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As a link of two or more members, the behavior of a beam-column joint is 

structurally important especially in high seismic regions. Joint ACI-ASCE 

Committee 352 published the ACI 352R-02 guides for design of reinforced 

concrete beam-column joints based many relevant studies. But there is a need 

for updating these guides due to the fact that it has been established based on 

the limited experimental data, especially for roof level joints with headed bars, 

which alleviate steel congestion problem in the joint, and joint with high-

strength materials. The purpose of this study is to conduct full-scale seismic 

tests of several types of exterior joint (including roof level joint) specimens 

using headed bars with some variables which are not discussed in the current 

guidelines (e.g., high-strength materials, post-tensioning), and 

analyze/compare the results of each specimen’s behavior. Eight specimens 

were constructed. Five of the specimens were roof level joints including one 

with normal-strength concrete, one with high-strength concrete, and three 



 

ii 

with unbonded post-tensioning tendons with varying ratios of joint shear 

demand. Three of the specimens were interstory level joints with high-

strength concrete, unbonded post-tensioning tendons and with varying ratios 

of joint shear demand. They were tested under reversed cyclic loading in 

January-February, 2015. All the specimens showed very ductile behavior, and 

the post-tensioned specimens generally maintained its lateral capacity until 

the end of testing. Furthermore, energy dissipation capabilities of all 

specimens were excellent, though four post-tensioned specimens with very 

high joint shear demands exhibited relatively large joint shear distortions that 

moderately affected the overall lateral strength and ductility of the 

subassembly. 

 

 

Keywords : beam-column exterior joint, headed bars, high-strength 

concrete, unbonded tendons, cyclic test 
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Chapter 1. Introduction 

1.1 Introduction 

The beam-column joint is one of the most structurally important parts in the 

moment frame which primarily resists lateral forces due to earthquake actions. 

To promote ductile performance of the moment frame under seismic forces, 

plastic hinges should be formed at the end of the beam before column hinging 

according to the strong column/weak beam design concept. Also, for ductile 

behavior, proper seismic details of beam-column joints should be provided. 

Beam-column failures due to the lateral force are shown in Figure 1-1. For 

that reason, seismic details of beam-column joint is examined and proposed 

by various design code of countries. In the U.S.A., Joint ACI–ASCE 

Committee 352 publication of ACI 352R-02 (ACI Committee 352, 2002) 

provides guidelines for the design of beam-column joints; however, ACI 352 

guideline is still in need of updates for several parts. 

 

Figure 1-1 Beam-column exterior joint failure due to lateral load 

 

In congested exterior beam-column joints, use of headed-bars is an efficient 

way to anchor the beam bars. Conventionally, 90 degree hooked bars are used, 

which causes steel congestion, time-consuming fabrication and improper 

concrete placement. Such a congestion problem gets more serious in roof 
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level joint (knee joint) as the column bars should also be anchored in the joint. 

Figure 1-2 shows the advantage of using headed bars comparing to hooked 

bars. Despite many advantages of headed reinforcement, current code 

provisions and recommendations have insufficient details regarding the 

headed bars. In this study, the effects of using headed bars on the seismic 

behavior of various types of knee joints are examined.  

 

Figure 1-2 Advantage of using headed bars comparing to hooked bars 

 

Recently, the use of high-strength concrete is increasingly popular because of 

its structural, economic advantages. In the current design guides including 

ACI 352R-02, there are limitations on material properties. ACI 318-11 (ACI 

Committee 318, 2011) and 352R-02 recommend that concrete compressive 

strength and yield strength of reinforcing bars are valid for up to 100 MPa and 

540 MPa, respectively. Furthermore, the contents of report do hardly reflect 

the properties of high-strength concrete. These limitations may need to be 

extended as there are growing needs in the industry. Yet, there is a lack of 

available experiments with high-strength concrete. Additionally, post-

tensioning method which is not also mentioned in the current code would 

improve the brittle behavior of high-strength concrete.  
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1.2 Scope and objectives 

The main purpose of this study is to investigate seismic performance of 

reinforced concrete beam-column exterior joint with high-strength concrete 

and unbonded tendons. Eight full-scaled specimens were constructed for 

comparison, where five of them were beam-column exterior roof level joints 

(L shape, knee joint) including one index specimen and three of them were 

beam-column exterior interstory joints (T shape, interstory joint). All 

specimens were designed and constructed according to ACI 352R-02 

guideline. Knee joints and interstory joints were tested subjected to seismic 

loading based on ACI 374.2R-13 and ACI 374.1-05 reports, respectively. 

