discussion on the joint reinforcement strain values 

and story shear versus the joint shear deformation angle is provided in Chapter 5. 

 

 

Figure 4.77: Load-displacement hysteresis loops for specimen 4H4DG 
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Figure 4.78: Crack pattern at 15 mm displacement in specimen 4H4DG 

 

Figure 4.79: Crack pattern at 40 mm displacement in specimen 4H4DG 
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Figure 4.80: Crack pattern at 60 mm displacement in specimen 4H4DG 

 

Figure 4.81: Crack pattern at 80 mm displacement in specimen 4H4DG 
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Figure 4.82: Joint failure of specimen 4H4DG 

 

 

Figure 4.83: Broken heads of double-headed studs 
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Figure 4.84: Hysteresis loops of storey shear versus joint deformation angle for  
specimen 4H4DG 

 

 

Figure 4.85: Strain in the in-plane joint reinforcement of specimen 4H4DG 
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Figure 4.86: Strain in the out-of-plane joint reinforcement of specimen 4H4DG 
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4.2.10 Summary of the Specimen Behavior 

The general behavior of the tested specimens, including the displacement and 

corresponding load at which the first yielding in the top and bottom reinforcement 

happened, and the peak load and its corresponding displacement are summarized in Table 

4.1. 

 

Table 4.1: Summary of behavior of specimens 

Load 
(kN)

Disp. 
(mm)

Load 
(kN)

Disp. 
(mm)

Load 
(kN)

Disp. 
(mm)

Load 
(kN)

Disp. 
(mm)

4DP -91.10 -18.39 60.86 14.31 131.80 80.03 -128.37 -75.02
8HG -72.84 -16.43 84.57 22.10 110.21 50.04 -107.17 -45.03
8HG2 -72.05 -13.97 72.81 18.25 117.65 70.06 -113.58 -69.29
4HG -88.45 -19.26 88.06 24.54 113.96 65.05 -111.75 -55.03
4DG -91.25 -19.26 78.50 21.24 110.91 60.05 -114.64 -29.93

4H4DG -84.06 -17.93 78.93 19.94 116.62 64.98 -110.42 -59.67
8HD -80.15 -16.78 71.44 18.15 122.10 75.06 -122.01 -69.61
4HD -70.72 -15.45 71.55 18.43 126.42 65.05 -125.83 -64.64
4DD -64.43 -11.85 72.82 16.65 133.12 75.05 -125.63 -69.86

Peak Load and Displacement
Upward Downward

First Yield
Top Bars Bottom Bars

Specimen
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CHAPTER 5  

ANALYSIS AND DISCUSSION OF THE RESULTS 

5.1 General 

This chapter elaborates on the analysis and discussion of the behavior of tested 

specimens. The hysteretic behavior of specimens is studied through four categories: 

beam-tip load versus beam-tip displacement envelopes, lateral moment-drift ratio 

envelopes, beam-tip load versus ductility factor envelopes and storey shear versus drift 

angle envelopes. Following sections discuss stiffness degradation, strains in the joint 

reinforcement in in-plane and out-of-plane directions, contribution of specimen elements 

to the drift angle and energy dissipation, respectively. 

In order to better study the effect of different factors on behavior of specimens, 

they are separated to seven groups: 

 Material:  

1) Group MG: specimens with GFRP double-headed studs as in-plane and out-of-plane 

direction reinforcement (i.e. specimens 8HG2, 4HG, 4DG and 4H4DG); 

2) Group MD: specimens with deformed-steel double-headed studs as in-plane and out-

of-plane direction reinforcement. (i.e. specimens 8HD, 4HD and 4DD) 

 Arrangement: 

3) Group A8H: specimens with eight horizontal double-headed studs as in-plane  

reinforcement (i.e. specimens 8HG2, 8HD and SS1 (Ibrahim, 2011) 
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4) Group A4H: specimens with four horizontal double-headed studs as in-plane  

reinforcement (i.e. specimens 4HG, 4HD and SS2 (Ibrahim, 2011) 

5) Group A4D: specimens with four diagonal double-headed studs as in-plane  

reinforcement (i.e. specimens 4DG, 4DD and SS4A (Ibrahim, 2011) 

 Strength: 

6) Group S: specimens with eight horizontal GFRP double-headed studs as in-plane 

reinforcement, but with different concrete strengths at the day of testing. (i.e. specimens 

8HG and 8HG2) 

 Out-of-plane confinement: 

7) Group OP: specimens with same amount of in-plane reinforcement (four 3/4” 

diameter plain steel double-headed studs), but different reinforcement in out-of-plane 

direction. (i.e. specimen 4DP with nine 3/8” diameter out-of-plane double-headed studs 

and specimen SS-4A (Ibrahim, 2011) with five 3/8” diameter out-of-plane  double-

headed studs. 

Specimens C-1 and C-2 (Ibrahim, 2011), which are the shear deficient specimen 

and specimen designed based on standards, respectively, are included in all groups. 
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5.2 Hysteretic Envelopes 

This section focuses on hysteretic behavior of tested specimens by presentation 

and analysis of hysteretic envelopes. Each envelope consists of the values of the targeted 

variables at the peak point of the first cycle of three matching cycles with same 

amplitude. Envelopes of the hysteresis loops of the beam-tip load versus the beam-tip 

displacement, the beam-tip load versus the ductility factor, and the storey shear versus the 

drift angle are presented in seven different groups mentioned in Section  5.1. 

5.2.1 Load-Displacement Envelopes 

The beam-tip load versus beam-tip displacement envelopes of the hysteresis loops 

of the seven comparison groups are presented in Figures 5.1 to 5.7. 

 

Figure 5.1: Load-displacement envelopes for Group MG  



 

140 

 

Figure 5.2: Load-displacement envelopes for Group MD   

 

Figure 5.3: Load-displacement envelopes for Group A8H   
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Figure 5.4: Load-displacement envelopes for Group A4H   

 

Figure 5.5: Load-displacement envelopes for Group A4D   
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Figure 5.6: Load-displacement envelopes for Group S   

 

Figure 5.7: Load-displacement envelopes for Group OP   
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5.2.2 Lateral Moment-Drift Ratio Envelopes 

To check whether the specimens meet the ACI 374.1-05 acceptance criteria for 

moment frames, lateral moment acting on the specimen versus drift ratio envelopes are 

plotted in Figures 5.8  to 5.14. Nominal strength of column was calculated in Section 3.2. 

Based on ACI 374.1-05, the test specimens should have reached a lateral resistance equal 

or greater than nominal moment strength (En) before their drift ratio passes the value 

consistent with the allowable storey drift limitation of the International Building Code. 

ACI 374.1-05 also suggests the value of 3.5% drift ratio to be a conservative limit to be 

satisfied by the specimens (Section 2.2.9.2). In addition, the maximum lateral resistance 

Emax recorded in the test should have not exceeded λEn with λ as overstrength factor 

(Section 9.1.2 of ACI 374.1-05). As previously mentioned, overstrength factor λ can be 

replaced by parameter α ≥1.25 based on CSA A23.3-04 (2004) and ACI 318-11 (2011). 

The values of En and 1.25Emax are configured in each graph as the minimum and 

maximum limit for the moment. 
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Figure 5.8: Lateral moment-drift angle envelopes for Group MG   

 

Figure 5.9: Lateral moment-drift angle envelopes for Group MD   



 

145 

 

Figure 5.10: Lateral moment-drift angle envelopes for Group A8H   

 

Figure 5.11: Lateral moment-drift angle envelopes for Group A4H   
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Figure 5.12: Lateral moment-drift angle envelopes for A4D   

 

Figure 5.13: Lateral moment-drift angle envelopes for Group S   
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Figure 5.14: Lateral moment-drift angle envelopes for Group OP   

 

As figures show, all of tested specimens satisfy the minimum strength criteria at 

3.5% drift angle, except specimen 8HG, with less strength at this drift ratio. Comparing 

the maximum strength reached by specimens, specimens 4DD and 4DP reached a 

maximum strength slightly higher than maximum modified strength. 

5.2.3 Load-Ductility Factor Envelopes 

In order to study the ductile behavior of the specimens, ductility factor must be 

first defined. The basic definition of the ductility factor is the ratio of the current 

displacement to the displacement of which the first yield of the beam bars happened. For 

comparison reasons, this displacement ratio must be normalized for every specimen. 

Gayed and Ghali (2006) suggest the displacement at which the specimen reaches 67% 
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(2/3) of its maximum strength as yield displacement. For this research, the actual yield 

displacement was obtained by monitoring the values of the strains in the beam 

longitudinal reinforcement and comparing it to the yield strains attained by tension tests 

carried for each 20M batch (Table 3.2). The actual yield displacements for all specimens 

are presented in Table 5.2. After finding the actual yield displacement values, Dya+ and 

Dya-, for positive and negative yield displacements, respectively, the corresponding load 

on the envelope graph, Sy+ and Sy-, were calculated using the idealized bilinear curve. The 

details of the method are graphically presented in Figure 5.15. Consequently, the ratio of 

Sy/Sm was calculated for all of the specimens (Table 5.2). The same approach was 

repeated for specimens C1, C2, SS-1, SS-4A and SS-7 (Ibrahim, 2011) (Table 5.3). After 

calculating the average of Sy/Sm for both groups of specimens, 67% ratio seemed to be a 

reasonable scale for normalizing the curves. The graphical presentation of idealized yield 

displacement calculation is presented in Figure 5.16.  The corresponding idealized yield 

displacements for tested specimens are presented in Table 5.5.                               

To study the ductility of each specimen, the peak load ductility factor and 0.8 

peak load ductility factors are calculated. These measures show the ductility of the 

specimen at the peak load and where the specimen has still maintained 80% of its 

maximum strength after reaching peak load (Figure 5.17). The values of the peak load 

and 0.8 peak load ductility factors are given in Tables 5.4 and 5.5 for both actual and 

idealized yield displacements, respectively. 
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Figure 5.15: Calculation of corresponding yield load to actual yield displacement 

 

 

Table 5.1: Actual yield displacements and corresponding yielding loads 

Specimen 
Positive Displacement Negative Displacement 

Dya+ 

(mm) 
Sy+ 

(kN) 
Sm+ 

(kN)
Sy+/Sm+ 

(%) 
Dya-

(mm) 
Sy-

(kN) 
Sm- 

(kN) 
Sy-/Sm- 

(%) 
4DP 15 N/A 132 N/A -24 -70 -128 54 
8HG 22 50 110 46 -25 -86 -107 80 

8HG2 29 71 118 60 -25 -86 -114 76 
4HG 34 104 114 91 -28 -103 -112 92 
4DG 33 106 111 95 -24 -60 -115 52 

4H4DG 31 93 117 80 -17 -33 -110 30 
8HD 30 61 122 50 -27 -98 -122 81 
4HD 31 58 126 46 -23 -36 -126 28 
4DD 27 58 133 44 -22 -59 -126 47 

Average 64 Average 61 
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Table 5.2: Actual yield displacements and corresponding yielding loads for  
Ibrahim (2011) specimens 

Specimen 
Positive Displacement Negative Displacement 

Dya+ 

(mm) 
Sy+ 

(kN) 
Sm+ 

(kN) 
Sy+/Sm+ 

(%) 
Dya-

(mm) 
Sy-

(kN) 
Sm- 

(kN) 
Sy-/Sm- 

(%) 
SS1 27 56 122 46 24 -97 -80 87 
SS2 28 64 121 53 24 -96 -70 85 

SS4A 28 75 116 65 23 -92 -65 84 
SS7 24 46 118 39 23 -78 -75 69 
C1 31 97 109 89 26 -92 50 87 
C2 25 105 124 85 30 -83 -85 71 

Average 63 Average 80 
 

 

Figure 5.16: Calculation of idealized yield displacement 
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Figure 5.17: 0.8 Peak load displacement definition 

 

Table 5.3: Peak load and 0.8 peak load ductility factors for actual yield displacements 

Specimen 

Yield 
Displacement 

(mm) 

Peak Load 
Displacement 

(mm) 

0.8 Peak 
Load 

Displacement 
(mm) 

Peak Load 
Ductility 

Factor 

0.8 Peak 
Load 

Ductility 
Factor 

Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.
4DP 15 -24 80 -75 101 -103 5.33 3.13 6.71 4.31
8HG 22 -25 45 -45 67 -71 2.05 1.80 3.03 2.85

8HG2 29 -25 70 -70 81 -79 2.41 2.80 2.80 3.15
4HG 34 -28 65 -60 80 -73 1.91 2.14 2.35 2.62
4DG 33 -24 60 -45 74 -74 1.82 1.88 2.25 3.10

4H4DG 31 -17 65 -60 93 -76 2.10 3.53 3.00 4.47
8HD 30 -27 75 -70 91 -87 2.50 2.59 3.02 3.23
4HD 31 -23 65 -65 82 -81 2.10 2.83 2.66 3.51
4DD 27 -22 80 -70 91 -91 2.96 3.18 3.39 4.13

 

 



 

152 

Table 5.4: Peak load and 0.8 peak load ductility factors for idealized yield displacements 

Specimen 

Yield 
Displacement 

(mm) 

Peak Load 
Displacement 

(mm) 

0.8 Peak 
Load 

Displacement 
(mm) 

Peak Load 
Ductility 

Factor 

0.8 Peak 
Load 

Ductility 
Factor 

Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.
4DP 21 -19 80 -75 101 -103 3.76 4.05 4.73 5.58
8HG 17 -16 45 -45 67 -71 2.61 2.89 3.87 4.58

8HG2 21 -15 70 -70 81 -79 3.38 4.65 3.92 5.22
4HG 21 -14 65 -60 80 -73 3.14 4.15 3.87 5.07
4DG 19 -14 60 -45 74 -74 3.19 3.11 3.95 5.14

4H4DG 20 -15 65 -60 93 -76 3.27 3.97 4.67 5.02
8HD 22 -17 75 -70 91 -87 3.45 4.08 4.17 5.08
4HD 23 -19 65 -65 82 -81 2.83 3.49 3.59 4.34
4DD 21 -19 80 -70 91 -91 3.76 3.78 4.30 4.90

 

Table 5.5: Peak load and 0.8 peak load ductility factors for idealized yield displacements 
for Ibrahim (2011) specimens 

Specimen 

Yield 
Displacement 

(mm) 

Peak Load 
Displacement 

(mm) 

0.8 Peak 
Load 

Displacement 
(mm) 

Peak Load 
Ductility 

Factor 

0.8 Peak 
Load 

Ductility 
Factor 

Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.
C1 18 -15 55 -50 68 -69 3.02 3.37 3.71 4.66
C2 17 -16 90 -85 105 -100 5.36 5.18 6.25 6.08
SS1 20 -14 85 -80 102 -99 4.36 5.55 5.23 6.86
SS2 19 -14 75 -70 97 -95 3.88 4.84 5.03 6.57

SS4A 19 -14 75 -65 96 -95 4.00 4.57 5.13 6.69
 

In Figures 5.18 to 5.24, the beam-tip load versus ductility factor graphs for seven 

comparison groups is presented. As previously mentioned in this section, the values of 

ductility factors are calculated based on idealized yield displacement values for all of 15 

specimens included in comparison groups. 
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Figure 5.18: Load–ductility factor envelopes for Group MG   

 

 

Figure 5.19: Load–ductility factor envelopes for Group MD   
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Figure 5.20: Load–ductility factor envelopes for Group A8H   

  

Figure 5.21: Load–ductility factor envelopes for Group A4H   
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Figure 5.22: Load–ductility factor envelopes for Group A4D   

 

Figure 5.23: Load–ductility factor envelopes for Group S   
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Figure 5.24: Load–ductility factor envelopes for Group OP   

 

5.2.4 Storey Shear-Drift Angle Envelopes 

Specimens tested in this research are idealized representatives of actual RC frames 

in which the moment at the points of contra flexure is zero. Equations presented in 

chapter three (3.11 and 3.12) relate the test beam-tip load and beam-tip vertical 

displacement to actual column shear and inter-storey drift angle in actual structure. 

Figures 5.25 to 5.31 demonstrate the storey shear versus drift-angle envelopes for the 

seven comparison groups. 
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Figure 5.25: Storey shear–drift angle envelopes for Group MG   

 

Figure 5.26: Storey shear–drift angle envelopes for Group MD   
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Figure 5.27: Storey shear–drift angle envelopes for Group A8H   

 

Figure 5.28: Storey shear–drift angle envelopes for Group A4H   
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Figure 5.29: Storey shear–drift angle envelopes for Group A4D   

 

Figure 5.30: Storey shear–drift angle envelopes for Group S   
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Figure 5.31: Storey shear–drift angle envelopes for Group OP   

5.2.5 Analysis of the Hysteretic Behavior 

The objective of casting specimen 4DP was to study the effect of out-of-plane 

confinement on the behavior of the specimens. Ibrahim and Elbadry (2007 and 2008) 

realized the need for more confinement of the compression strut after testing specimen 

SS-4A as the out-of-plane confinement was not sufficient especially at the nodal zones at 

the bends of the beam bars which undergo the highest compressive stresses. Specimen 

4DP reached the peak load of 131.8 kN, the second maximum load between all of the 

fifteen understudy specimens. This peak load is 13% higher than the peak load of 

specimen SS-4A, and 6% higher than the specimen C-2. Although specimen 4DP’s 

idealized peak and 0.8 peak load ductility factors are less than specimen SS-4A, the 

actual values of these parameters are much higher in specimen 4DP. The values of actual 

peak load and 0.8 peak load ductility factors are 5.33 and 6.71, respectively. These values 
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are the highest amongst fifteen specimens, and approximately two times as specimen SS-

4A values, highlighting the effect of out-of-plane confinement on ductility behavior and 

load bearing capacity.  The difference in idealized and actual peak and 0.8 peak load 

ductility factors can be attributed to the reinforcement properties. Since the reinforcement 

of the specimen 4DP is from a different batch with lower yield strain, the yield happens at 

lower displacement levels, and idealizing the curves gives very conservative values for 

specimen 4DP. The maximum actual column shear was reached at 3.24% drift angle, and 

was well maintained till 4.32% drift angle when it started to fail. The maximum storey 

shear was 10% higher than what was reached by specimens C-2 and SS4-A. The reason 

for slow degradation in load carrying capacity can be related to the fact that the diagonal 

studs were carrying some compression, hence, the stress in compression struts were 

decreased (Ibrahim, 2011). In comparison with all other specimens with five out-of-plane 

reinforcement, the joint concrete core was less damaged, and the height of damaged zone 

was the minimum emphasizing the effect of out-of-plane confinement. 

Specimen 8HG2 showed behavior similar to specimens C-2 and SS-1 until 

reaching 75 mm displacement when the load started to fail with a rapid pace. As 

mentioned in chapter four, this rapid failure can be related to the low strength of GFRP 

studs heads as they broke during the test, and they could not accomplish their task as 

shear reinforcement and joint confinement. The peak load was 5% less than specimens C-

2 and SS-1. This peak load was the maximum amongst all specimens reinforced with 

GFRP double-headed studs. The values of peak load and 0.8 peak load ductility factors 

are 3.38 and 3.92 for positive displacement, which is the minimum between specimens 
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8HD and SS-1. The maximum storey shear, which was close to that of specimens C-2 and 

SS-1, was reached at 2.43% drift angle, and maintained until 4.06%, but suddenly 

dropped by 20% in next drift angle ratio (4.33%). 