From the experiments, moment-drift ratio, energy dissipation, failure mode, 

crack pattern, joint shear distortion, strain of reinforcement, and behavior of 

unbonded tendons of specimens were investigated to evaluate overall seismic 

performance. 

1.3 Organization 

This thesis is composed of six main chapters. The introduction, purpose and 

scope are shown briefly in Chapter 1. Design considerations and detail 

requirement of current codes and relevant studies are reviewed in Chapter 2. 

According to previous chapter, design process including details of eight 

specimens and construction process is shown in Chapter 3. Chapter 4 contains 

test setup, material’s properties, loading plan and measuring instrument plan. 

Test results and discussion of eight specimens are described and compared in 

Chapter 5. Finally, conclusions are given in Chapter 6. 
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Chapter 2. Review of Design Method and Previous 

Studies 

2.1 Design codes 

There are several design codes that relate to seismic details of beam-column 

joints. The design codes that are applied to countries where earthquakes 

frequently occur (e.g. the U. S. A., Japan and New Zealand) are noted for their 

unique seismic designs. In the U.S.A, ACI 318-11 is a fundamental building 

code that includes seismic design. Recently, the latest version of ACI 318-14 

has been released. Joint ACI-ASCE committee 352 has also proposed a 

guideline ACI 352R-02 on designing the details of beam-column joints based 

on various experimental data including seismic details (Type 2). This chapter 

reviews ACI 352R-02, by comparing it to ACI 318-11. This is because all 

specimens used in this experiment follow the ACI 352R-02 report. ACI 352R-

02 focuses on the following elements: column longitudinal bars, amount of 

transverse reinforcement, joint shear strength, flexure of members, 

development length of beam bars, and beam stirrup. 

In ACI 352R-02 (Type 2), column longitudinal bars should be placed around 

the column core. In addition, center-to-center spacing between bars should not 

exceed the larger of 200 mm and 1/3 of the column cross-section dimension 

(or diameter). In ACI 318-11, there are no comments on the locations of 

column bars in the special moment frame. 

There are two types of transverse reinforcement in the column (i.e., spiral 

transverse reinforcement and hoop/cross tie) and different equations are 

proposed for each type. In this study, only the equation for hoop/cross tie is 

considered because spiral type was not used. Regarding amount of transverse 
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reinforcement (Ash), ACI 318-11 and ACI 352R-02 suggest the same equation. 

And the equation is as follows: 

'
0.3 [( ) 1]

gc c

sh

yt ch

Asb f
A

f A
                    (2-1) 

'
0.09 c c

sh

yt

sb f
A

f
                    (2-2) 

where s is the spacing of transverse reinforcement, bc is the core dimension of 

tied column, fc’ is the specified compressive strength of concrete in the joint, 

fyt is the specified yield strength of hoop/cross tie reinforcement, Ag is the 

gross area of column section, and Ach is the area of column core measured 

from outside edge to outside edge of transverse reinforcement. The area of Ash 

should be at least equal to Eq. (2-1), but not less than Eq. (2-2). In ACI 352R-

02, fyt is limited to 420 MPa. Spacing of transverse reinforcement, s, should 

not exceed the least of 1/4 of minimum column dimension, six times the 

diameter of longitudinal column bars, and 150 mm. Lastly, transverse 

reinforcement, calculated by Eqs. (2-1) and (2-2), should be placed along the 

length (lo) specified in Chapter 21 of ACI 318-11. From ACI 318-11, lo should 

not exceed the least of 1/4 of the minimum dimension of member, six times 

the diameter of the smallest longitudinal bar, and so, defined as follows: 

350
100 ( )

3

x

o

h
s


                    (2-3) 

where hx is the maximum center-to-center horizontal spacing of crossties or 

hoop legs on all faces of the column. In addition, lo should not be less than 

100 mm or more than 150 mm. 

To determine nominal shear strength of joint (Vn), both ACI 352R-02 and ACI 

318-11 suggest the equation. The equation is as follows:   
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 0.083 '
n c j c

V f b h                   (2-4) 

where  is the shear strength factor that depends on the types of joint 

classified by ACI 318 and ACI 352, and bj is the effective joint width  

(defined differently in ACI 318 and ACI 352) and hc is the depth of the 

column in the direction of joint shear being considered. From Eq. (2-4), bjhc is 

equal to effective cross-sectional area of joint (Aj), which is used in ACI 318-

11. In ACI 352R-02, beam-column joints are classified according to the 

number of the beams that effectively confine the joints and whether the joint 

is with a continuous column or not. In ACI 318-11, only the numbers of the 

beams that effectively confine the joints are considered to determine the 

constant. Table 2-1 shows classified . 