Specimen 8HG reached a peak load of 110.21 kN, 7% less than the peak load 

reached by specimen 8HG2, and the second minimum amongst all fifteen understudy 

specimens. The peak load ductility factor was 2.61, even less than that of specimen C-1 

(3.02). The negative peak load ductility factor was 60% of that of specimen 8HG2, 

highlighting the effect of 30% concrete strength difference. Moreover, the 0.8 peak load 

ductility factor was 3.87 showing the fast degradation of specimen strength. Even though 

the maximum storey shear reached by specimen was close to specimens 8HG2 and C-2, 

specimen was unable to keep it, and the storey shear started to fail after reaching 2.98% 

drift angle. 

The behavior of specimen 4HG was similar to specimens C-2 and SS-2 until 

reaching the peak load at 65 mm positive displacement. The maximum peak load was the 

minimum among specimens with GFRP double-headed studs. Sudden load failure was 

observed after reaching peak load similar to specimen 8HG2. The 113.96 kN peak load 

happened at a ductility factor of 3.14, a value between the peak load ductility factors of 

specimens 4HD (2.83) and SS-2 (3.88). The 0.8 peak load ductility factor was between 

values of specimen 4HD and SS-2, likewise. The maximum storey shear reached by 

specimen 4HG was close to specimens C-2 and SS-2, but the specimen ability to maintain 

it was relatively less.  
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Specimen 4DG reached the maximum peak load of 110.91 kN at 60 mm 

displacement. This maximum load is the minimum among the specimens with diagonal 

reinforcement, 17% and 4% less than what specimens 4DD and SS-4A reached, 

respectively. The peak load and 0.8 peak load ductility factors were 3.19 and 3.95, 

sequentially. The same factors for specimen SS-4A were 4 and 5.13, expressing the fast 

strength degradation of specimen 4DG. The maximum storey shear reached by this 

specimen was close to that of specimens C-2 and SS-4A, but it started to fail at an earlier 

drift ratio (3.24%) comparing to specimen C-2 (5.13%) and SS-4A (4.59%). 

The behavior of specimen 4H4DG was very close to specimen 4HG, although the 

peak load was slightly higher (2%). While specimen 4H4DG reached the 116.62 kN peak 

at 65 mm and started to fail gradually afterwards, specimen 4HG reached its 114 kN peak 

at 65 mm displacement. The storey shear versus drift-angle curves followed the same 

pattern as load-displacement envelopes. Specimens 4H4DG and 4HG had close 

maximum shear storey values.  

Specimen 8HD demonstrated a response close to specimens SS-1 and C-2 till 

reaching the maximum load carrying capacity at 75 mm beam-tip displacement. The peak 

load was maintained with a good approximation, until it started to fail at a faster rate than 

specimens SS-1 and C-2 after beam-tip displacement passed 85 mm. This faster 

degradation can be attributed to the fact that after spalling of the concrete cover, the 

combination of the shear bond between the deformed stud stem and concrete and its head 

pushing towards concrete, was less effective than working only with the stud head 

pressing the concrete. The 3.45 peak load ductility factor was less than that of specimens 
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C-2 (5.36) and SS-1 (4.36), but still higher than specimen 8HG2 (3.38). The lower 0.8 

peak load ductility factor (4.17) comparing to the same ratio for specimens C-2 (6.25) and 

SS-1 (5.23) emphasizes the faster degradation previously mentioned. The storey shear 

versus drift-angle behavior followed the same order as beam-tip load displacement. The 

specimen reached the maximum shear storey of 66.56 kN at 2.97% drift angle, and well 

maintained it until 4.33% drift angle. The maximum storey shear started to fail after this 

drift angle with a faster pace than that of specimens C-2 and SS-1. In comparison with 

specimen 8HG2, the effect of head type and strength on confining the joint was 

completely obvious as the joint core was less damaged. 

Specimen 4HD exhibited slight higher load carrying capacity compared with 

specimens C-2 and SS-2. Nevertheless, the peak happened at an earlier displacement (65 

mm) compared to specimen C-2 (90 mm) and SS-2 (75 mm). Less peak load ductility 

factor (2.83 compared to 5.36 for specimen C-2, 3.88 for specimen SS-2, and 3.14 for 

specimen 4HG) is another good proof for early maximum load reaching.  The 0.8 peak 

load factor is also the minimum among mentioned specimens. Specimen 4HD reached the 

highest storey shear load 71.60 kN among specimens with four horizontal double-headed 

studs at 2.97% drift angle, and maintained it until 3.78% drift angle. The maximum load 

reaching was followed by a fast degradation comparing to specimens C-2, SS-2 and 4HG.  

Specimen 4DD reached the highest load capacity among all fifteen mentioned 

specimens. The peak load value was slightly higher than specimen 4DP with the same in-

plane but 44% more out-of-plain reinforcement. It was also 14% and 7% higher than the 

peak load reached by specimens SS-4A and C-2. This shows that using deformed double-
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headed studs can best improve the strength of the specimen when used as diagonal shear 

reinforcement. First of all, the length of diagonal studs is higher than the horizontal ones. 

Sufficient development length, therefore, is provided. Second, with the crushing of the 

concrete and appearance of the gap in the area behind the studs head, plain studs slip 

without the head pushing towards the concrete while the diagonal studs still resist force 

through the bond between the concrete and deformed stem. The peak load and 0.8 peak 

load ductility factors are less comparing to specimens SS-4A and C-2, highlighting the 

fact that specimen reached the peak load earlier and lost it faster. Specimen 4DD reached 

the highest storey shear load (74.53 kN) among all fifteen specimens at 3.54% drift angle, 

and maintained it until 4.60% drift angle. 

5.3 Stiffness Degradation 

For evaluation of the average stiffness of the specimen in each loop the peak-to-

peak stiffness factor Kp is defined. Kp is the slope of the line connecting the peak loads 

reached at the first cycle of positive and negative displacement. Figure 5.32 illustrates Kp 

calculation. The peak-to-peak stiffness versus drift ratio graphs for seven mentioned 

groups are presented in Figures 5.34 to 5.40. As previously mentioned in Section 2.2.9, 

ACI 374.1-05 requires the peak-to-peak stiffness at 3.5% drift ratio to be higher than 0.05 

times the stiffness for the initial drift ratio, K and K', as defined in  

Figure 2.2. Table 5.7 presents the values of the peak-to-peak stiffness at 3.51% drift angle 

compared with 0.05 K and 0.05 K' values. This is clear that all of tested specimens satisfy 

this criterion.  
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Figure 5.32: Peak–to–peak stiffness definition 

 

Table 5.6: Comparison between peak-to-peak stiffness at 3.5% drift ratio with 5% percent 
of initial stiffness   

Specimen 
Peak-to-Peak 

Stiffness at 3.5% 
drift ratio (kN/m) 

0.05K 
(kN/mm) 

0.05K' 
(kN/mm) 

4DP 2.107 0.302 0.373 
8HG 1.430 0.278 0.300 

8HG2 1.792 0.327 0.345 
4HG 1.865 0.303 0.368 

4H4DG 1.743 0.315 0.328 
4DG 1.865 0.304 0.346 
8HD 1.983 0.295 0.321 
4HD 2.085 0.278 0.293 
4DD 2.122 0.310 0.346 
C-1 1.475 0.281 0.300 
C-2 1.792 0.419 0.308 
SS-1 1.897 0.307 0.357 
SS-2 1.750 0.309 0.338 

SS-4A 1.740 0.303 0.339 
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Figure 5.33: Stiffness degradation for Group MG   

 

 Figure 5.34: Stiffness degradation for Group MD   
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Figure 5.35: Stiffness degradation for Group A8H   

 

Figure 5.36:  Stiffness degradation for Group A4H   
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Figure 5.37:  Stiffness degradation for Group A4D   

 

 

Figure 5.38: Stiffness degradation for Group S   
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Figure 5.39: Stiffness degradation for Group OP   

  

Ibrahim (2011) suggests dividing the behavior of specimens to three stages in 

order to better describe the stiffness degradation procedure. 

In the first stage, which spans drift ratios from 0 to 1.35%, joint stiffness 

contribution to the overall specimen stiffness is notable. In the second stage, spanning 

from 1.35% to 4.3% drift angle, the beam stiffness plays an important role in stiffness 

degradation behavior although the joint stiffness contribution still exists. This is due to 

the yielding of the beam reinforcement and the plastic hinge formation commencement. 

In third stage, including drift ratios higher than 4.3%, specimen’s ability to maintain load 

carrying capacity and the type of the failure whether in the beam or in the joint control the 

stiffness degradation pattern. 
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Specimen 8HG2 showed initial stiffness close to that of specimen SS-1 and higher 

than specimen 8HD before cracking. This might be due to the fact that the deformation of 

GFRP stud stem contributed more in combined action before cracking of the joint. The 

stiffness degradation pattern was very close to specimens SS-1 and 8HD at the second 

stage. With the onset of the load bearing capacity failure the degradation happened with a 

faster rate compared to other specimens of group A8H, probably due to the fracture of the 

heads of the studs resulting in less stiff joint. 

The initial stiffness of the specimen 8HD was the minimum after specimen C-1, 

probably due to the fact that the length of the double-headed stud was not enough to 

provide a proper development length, and the heads could not fully work due to this 

incomplete bond comparing to the plain studs of specimen SS-1. After initiation of 

cracking, specimen 8HD showed a slightly higher stiffness, which can be attributed to 

better beam reinforcement properties. After reaching the peak load, the stiffness in this 

specimen degraded at a faster pace comparing to specimens C-2 and SS-1, probably due 

to the mentioned reason. But the rate of stiffness degradation was less than that of 

specimen 8HG2 as the stud heads were still partially working. 

Similar to specimen 8HG2, specimen 4HG started with higher stiffness values 

compared to specimen 4HD. Although the peak to peak stiffness values were less than 

specimens SS-2 and C-2 after failure of the specimen, the rate of stiffness degradation 

was almost constant with drift angle increasing until the end of the test.  

With peak to peak stiffness values close to that of specimen C-1, it is obvious that 

the double-headed studs in specimen 4HD did not contribute to the specimens’ overall 
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stiffness until 1.08% drift angle. With the commencement of the cracking, the specimen 

showed lower stiffness degradation rate compared to the other specimens of group A4H 

with higher peak to peak stiffness values. Similar to specimen 8HD, the degradation 

happened at a faster rate compared to specimens SS-1 and C-2 after reaching 4.05% drift 

angle. 

The values of the peak-to-peak stiffness of specimen 4H4DG was very close to 

specimen 4HG, showing the inefficiency of reinforcing the core of the joint with diagonal 

studs on overall stiffness improvement.  

The initial values of peak-to-peak stiffness in specimens 4DG and 4DD was very 

close to specimen SS-4A until 1.08% of drift angle. The degradation in specimen 4DD 

happened with a slower rate after this point, and it could maintain higher peak-to-peak 

stiffness values until 4.60% drift angle where degradation happened with a faster rate 

ending with peak-to-peak stiffness values less than specimen SS-4A. On the contrary, the 

stiffness degradation in specimen 4DG happened with an almost constant rate through the 

drift angle increase, resulting in second minimum values after specimen C-1 at drift 

angles higher than 3.24% in stage three. 

The effect of increase in out-of-plane confinement on peak-to-peak stiffness is 

clear when comparing specimens SS-4A and 4DP. The values of stiffness for specimen 

4DP were considerably higher than SS-4A in every three stages. Moreover, unlike every 

specimen tested in this research, the values of the peak-to-peak stiffness did not drop 

down from those values of specimen C-2 in third stage.  
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Behavior of specimen 8HG was very close to shear deficient specimen C-1 in 

three stages, emphasizing the fact that the joint reinforcement cannot contribute to the 

stiffness unless proper concrete strength is provided. 

5.4 Joint Shear Strength versus Shear Deformation 

The joint shear stress, joint horizontal shear force and column shear force were 

calculated based on Equations 5.1, 2.1 and 3.10, respectively.  

Two different approaches were taken for calculation of the tension in the 

reinforcement bars. Before the happening of yielding, the average actual stress in the 

reinforcement bars was calculated based on the strains read from mounted strain-gauges. 

The average strain was multiplied by the modulus of elasticity. The tension force was 

resulted from multiplying the average stress by area of the reinforcement.  

 Ibrahim (2011) recommends calculating the tension force by dividing the 

maximum bending moment at the column face (Equation 3.13) by the moment arm jd 

after yielding. First, due to Bauschinger effect, direct calculation of the stress in the 

reinforcement is impossible after yielding. Second, utilizing a mathematical model, 

resulted from empirical derivation, to calculate the stress is still an approximation and 

burdensome. Third, after yielding, the values of the strain in beam bars differ extensively, 

and taking the average between two values instead of four cannot provide a reliable 

approximation. Ultimately, most of the strain-gauges mounted on beam bars failed to 

record strains at high drift ratios. 
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The shear deformation angle γ was calculated using two different equations 

depending on whether the joint was cracked or not. Before cracking, as the values of α 

and β were too small, γ was calculated using Equation 3.14. The readings of diagonal 

transducers were more dependable at this stage, and the angle φ between the joint 

diagonal and horizontal was assumed to be equal to 45 degrees, which is fairly accurate. 

After cracking of the joint, the values of the γ were calculated using Equation 3.15. The 

joint shear stress versus joint shear deformation angle graphs for each individual 

specimen is presented in Figures 5.41 to 5.49. The values of the shear stress and shear 

deformation are calculated on the peaks of the first cycle of each load step. To eliminate 

the effect of abrupt increase due to joint cracking, and to better present the joint stiffness, 

Ibrahim (2011) suggests the calculation of average values of the absolute shear stress and 

shear deformation. This is based on the fact that, for example, a sudden local increase 

because of the cracking in the negative displacement can lead to a local decrease in the 

deformation in the positive displacement. This average exhibits the one half of the 

deformation in the joint going from the upward peak to the downward peak of the joint 

stress. Plots of the average shear stress versus the joint shear deformation for seven 

comparison groups are presented in Figures 5.50 to 5.56. 

Based on ACI 352R-02, the shear force acting on the joint should be less than the 

nominal shear strength of the joint which is calculated from Equation 2.8. Therefore, the 

nominal shear strength of the joint, nV , based on average concrete strength is equal to: 

NVn 717120)400)(300(36)12(083.0   
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and the nominal shear stress, vn, would be equal to: 

                         

MPa
A

V
v

g

n
n 97.5

)400(300

717120


                                              (5.1)
 

The maximum ultimate shear stress was reached by specimen 4DD which was 

4.99 MPa, still less than code maximum limit.  

The ultimate shear stress can be checked with the limit provided by CSA A23.3-

04 (Equation 2.6). The nominal shear strength will be equal to: 

kNVn 720)400)(300(36   

and the nominal shear stress would be equal to: 

MPa
A

V
v

g

n
n 6

)400(300

720000
  

which is again higher than the maximum shear stress reached by specimens under study.  
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Figure 5.40: Joint shear stress–deformation angle relation for specimen 4DP 

 

 

 Figure 5.41: Joint shear stress–deformation angle relation for specimen 8HG 
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Figure 5.42: Joint shear stress–deformation angle relation for specimen 8HG2 

  

Figure 5.43: Joint shear stress–deformation angle relation for specimen 4HG 
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 Figure 5.44: Joint shear stress–deformation angle relation for specimen 4DG 

 

 

Figure 5.45: Joint shear stress–deformation angle relation for specimen 4H4DG 
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Figure 5.46:  Joint shear stress–deformation angle relation for specimen 8HD 

 

 

Figure 5.47: Joint shear stress–deformation angle relation for specimen 4HD 
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Figure 5.48: Joint shear stress–deformation angle relation for specimen 4DD 

 
Figure 5.49: Joint shear stress–deformation angle relation for Group MG   
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Figure 5.50: Joint shear stress–deformation angle relation for Group MD   

 
Figure 5.51: Joint shear stress–deformation angle relation for Group A8H   
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Figure 5.52: Joint shear stress–deformation angle relation for Group A4H   

 
 

 

Figure 5.53: Joint shear stress–deformation angle relation for Group A4D   
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Figure 5.54: Joint shear stress–deformation angle relation for Group S   

 

  

Figure 5.55: Joint shear stress–deformation angle relation for Group OP 
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Specimen 8HD reached the maximum average shear strength of 4.71 MPa among 

specimens of group A8H, very close to that of specimen C-2, and at a joint shear 

deformation of 0.0090 radians. Joint stiffness degradation in specimen 8HG2 happened at 

an earlier shear deformation angle (0.0056 radians) in comparison with specimen 8HD 

(0.0075 radians), and the peak value (4.45 MPa) was the minimum among this group 

(except specimen C-1) reached at 0.0088 radians shear deformation. 

Specimen 4HD showed minimum initial stiffness in comparison with other 

specimens of group A4H, but it approached stiffness of specimens C-2 and SS-2 

afterwards. Similar to specimen 8HD, specimen 4HD could maintain its stiffness at 

higher shear deformation values, and reached the maximum shear strength of 4.87 MPa 

among specimens of this group at a shear deformation angle of 0.0098 radians. In 

comparison with specimens C-2 and SS-2, specimen 4HG stiffness degradation happened 

at a higher shear deformation, but the maximum shear stress of 4.30 MPa reached at 

0.0092 radians shear deformation angle was the minimum among specimens C-2, SS-2 

and 4HD. 

The joint shear stiffness of specimen 4DD was higher than specimen SS-4A, and 

very close to specimen C-2. Comparing with specimen C-2, stiffness degradation 

happened at a higher shear deformation angle, and the shear stress peak of 4.99 MPa at 

0.012 radians shear deformation angle was very close to that of specimen 4DP with 44 % 

higher out-of-plane confinement, and 14% and 7% higher than specimens SS-4A and C-

2, respectively. The values of joint shear stress in specimen 4DG joint were higher than 

specimen SS-4A until shear deformation of 0.0032 radians, when stiffness started to 
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decrease with a faster rate. The peak shear stress of 4.31 MPa was close to the peak 

stress of specimen SS-4A, but reached at a shear deformation angle almost two times the 

shear deformation at which the peak of specimen SS-4A happened.  

Specimen 4H4DG showed a behavior close to the specimen 4HG in terms of 

stiffness and shear stress values until reaching 0.0011 radians shear deformation angle. 

After this point, specimen 4H4DG maintained its stiffness while specimen 4HG started to 

lose it with considerably higher rate. This can be the point where the diagonal studs in the 

joint started to work with the crack propagation through the joint core. Specimen 4H4DG 

reached the maximum shear stress of 4.36 MPa at a shear deformation angle of 0.0080 

radians. 

 The joint shear stiffness of specimen 8HG started to decrease at earlier joint shear 

deformations in comparison with specimen 8HG2. The peak shear stress of 4.26 MPa was 

recorded at 0.010 radians shear deformation. The joint shear stiffness of specimen 4DP 

was clearly higher than specimen SS-4A and close to specimen C-2 until reaching 0.0020 

radians of shear deformation angle. The peak shear strength of 5.02 MPa was the 

maximum among all fifteen understudy specimens, reached at 0.012 radians of shear 

deformation angle. The transducers had to be removed after this point, hence, there is no 

more information about the behavior of the specimen afterwards. However, the specimen 

does seem to have lost its shear stress bearing capacity. 