Table 2-1 Shear strength factor classified by ACI 318 and ACI 352 

Classification ACI 318-11 

ACI 352-02 

(with a continuous 

column) 

ACI 352-02 

(with a discontinuous 

column) 

All four vertical faces 1.7 1.667 1.25 

Three vertical faces or 

two opposite vertical 

faces 

1.2 1.25 1 

Other cases 1 1 0.667 

 

ACI 352R-02 recommends that bj should not exceed the least value of 

[(bb+bc)/2], [bb +(mhc/2)], and bc, where bb is the width of the longitudinal 

beam, and m is the slope to define the effective width of joint transverse to the 

direction of shear. However, ACI 318-11 proposed that bj should be the lesser 

value of (bb+hc) and (bb+2x), where x is the smaller perpendicular distance 

from longitudinal axis of beam to column side. 

As a part of the moment frame system resisting seismic load, beam-column 

joints should satisfy the criterion that the sum of the nominal flexural 

strengths of the beam at the joints should not exceed 1.2 times that of the 
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nominal flexural strength of the column section at the joints. However, it is 

not required in the roof level joint. Both ACI 352R-02 and ACI 318-11 

proposed this condition. 

Another important point to consider is to get sufficient development length of 

longitudinal bars. There are two ways of anchoring the reinforcement in the 

limited place: conventional hooked bars and mechanical anchorage method 

using headed bars. ACI 352R-02 and ACI 318-11 suggest different required 

development length equations for hooked bars (ldh) and headed bars (ldt).  

The results of the two equations are quite different because locations of 

critical sections for each recommendation are different. In ACI 352R-02 non-

seismic design (Type 1), the critical section is the adjacent section of joint and 

beam, which is same as the one from ACI 318-11. On the other hand, seismic 

design (Type 2) suggests a different critical section, located the outer edge of 

the transverse reinforcement that confines the column core. Furthermore, the 

definition of development length for headed bars is different. In ACI 318-11, 

ldt is measured from the critical section (beam-joint interface) to bearing face 

of the head, whereas ACI352R-02 defines ldt as the length measured from 

critical section (outer edge of the transverse reinforcement) to the outside end 

of the head. Table 2-2 contains equations of required development length, and 

Figure 2-1 shows the locations of critical section and definition of 

development length for headed bars. 

Table 2-2 Minimum development length by ACI 318 and ACI 352 

Anchorage type ACI 352R-02 (Type 2)  ACI 318-11 

Hooked bars (ldh) 
6.2 '

y

dh b

c

f
d

f


  

0.24
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e y

dh b

c

f
d

f




  

Headed bars (ldt) 0.75
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y

dt b
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f
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f
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f
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In Table 2-2,  is the stress multiplier for longitudinal reinforcement (1.25 for 

Type 2), db is the diameter of anchored bar, e is the epoxy factor used to 

modify development length when coated reinforcement is used, and  is the 

modification factor to consider lightweight concrete properties. 

  

(a) Critical section (b) Development length 

Figure 2-1 Details of joint by ACI 318 and ACI 352 (ACI 352R-02) 

 

Unlike ACI 318-11, ACI 352R-02 recommends that anchorage length of beam 

bar should be extended at least 50 mm to the confined core (Figure 2-1) to 

form a sufficient compressive strut, although development length is over the 

minimum development length from the equation in Table 2-2. 

Lastly, the proper amount and spacing of transverse reinforcement should be 

considered. ACI 352R-02 suggests that details of transverse reinforcement 

should be designed according to ACI 318-02, which is the same as ACI 318-

11. The equations from ACI 318-11 are as follow: 

'
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where s is the spacing of transverse reinforcement; bc is the core dimension of 
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tied column; fyt is the specified yield strength of transverse reinforcement; Ag 

is the gross area of column section; and Ach is area of column core measured 

from outside edge to outside edge of transverse reinforcement. The total 

cross-sectional area of transverse reinforcement (Ash) is determined from Eq. 

(2-5), but must not exceed that from Eq. (2-6). As the column section is 

rectangular (not square), it is necessary to check Eq. (2-5) and Eq. (2-6) for 

both directions. The center-to-center spacing between layers of transverse 

reinforcement s should not exceed the least of (a) 1/4 of the minimum column 

dimension, (b) six times the diameter of longitudinal column bars to be 

restrained, and (c) 150 mm. 