It should be noted that highest recorded shear stress in the joint of tested 

specimens is still less than the nominal shear stress calculated previously based on ACI 

352R-02 provisions. 
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5.5 Element Contribution to the Drift Angle 

Alcocer and Jirsa (1993) recommend the following equation for calculation of the 

joint contribution, θj, to the storey drift angle, θ: 

)1(
H

h

L

h bc
j    (5.2)

with γ as the joint shear deformation angle, and hb and hc as the depth of the beam and the 

column cross-section, respectively. L and H are the bay length and column height. The 

beam contribution, θb , and the column contribution, θc , to the drift angle, θ, are 

calculated based on Equations 5.3 and 5.4, respectively: 

)(
L

hc
b    (5. 3)

)(
H

hb
c    (5. 4)

The average values angles γ, α and β at the upward and downward half cycles 

were used for calculation for the same reason mentioned in Section  5.4. The total storey 

drift angle is consisted of the contributions of the each of the three members, i.e. joint, 

beam, and column contribution:
 cbj  

 

cbj    (5.5)

Figures 5.61 to 5.65 demonstrate the variation of the member contribution to the 

total drift angle for all specimens. At each drift angle, each member contribution is 
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calculated as the percentage of its contribution to the total drift angle. Graphs of joint 

contribution to the total drift angle for seven comparison groups are presented in Figures 

5.66 to 5.72. 

 

 

 

Figure 5.56: Member contribution to drift angle–drift ratio relation for specimen 4DP  
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Figure 5.57: Member contribution to drift angle–drift ratio relation for specimen 8HG2 

 

 

Figure 5.58: Member contribution to drift angle–drift ratio relation for specimen 8HG 
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Figure 5.59: Member contribution to drift angle–drift ratio relation for specimen 4HG 

 

 

Figure 5.60: Member contribution to drift angle–drift ratio relation for specimen 4DG 
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Figure 5.61: Member contribution to drift angle–drift ratio relation for specimen 4H4DG 

 

 

Figure 5.62: Member contribution to drift angle–drift ratio relation for specimen 8HD 
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Figure 5.63: Member contribution to drift angle–drift ratio relation for specimen 4HD 

 

 

Figure 5.64: Member contribution to drift angle–drift ratio relation for specimen 4DD 
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Figure 5.65: Member contribution to drift angle–drift ratio relation for Group MG 

 

 
Figure 5.66: Member contribution to drift angle–drift ratio relation for Group MD 
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Figure 5.67: Member contribution to drift angle–drift ratio relation for Group A8H   

 

 
Figure 5.68: Member contribution to drift angle–drift ratio relation for Group A4H   
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Figure 5.69: Member contribution to drift angle–drift ratio relation for Group A4D   

 

 
Figure 5.70: Member contribution to drift angle–drift ratio relation for Group OP  
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Figure 5.71: Member contribution to drift angle–drift ratio relation Group S   

 

The joint contribution in specimen 8HG2 reached a 5.56% peak at 1.08% drift 

angle. The contribution of the joint remained almost constant until 1.89% drift angle, 

when the joint contribution decreased due to the yielding of the beam reinforcement and 

higher beam contribution. After reaching the peak load at 3.78% drift angle, the joint 

contribution started to increase due to the failure happening in the joint. Maximum 

recorded contribution was 6.16% at 4.32% drift angle. The transducers were removed 

afterwards. The values of the specimen 8HD joint contribution was close to specimen C-2 

until reaching a higher peak of 10.55% at 1.89% drift angle. The values of the joint 

contribution started to decrease with the yielding of the reinforcement bar, and the 

minimum recorded joint contribution was 4.37% at 4.05% drift angle. 
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The joint contribution in specimen 4HD reached a local peak of 6.93% at 0.53% 

drift angle. After reaching the peak load, the joint contribution started to increase from 

3.24% drift angle, and the maximum recorded joint contribution was 9.78% at 4.05% drift 

angle, very close to the joint contribution of specimens SS-2 and C-2 at corresponding 

drift angle. Unlike specimen 4HD, the joint contribution in specimen 4HG kept 

increasing till reaching a 9.45% joint contribution peak at 2.16% drift angle. The joint 

contribution started to decrease until a recorded minimum of 3.02% at 4.04% drift angle. 

The joint core reinforcement of specimen 4H4DG resulted in less joint contribution at 

drift angles between 1.89% and 3.22%. After reaching the peak load at 3.51% drift angle, 

the joint contribution started to increase until a maximum recorded joint contribution of 

7.01% at 4.06% drift angle. 

The joint contribution versus drift angle graphs for specimens 4DD and 4DG 

followed quite similar pattern until 1.88% drift angle, although the values of the joint 

contribution in specimen 4DG was higher. The joint contribution started to increase with 

a higher rate after this drift angle, to the amount that maximum recorded joint 

contribution of  15.80% at 3.24% drift angle was higher than specimen C-1. On the 

contrary, maximum recorded joint contribution of specimen 4DD was 10.25% at 3.78% 

drift angle, between the recorded joint contributions of specimens SS-4A and C-2.  

The values of joint contribution to the total drift angle of specimen 4DP were 

much less in comparison with specimen SS-4A. While the joint contribution started to fail 

after yielding in specimen SS-4A, it was almost constant for specimen 4DP through drift 

angles from 1.08% to 3.51%. With the onset of failure of the specimen and the joint, the 
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joint contribution started to increase to a maximum of 9.11% at 4.58% drift angle, still 

less than the joint contribution of specimen C-2 at the same drift angle. 

5.6 Joint Reinforcement Strains 

Studying the strain levels in the joint in-plane and out-of-plane reinforcement 

provides an opportunity to better understand the behavior of the joint and the influence of 

the reinforcement on it. Figures 5.73 to 5.97 demonstrate the strain levels in joint 

reinforcement graphed at different drift angle ratios for tested specimens. The yield 

strains of the studs are also provided in each graph along with a layout indicating the 

strain-gauge position according to the other reinforcement. The maximum drift ratio is 

mentioned for each specimen. If the data for a certain strain-gauge does not exist till that 

drift ratio, it means it has broken earlier. To better understand the effect of increase in 

out-of-plane reinforcement, the cumulative force in out-of-plane double headed studs of 

specimens SS-4A and 4DP are calculated and plotted in Figure 5.77 based on the 

assumption that the strains are in elastic range. 
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Figure 5.72: Strains in in-plane joint reinforcement of specimen 4DP 

(Max. Drift =5.67%) 

 

 
Figure 5.73: Strains in out-of-plane joint reinforcement of specimen 4DP  

(Max. Drift = 5.67%) 
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Figure 5.74: Strains in out-of-plane joint reinforcement of specimen 4DP  

(Max. Drift = 5.67%) 

 

 
Figure 5.75: Strains in out-of-plane joint reinforcement of specimen 4DP  

(Max. Drift = 5.67%) 



 

200 

 

Figure 5.76: Cumulative force in out-of-plane reinforcement of specimens 4DP  
and SS-4A (Max. Drift = 5.67%) 

 

 
Figure 5.77: Strains in in-plane joint reinforcement of specimen 8HG  

(Max. Drift = 4.05%) 
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Figure 5.78: Strains in in-plane joint reinforcement of specimen 8HG  

(Max. Drift = 4.05%) 
 

 

Figure 5.79: Strains in out-of-plane joint reinforcement of specimen 8HG  
(Max. Drift = 4.05%) 
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Figure 5.80: Strains in in-plane joint reinforcement of specimen 8HG2  

(Max. Drift = 4.87%) 
 

 
Figure 5.81: Strains in in-plane joint reinforcement of specimen 8HG2  

(Max. Drift = 4.87%) 
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Figure 5.82: Strains in out-of-plane joint reinforcement of specimen 8HG2  

(Max. Drift = 4.87%) 

 

 
Figure 5.83: Strains in in-plane joint reinforcement of specimen 4HG  

(Max. Drift = 5.41%) 
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Figure 5.84: Strains in out-of-plane joint reinforcement of specimen 4HG  

(Max. Drift = 5.41%) 
 

 
 Figure 5.85: Strains in in-plane joint reinforcement of specimen 4DG  

(Max. Drift =4.87%) 
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Figure 5.86: Strains in out-of-plane joint reinforcement of specimen 4DG  

(Max. Drift =4.87%) 

 

 
Figure 5.87: Strains in in-plane joint reinforcement of specimen 4H4DG  

(Max. Drift =5.41%) 
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Figure 5.88: Strains in in-plane joint reinforcement of specimen 4H4DG  

(Max. Drift =5.41%) 
 

 
Figure 5.89: Strains in out-of-plane joint reinforcement of specimen 4H4DG 

(Max. Drift=5.41%) 
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Figure 5.90: Strains in in-plane joint reinforcement of specimen 8HD  

(Max. Drift =5.67%) 

 

 
Figure 5.91: Strains in in-plane joint reinforcement of specimen 8HD  

(Max. Drift =5.67%) 
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Figure 5.92: Strains in out-of-plane joint reinforcement of specimen 8HD  

(Max. Drift =5.67%) 

 

Figure 5.93: Strains in in-plane joint reinforcement of specimen 4HD  

(Max. Drift =4.87%) 
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Figure 5.94: Strains in out-of-plane joint reinforcement of specimen 4HD  

(Max. Drift =4.87%) 

 

 
Figure 5.95: Strains in in-plane joint reinforcement of specimen 4DD  

(Max. Drift =4.87%) 
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Figure 5.96: Strains in out-of-plane joint reinforcement of specimen 4DD  

(Max. Drift =4.87%) 

 

The diagonal double-headed studs in specimen 4DP went under tensile and 

compressive strain with the change in the direction of beam-tip as expected. One of the 

studs (labeled 11) passed the yield strain and reached 10046 micro-strains (negative) at 

5.41% drift angle. Two of the out-of-plane studs yielded as well. The maximum recorded 

strain in stud labeled 22 was 14552 micro-strains at 4.87% drift angle, and 3.93 times the 

yield strain of the 3/8” diameter double-headed studs. Comparing the summation of the 

forces in out-of-plane studs, the studs of specimen 4DP resisted higher values than 

specimen SS-4A, meaning that the added studs are working and contributing to the joint 

stiffness, therefore, more out-of-plane force is absorbed by the reinforcement.  

For specimen 8HG2, the in-plane studs were not effective until reaching 0.81% 

drift angle, which may explain the lesser joint stiffness compared to specimen C-2. The 
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upper studs (labeled 11 and 15) and the bottom ones (labeled 14 and 18) generally 

underwent lower strains in comparison with the middle ones.  Ibrahim (2011) attributes 

this to the fact that these studs were affected by the compression zone developing against 

the back of the stud head in upward and downward cycles reducing their effectiveness in 

confining the joint concrete. Strain gauge labeled 12 (second upper row) reached 5314 

micros-strain at 4.06% drift angle, which is the maximum between horizontal studs, 

proving the mentioned reasoning. The maximum recorded strain reached by out-of-plane 

reinforcement was 3920 micro-strains at 4.33% drift angle. The stud close to the beam 

reinforcement (labeled 19) also reached high values of strain (2577 micro-strains at 4.06 

drift angle) as expected. 

Similar to specimen 8HG2, the values of the strains in the in-plane double headed 

studs of specimen 8HD were close to zero until reaching 0.81% drift angle. None of the 

in-plane studs yielded, but the strain in the stud labeled 11 (at top row) reached 4609 

micro-strains at 2.43% (negative) drift angle, which is the highest among the in-plane 

studs, and it started to fail afterwards. The out-of-plane reinforcement did not yield as 

well, but the highest strain of 4260 micro-strains was recorded at 4.32% drift angle for the 

stud labeled 19, close to the in-plane reinforcement labeled 11 mentioned previously, and 

close to the beam reinforcement.  

GFRP stud labeled 11 in specimen 4HG reached strain of 4688 micro-strains at 

4.04% (negative) drift angle, which is higher than the summation of the strains in the two 

upper studs labeled 15 and 16 (4016 micro-strains) in specimen 8HD. Considering the 

linear stress-strain relation, hence, the in-plane confining force is higher at this drift. The 
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maximum strain in out-of-plane direction was recorded in stud labeled 17 with 2477 

micro-strains at 3.52% drift angle. The stress in out-of-plain studs was higher when they 

were on the path of formed diagonal compression struts. Therefore, the strain in studs 

labeled 15 and 17 was higher in upward half cycle, and in studs labeled 16 and 18 in 

downward half cycle. 

None of the in-plane reinforcement of the specimen 4HD yielded under the 

loading. The strain in the strain gauge labeled 11 (upper row) continued to raise even 

after failure of the specimen, and it reached 3021 micro-strains at 4.33% (negative) drift 

angle. The initial strain values in this stud was higher than the summation of the strains in 

studs labeled 15 and 16 from specimen 8HD, underlining the fact that the efficiency of 

the studs is increased when put further from the compression zone in the beam (Ibrahim, 

2011).  None of the out-of-plane studs yielded. The maximum strain value of 3576 micro-

strains was reached by strain gauge labeled 15 located on top right corner of the joint at 

4.60% drift angle. As mentioned before, the studs were subjected to higher strains when 

they were located in the compression strut. The stud labeled 19 located in the middle of 

the joint was quite symmetrically loaded in both the upward and downward half-cycles. 

In specimen 4DG, the strain in the diagonal in-plane reinforcement generally 

changed from negative (compressive) to positive (tensile) going from the upward to 

downward half-cycles and vice versa. The maximum recorded tensile strain was 

4573micro-strains at 3.25% drift angle; and the maximum compressive strain was 9919 

(negative) micro-strains at 3.77% (negative) drift angle. The highest strain in out-of-plane 

reinforcement was 6496 micro-strains at 4.60% drift angle. 
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The highest recorded strain in horizontal in-plane reinforcement of specimen 

4H4DG happened in stud labeled 11 (top row) with 4943 micro-strains at the 3.51% drift 

angle. Considering the upward half-cycle, other horizontal studs reached a peak at drift 

angles close to the drift angle at which the failure of the specimen occurred. Studying the 

downward half-cycles, stud labeled 12 (bottom row) reached a local peak of 3032 micro-

strains at 3.23% drift angle, and reached 4818 micro-strains at 4.10% drift angle. The 

strain in the diagonal studs placed at the core of the joint followed the same tension-

compression order similar to specimen 4DG. The highest recorded tensile and 

compressive strains were 10998 and 8558 (negative) micro-strains reached at 4.23% and 

5.14% (negative) drift angles, respectively. The highest strain of value 3675 micro-strains 

was recorded for stud labeled 23, located at the center of the joint. 

The strain in the in-plane reinforcement of specimen 4DD followed the same 

behavior as of specimens 4DP and 4DG. The strain in in-plane stud labeled 11 

approached the yield strain of 3/4” double headed studs (4700 micro-strains) by 4633 

micro-strains at 4.87% drift angle, which is 52% less than the compressive strain reached 

by diagonal studs in specimen 4DG.  None of the out-of-plane reinforcement yielded, and 

the maximum strain of 2900 micro-strains at 4.87% drift angle was reached by the stud 

labeled 18 located at the bottom left corner of the joint. 

Comparing the strains in the studs with the same location in specimens 8HG and 

8HG2, stud labeled 14 (top row) reached a peak strain of 1888 micro-strains at 2.98% 

drift angle, while stud labeled 18 at the same location reached a peak of 3539 micro-

strains at 4.33% drift angle. This shows the effect of concrete strength on efficiency of 
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double headed studs. In other words, double headed studs cannot fully show their strength 

unless concrete has a proper strength. The maximum recorded strain at negative half-

cycle was 2783 micro-strains at 3.75% (negative) drift angle. 

5.7 Energy Dissipation 

Energy dissipation ability plays an important role in seismic design. A favorable 

structure that can survive an earthquake should be able to dissipate earthquake energy 

without collapse. In other words, energy dissipation capacity should be higher than the 

energy demand. The structure dissipates the earthquake energy in four forms: kinematic 

energy, viscous damping energy, recoverable elastic and irrecoverable inelastic 

(hysteretic) energy (Ibrahim, 2011). 

Defining equivalent viscous damping factor (EVDF) provides a good mean to 

measure the amount of dissipated hysteretic energy by the structure in one cycle. The area 

enclosed by the load-displacement response, Ahl, as presented in Figure 5.98, 

demonstrates the hysteretic energy dissipated by a non-linear system after cracking 

commencement and yielding of the reinforcement. On the other hand, the elastic strain 

energy dissipated in a linear system having the analogous load-displacement response is 

calculated by finding the area enclosed by the triangles AOB and COD (AAOB and ACOD) 

as shown in Figure 5.98. Consequently, the equivalent viscous damping factor (EVDF) 

can be calculated for each loading cycle as:  

CODAOB

hl

AA

A
EVDF




2
1 (5.5)
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EVDF factor can be used as a pinching measure as well, since it is inversely 

proportional to the amount of pinching. In other words, the increase in pinching results in 

less enclosed loop area, while the equivalent linear strain energy does not change. 

The graphs of EVDF values versus drift ratio for seven comparison groups are 

presented in Figures 5.100 to 5.106. 

 

Figure 5.97: Definition of the equivalent viscous damping factor 

As previously mentioned in Section 2.9.2, ACI 374.1-05 suggests calculation of 

relative energy dissipation ratio, which is the ratio of actual to ideal energy dissipated by the 

test specimen during a complete cycle, and is equal to the ratio of area of the circumscribing 

parallelograms defined by initial stiffness (K and K') during the first cycle, and the peak load 

achieved during the cycle for which the relative energy dissipation ratio is calculated.   
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Consequently, relative energy dissipation ratio (REDR) is calculated as: 

AGFDABCD

hl

AA

A
REDR




(5.6)

 

The definition of this factor is further illustrated in Figure 5.99. 

 

Figure 5.98: Parallelograms shaped by load peaks and initial stiffness (K and K') 

The values of the REDR for the third cycles of each displacement increment are 

plotted in Figures 5.107 to 5.115 for each individual specimen for drift angles higher than 

1%. ACI 374.1-05 requires the value of the RDER to be higher than 1/8 (12.5%) for the 

third complete cycle at the allowable storey drift limitation which should not be less than 

3.5%. As seen in the Figures 5.107 to 5.115, all of the specimens, even specimen 8HG 

satisfy this criterion until a drift ratio of 4%. The REDR versus drift angle graphs are 

plotted in Figures 5.116 to 5.121 for seven comparison groups. 



 

217 

 
Figure 5.99: EVDF – drift ratio relations for Group MG   

 

 
Figure 5.100: EVDF – drift ratio relations for Group MD   
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Figure 5.101: EVDF – drift ratio relations for Group A8H   

 

 

 
Figure 5.102: EVDF – drift ratio relations for Group A4H   
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Figure 5.103: EVDF – drift ratio relations for Group A4D   

 
Figure 5.104: EVDF – drift ratio relations for Group S   
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Figure 5.105: EVDF – drift ratio relations for Group OP   

 

 

Figure 5.106: REDR values versus drift angle for Specimen 4DP 
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Figure 5.107: REDR values versus drift angle for Specimen 8HG 

 

 

Figure 5.108: REDR values versus drift angle for specimen 8HG2 
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Figure 5.109: REDR values versus drift angle for specimen 4HG 

 

 

Figure 5.110: REDR values versus drift angle for Specimen 4DG 
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Figure 5.111: REDR values versus drift angle for specimen 4H4DG 

 

 

Figure 5.112: REDR values versus drift angle for specimen 8HD 
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Figure 5.113: REDR values versus drift angle for Specimen 4HD 

 

 

Figure 5.114: REDR values versus drift angle for Specimen 4DD 
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Figure 5.115: REDR values versus drift angle for Group MG   

 
Figure 5.116: REDR values versus drift angle for Group MD   
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Figure 5.117: REDR values versus drift angle for Group A8H   

 

Figure 5.118: REDR values versus drift angle for Group A4H   
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Figure 5.119: REDR values versus drift angle for Group S   

 

Figure 5.120: REDR values versus drift angle for Group OP 
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The general behavior of the specimen can be defined by four stages (Ibrahim, 

2011). In the first stage, before yielding of the beam bars, behavior of specimens is close 

to linear systems with small enclosed areas. While the enclosed area does not show a 

significant raise, the denominator is increasing with the drift ratio, hence, decrease in the 

values of EVDF is observed. In second stage, from beam bars yielding commencement to 

the peak load reaching, the area enclosed by hysteresis loops increases, accordingly, the 

values of the EVDF. After failure of the specimen, pinching happens, and the EVDF 

decreases. Finally, depending on the location of the failure whether in the beam or in the 

joint, the change in the values of the EVDF is governed by the cyclic behavior of the joint 

shear or beam longitudinal reinforcement. 

Specimen 8HD had less EVDF values comparing to specimens C-1, C-2, and SS-

1until a sudden increase with the yielding of the beam reinforcement at 1.35% drift angle 

and reaching a close value to specimens SS-1 and C-2 at 1.62% drift angle. Specimen 

8HG2 followed the same order as specimen 8HD with the lower values of EVDF even 

less than that of specimen C-1 until reaching 2.70% drift angle. Specimen 4HD started 

with EVDF values close to that of specimen C-1 until 1.08% drift angle. The EVDF 

values were less than specimen C-1, but higher than specimen 4HG afterwards until 

reaching the peak at 3.24% drift angle. The values for specimen 4HG was the minimum 

among specimens with four horizontal in-plane shear reinforcement, underlining high 

pinching and lower hysteretic energy dissipation capacity of specimens with horizontal 

GFRP double headed studs. Adding the diagonal GFRP studs in the core of the joint of 

specimen 4H4DG significantly improved the hysteretic energy dissipation capacity of the 
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specimen in comparison with specimen 4HG. For instance, for the drift ratios less than 

2.16%, the value of the EVDF was averagely raised by 50 percent.  

Specimen 4DG started with higher values of the EVDF, but showed a sudden drop 

after reaching 0.54% drift ratio. The values of the EVDF were less than specimen C-1 

after reaching the peak at 2.15% drift angle (40mm beam-tip displacement) probably due 

to the brittle behavior of the diagonal studs and higher relative pinching which started 

much earlier than other specimens of group A4D. The values of the EVDF for specimen 

4DD was higher than specimens SS-4A and C-2 before yielding of the beam bars (1.35% 

drift angle), but passing this drift ratio the values of EVDF were less. That can be 

attributed to the difference in reinforcement properties. In comparison with specimen 

4DG, the 20% higher peak happened at a 63% higher drift angle, emphasizing the better 

hysteretic energy dissipation ability of deformed steel studs in comparison with GFRP 

double-headed studs. 

Increasing the amount of out-of-plane confinement resulted in lower EVDF values 

for specimen 4DP comparing to specimen SS-4A after yielding of the beam bars. 

Specimen 8HG showed close EVDF values to that of specimen 8HG2, but after reaching 

1.07% drift angle, the EVDF rapidly increased. This may be attributed to the sudden 

failure of concrete, hence, dependence of the hysteretic energy dissipation on the 

reinforcement cyclic response. The value of the EVDF barely increased until a local peak 

at 2.16% drift angle (40 mm beam-tip displacement), and it gradually failed until the end 

of the test.   
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The cumulative dissipated energy versus drift angle graphs are presented in 

Figures 5.121 to 5.127. 

  

 

 

 

 
Figure 5.121: Cumulative dissipated energy for Group MG   
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Figure 5.122: Cumulative dissipated energy for Group MD   

 

Figure 5.123: Cumulative dissipated energy for Group A8H   
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Figure 5.124: Cumulative dissipated energy for Group 4DD   

 
Figure 5.125: Cumulative dissipated energy for Group S   
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Figure 5.126: Cumulative dissipated energy for Group OP   

 

The cumulative dissipated energy graphs show good accordance with the EVDF 

plots. Although specimens reinforced with deformed-steel double headed studs showed 

better behavior in comparison with the ones with GFRP double headed studs, both groups 

showed less energy dissipation capability comparing to specimens with plain double-

headed studs as shear reinforcement. Nevertheless, specimens 4DD and 4DP showed a 

close behavior to specimen SS-4A. This highlights the fact that although using deformed 

studs or increasing the amount of out-of-plane confinement improved the behavior of the 

specimen in terms of strength, they could not develop its energy dissipation capabilities. 
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5.8 Summary 

Every tested specimen reinforced with double-headed studs (except specimen 

8HG) demonstrated reasonable behavior development under cyclic loading in comparison 

to a shear deficient joint. They achieved a performance close to that of a joint reinforced 

with closed hoops and cross ties designed based on code specifications. All of the 

specimens with normal concrete strength satisfied the ACI 374.1-05 acceptance criteria 

for moment frames based on structural testing. 

The failure happened in the joint for all nine tested specimens. Putting specimen 

8HG aside, every other specimen showed higher load carrying capacity, lower stiffness 

degradation, better ductility, less contribution to the total drift, higher joint stiffness and 

more energy dissipation capacity than shear deficient specimen C-1. 

The governing factor for the load carrying capacity of the specimens was the joint 

shear strength as the failure happened in the joint. The initial specimens’ stiffness was 

less than specimen C-2 until the onset of the cracking in the joint. After this point, the 

stiffness of the specimens was very close to specimen C-2. In comparison with specimen 

C-2, the values of the peak load was very close in case of specimens 8HD and 4HD, 

averagely 10% less in case of specimens 8HG2, 4HG and 4DG, and 6 to7% higher in 

case of specimens 4DD and 4DP. Considering the idealized ductility factor, all of the 

specimens had ductility factors less than specimen C-2, but still higher than specimen C-

1. Taking the difference in the reinforcement properties into the account, specimen 4DP 

showed higher peak load and 0.8 peak load ductility factors. 
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Generally, specimens with GFRP double headed studs as joint shear 

reinforcement, showed lower joint shear stiffness in comparison with the joints reinforced 

with plain or deformed-steel studs. The values of the peak joint shear stress were also the 

minimum (still higher than specimen C-1) among the comparison groups, explaining the 

reason behind lower overall strength and higher joint contributions. On the other hand, 

specimen 8HD, although at a higher shear deformation, could reach a shear strength 

almost equal to that of specimen C-2, with less out-of-plane confinement. The shear 

strength of specimens 4HD, 4DD and 4DP was higher than specimen C-2. 

The overall study of EVDF and cumulative energy dissipation values versus drift 

angle showed that specimens with GFRP double headed studs as shear reinforcement (i.e. 

specimens 8HG2, 4HG, 4H4DG and 4DG) have lesser energy dissipation capabilities, 

hence, higher pinching amounts in comparison with the specimens reinforced with plain 

or deformed-steel studs. Although using deformed double-headed studs in specimen 4DD 

instead of plain ones in specimen SS-4A enhanced the strength characteristics, it did not 

improve energy dissipation capabilities. The same fact applies when comparing 

specimens 4DP and SS-4A. In other words, increasing the amount of out-of-plane 

confinement did not improve energy dissipation characteristics. 

The behavior of specimen 8HG was very similar to the shear deficient joint 

specimen C-1. Although the shear reinforcement was similar to specimen 8HG2, the 32% 

difference in concrete strength resulted in considerable lower overall strength, less ductile 

behavior, faster stiffness degradation, less joint shear stiffness and lower energy 
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dissipation capabilities. These differences were more obvious after the onset of the 

cracking in the specimen. 
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CHAPTER 6 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

6.1 Summary 

6.1.1 General Remarks 

The beam-column joints, especially exterior ones, are critical elements in 

reinforced concrete building frames subjected to earthquakes. These joints fail 

prematurely, and form weak links in concrete structures. Consequently, building codes 

require that sufficient transverse reinforcement in the form of closed hoops (stirrups) and 

cross ties should be provided to ensure enough shear reinforcement and concrete 

confinement. In addition, to anchor the beam bars, codes suggest using bends at the end 

of bars. The closed hoops and the cross ties, in addition to these bends cause considerable 

congestion in the joint. This congestion causes a weak joint due to difficulty in casting the 

concrete and lack of proper compaction. Moreover, it leads to uneconomical construction 

by increasing the labor cost.  

In early eighties, Dilger and Ghali (1981) introduced a system of bars with forged 

head, known as headed studs, to reinforce thin concrete slabs and flat plates for enhancing 

their strength against punching shear in the areas around columns. Recently, a research by 

Ibrahim and Elbadry (2007 and 2008) and Ibrahim (2011) showed that the use of double-

headed studs is a viable alternative for shear reinforcing and confining the joint, for 

reducing steel congestion and for easy assemblage of the reinforcing cage. The research 

presented here investigated the effect of changing parameters related to this type of 
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reinforcement. These parameters included the amount of out-of-plane confinement, change 

in type and material of double-headed studs, and concrete strength. The new tested 

specimens proved to have an acceptable behavior close to that of a specimen designed and 

reinforced by Ibrahim and Elbadry (2007) based on the Canadian code provisions. 

6.1.2 Testing 

An extensive experimental program was conducted by fabricating and testing nine 

full-scale beam-column joints specimens. Specimens 8HD, 8HG, and 8HG2 were detailed 

according to the arrangement used in specimen SS-1 (Ibrahim, 2011) with eight 

horizontal in-plane double headed studs as shear reinforcement. In other words, the eight 

½ in. diameter plain double-headed steel studs in specimen SS-1 were replaced by 

deformed-steel studs in specimen 8HD, and GFRP double-headed studs in specimens 

8HG and 8HG2. Specimens 8HG and 8HG2 differed in concrete strength on the day of 

testing, with 26.6 MPa and 38 MPa, respectively. The four plain double-headed studs as 

in-plane joint reinforcement of specimen SS-2 were replaced by the same amount of 

deformed-steel studs in specimen 4HD, and GFRP double-headed studs in specimen 

4HG. Specimens 4DD and 4DG joint reinforcement layouts was similar to specimen SS-

4A with four diagonal ¾ in. plain steel studs, two in each diagonal direction. The joint 

shear reinforcement of specimen 4H4DG consisted of four diagonal 16 mm diameter and 

four horizontal 12 mm diameter GFRP studs. To compare the effect of out-of-plane 

confinement on the behavior of the specimens, the out-of-plane reinforcement used in 

specimen SS-4A was increased from five to nine in specimen 4DP, changing the 

volumetric reinforcement ratio (VRR) from 0.178% to 0.320%. 



 

239 

6.1.3 Test Results 

Table 6.1 gives a summary of the differences between the tested specimens and 

previous specimens and their results. Every tested specimen in this research (except 

specimen 8HG) demonstrated reasonable behavior under cyclic loading in comparison 

with a shear deficient joint. They achieved a performance close to that of a joint 

reinforced with closed hoops and cross ties designed based on code specifications. All of 

the specimens with normal concrete strength satisfied the ACI 374.1-05 acceptance 

criteria for moment frames based on structural testing with some minor exceptions. The 

failure happened in the joint for all the nine tested specimens. Excluding specimen 8HG, 

all other specimen showed higher load carrying capacity, lower stiffness degradation, 

better ductility, less contribution to the total drift, higher joint stiffness and more energy 

dissipation capacity than the shear deficient specimen C-1 built without shear 

reinforcement in the joint. The initial stiffness of the specimens was less than specimen 

C-2 designed according to CSA A23.3-04 until the start of cracking in the joint. After this 

point, double-headed studs started to contribute to the stiffness, and the stiffness values of 

the specimens were very close to those of specimen C-2, and even higher in case of 

specimens 4DP, 8HD, 4HD, and 4DD. In comparison with specimen C-2, the values of 

the peak load were very close in case of specimens 8HD and 4HD, 10% less in case of 

specimens 8HG2, 4HG and 4DG, and 6 to 7% higher in case of specimens 4DP and 4DD. 
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Table 6.1: Summary of the test results and comparison with control specimens  
of Ibrahim (2011) 

In-plane 
direction

Out-of-plane 
direction

Load 
(kN)

Disp. 
(mm)

Load 
(kN)

Disp. 
(mm)

Load 
(kN)

Disp. 
(mm)

Load 
(kN)

Disp. 
(mm

)

C-1 (Ibrahim, 2011) 97 31 -92 26 109 55 -109 50 Joint

C-2 (Ibrahim, 2011) 105 25 -83 30 124 90 -124 -85 Beam

4DP
4-3/4" diagonal 
plain steel DH* 

studs

9-3/8" plain 
steel DH 

studs
-91 -18 61 14 132 80 -128 -75 Joint

8HD

8-1/2" 
horizontal 

deformed steel 
DH studs

5-3/8" 
deformed 
steel DH 

studs

-80 -17 71 18 122 75 -122 -70 Joint

4HD

4-1/2" 
horizontal 

deformed steel 
DH studs

5-3/8" 
deformed 
steel DH 

studs

-71 -15 72 18 126 65 -126 -65 Joint

4DD

4-3/4" 
horizontal 

deformed steel 
DH studs

5-3/8" 
deformed 
steel DH 

studs

-64 -12 73 17 133 75 -126 -70 Joint

8HG
8-12 mm 
horizontal 

GFRP DH studs

5-12mm 
GFRP DH 

studs
-73 -16 85 22 110 50 -107 -45 Joint

8HG2
8-12 mm 
horizontal  

GFRP DH studs

5-12mm 
GFRP DH 

studs
-72 -14 73 18 118 70 -114 -69 Joint

4HG
4-12 mm 
horizontal 

GFRP DH studs

5-12mm 
GFRP DH 

studs
-88 -19 88 25 114 65 -112 -55 Joint

4DG
4-16 mm 

diagonal GFRP 
DH studs

5-12mm 
GFRP DH 

studs
-91 -19 79 21 111 60 -115 -30 Joint

4H4DG

4-16 mm 
diagonal and 4-

12 mm 
horizontal 

GFRP DH studs

5-12mm 
GFRP DH 

studs
-84 -18 79 20 117 65 -110 -60 Joint

Specimen

First Yield in Beam 
Reinforcement

Peak Load and Corresp. 
Displacement

Joint Reinforcement
Bottom Bars Upward Downward

No shear reinforcement in the 
joint

Joint reinforced with 4-10M 
closed hoops and 4-10M

cross ties as per CSA A23.3-
04

FailureTop Bars

 

 * DH=Double-headed 
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With regard to ductility, all the specimens had ductility factors less than specimen 

C-2, but still higher than specimen C-1. 

Generally, the specimens with GFRP double headed bars as joint shear 

reinforcement showed lower joint shear stiffness in comparison with the joints reinforced 

with plain or deformed-steel studs, hence, higher joint contributions to the drift angle. 

The maximum shear strength of specimens 4DP, 4HD, and 4DD was higher than 

specimen C-2. Specimen 8HD reached a close value to that of specimen C-2, but at a 

higher shear deformation. 

Specimens 8HG2, 4HG, 4H4DG and 4DG with the joints reinforced with GFRP 

double-headed studs exhibited less energy dissipation capabilities, hence, higher pinching 

in comparison with the specimens reinforced with plain or deformed-steel studs. 

Although the use of deformed-steel diagonal studs in specimen 4DD and higher out-of-

plane confinement in specimen 4DP improved the overall stiffness and load carrying 

capacities in comparison with specimen SS-4A, it did not develop energy dissipation 

characteristics. 

The change in concrete strength proved to be an important factor inasmuch as the 

behavior of specimen 8HG was very similar to the shear deficient joint specimen C-1. 

Nonetheless, this specimen was still able to satisfy most of acceptance criteria of ACI 

374.1-05. 
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6.2 Conclusions 

The use of GFRP and deformed-steel studs proved to be a capable replacement of 

closed hoops and cross-ties as shear reinforcement of the of beam-column joints. All of 

the tested specimens, even 8HG with lower concrete strength, exhibited acceptable 

behavior satisfying the code requirements. Some specimens demonstrated better behavior 

in comparison with the specimen designed and reinforced according to the code 

provisions. The following are the conclusions drawn from the presented investigation: 

- The increase in out-of-plane reinforcement of the joint resulted in considerable 

improvement in the overall behavior of the specimen in terms of the load carrying 

capacity, joint shear strength and stiffness degradation. On the other hand, it did 

not enhance the energy dissipation abilities. 

- Use of deformed-steel studs proved to best enhance the behavior of the joint when 

used in the form of diagonal shear reinforcement, in such amount that it can 

compensate the effect of reduced out-of-plane confinement in comparison with 

the specimen designed based on code provisions. Again, this enhancement did not 

include the energy dissipation capabilities.  

- The role of concrete strength is very important in such a way that a well-

reinforced joint without proper concrete strength can act similar to a shear 

deficient joint. 

- Use of GFRP double headed studs can be a good replacement of steel 

reinforcement in areas with high levels of corrosion, provided that proper bond 
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and anchorage is available between the studs head and the stem, and the heads can 

bear the forces exerted on them.  

- Using the combined arrangement of horizontal and diagonal GFRP studs in 

specimen 4H4DG did not significantly improve the behavior of specimen. 

6.3 Recommendations for Future Research 

- The heads of GFRP double-headed studs used in this research broke at an early 

stage, hence, could not resist the forces acting on them. Use of GFRP double-

headed studs with stronger heads can better enhance the ability of this type of 

reinforcement and result in better behavior. 

-  It is agreed that the presence of the lateral or transverse beams provides more 

confinement to the joint. The study presented herein is recommended to be 

extended to interior, edge and corner joints. 

- The use of headed studs with deformed stems did not lead to failure mode 

characterized by a plastic hinge in the beam. This is attributed to short length of 

the studs that may have limited the development length of the stem and the 

bearing capacity of the heads. Investigation of the effect of longer length of the 

studs and their extension in the beam in the in-plane direction is recommended. 

- Increase in the amount of out-of-plane confinement resulted in better overall 

behavior. It is recommended that the same effect is investigated for the specimens 

tested herein with less out-of-plane confinement. 
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Appendix I : Copyright Permission Letter 

Asking for permission to use data 
2 messages 

 
Vahid Mojarrad <vmojarra@ucalgary.ca> Thu, May 23, 2013 at 6:17 PM
To: melbadry <melbadry@ucalgary.ca> 

Date: 23 May 2013 
 
Dear Prof. El-Badry 
 
    I am writing this email to ask for your permission to use the experimental data of your 
previous research on "the use of double-headed studs for shear reinforcement of beam-
column joints" for comparison purposes. 
 
   If you agree, I will analyse and present some of the results acquired by tests on specimens 
C-1, C-2, SS-1, SS-2, and SS-4A (as cited in your previous publications) in my MSc thesis 
titled "Behaviour of Concrete Beam-Column Joints Reinforced with Steel or Glass Fibre-
Reinforced Polymer Double-Headed Studs for Seismic Resistance" which is going to be 
submitted to the Faculty of Graduate Studies of University of Calgary. 
 
   I am looking forward to hearing from you soon, and I truly appreciate your consideration. 
 
Best regards; 
Vahid Mojarrad Bahreh 
MSc Student 
Department of Civil Engineering, University of Calgary 
Email:vmojarra@ucalgary.ca 
           

 

 
Dr. Mamdouh El-Badry <melbadry@ucalgary.ca> 

Fri, May 24, 2013 at 12:05
PM

To: Vahid Mojarrad <vmojarra@ucalgary.ca> 

Dear Mr. Mojarrad Bahreh, 
 
As your MSc research is extension of my previous research done by my former PhD student 
under my supervision, and since it is necessary to compare the results of your experiments to 
those obtained from the previous tests, I hereby confirm that you have my permission to 
analyze and present the test results of specimens C-1, C-2, SS-1, SS-2, and SS-4A in your 
MSc thesis. Please note however that your use of this data must be limited to your thesis only. 
 
Sincerely, 
Dr. Mamdouh El-Badry 

------------------------------------------------------ 

Professor of Civil Engineering 

University of Calgary 
 

 