In ACI 352R-02, placement of additional vertical U-stirrups is recommended 

to promote the development of a diagonal compression strut within the joint 

for a roof exterior (knee) joint, which is the main joint-resisting mechanism. 

The center-to-center spacing s of U-stirrups should not exceed the least of (a) 

1/4 of the beam width, (b) six times the diameter of longitudinal beam bars to 

be restrained, and (c) 150 mm. As the smallest is from case (a), 100 mm, s 

should be smaller than or equal to 100 mm. Like the horizontal transverse 

reinforcement, the spacing of U-stirrups is determined, satisfying the 

following: 

'
0.09 c c

sh

yt

sb f
A

f
                     (2-7) 

If headed bars located outside of the joint has insufficient concrete cover (less 

than 3db), special U-stirrups and head-restraining bars to restrain the heads are 

needed. The strength of stirrups should be equal to half of the yield strength of 

longitudinal bars developed considering nonlinear behavior.  
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2.2 Previous studies 

In this section, previous studies conducted by various researchers on the 

seismic behavior of beam-column exterior joints are reviewed. First, the 

concepts of the seismic behavior of beam-column joints including resistance 

mechanism are introduced. Though many relevant experimental studies of 

exterior beam-column joints exist, most of them are focused on the interstory 

joints. As a result, the experimental data relating to knee joints are relatively 

limited. Also, details of knee joints are more complicated so that using headed 

bars for anchorage would be effective. In the next subsections, experimental 

research conducted by various researchers on knee joints including those with 

headed bars is also reviewed. Lastly, additional methods that have been used 

to improve the seismic behavior of beam-column joints, such as high-strength 

materials and unbonded tendons used in the moment frame, are examined. 
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2.2.1 Seismic resistance mechanism of beam-column joint 

The conceptual study on the behavior of beam-column joints under seismic 

loads was examined in detail by Paulay et al. (1978), and the main features of 

joints behavior under seismic loading were studied by Paulay (1989). Though 

these studies were mainly focused on the behavior of interior joints, similar 

behavior would be observed in exterior joints so the overall seismic behavior 

could be examined (Paulay and Scarpas, 1981). In these studies, external 

seismic forces were applied to the joint and internal resistance forces in the 

joint were introduced. The major external force on the joint core was shear 

force, and two resistance mechanisms of concrete strut and truss mechanism 

were noted. In addition, the interaction between concrete and steel shear 

resisting mechanisms was described. Figure 2-2 contains the pictures of 

external and internal force on joint core for both interior and exterior joints 

(Paulay et al., 1978; 1981). 

  

(a) Seismic actions in equilibrium (b) Internal forces (Interior joints) 

  

(c) Internal forces (Exterior joints)  (d) Internal force by anchored bars 

Figure 2-2 Forces associated with joint under seismic load (Paulay et al., 1978; 1981) 
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As shown in Figure 2-2(b), the probable maximum horizontal shear force in 

the interior joint core could be calculated by Eq. (2-8) from horizontal 

equilibrium condition (Paulay et al., 1978). 

Vjh = (As1 + As2)αfy − Vcol                    (2-8) 

where Vjh is the probable horizontal shear force in the joint, As1 is the total area 

of tensile reinforcement on the right side of beam, As2 is the total area of tensil 

reinforcement on the left side of beam, α is the stress multiplier (1.25), fy is 

the specified yield strength of reinforcement, and Vcol is the shear force at the 

column-joint interface. Vertical shear force Vjv could be determined in a 

similar way, considering the internal column force and shear force at the 

beam-joint interface. In case of exterior joint, As2 would be zero due to the 

absence of one side of the beam so the equation of horizontal shear force 

could be reduced. Furthermore, the equation would be reduced again for knee 

joint because Vcol is zero. Thus, the tensile force on the beam section (T) is 

equal to the joint horizontal shear force, and the final equation is as follows:   

Vjh = As1αfy = T                   (2-9) 

As mechanisms of joint shear resistance, concrete strut and truss mechanism 

were introduced. Figure 2-3 shows the joint shear resistance mechanisms for 

exterior joints (Paulay et al., 1978). Concrete strut indicates a diagonal 

concrete strut in the joint core according to the internal compression forces by 

concrete and the bond force (∆Tc) transmitted from the beam re-bars. In terms 

of forces, diagonal compression force is presented as Dc in Figure 2-3. This 

mechanism could resist against both the horizontal and vertical shear forces 

across the joint. The longitudinal steel forces in the joint would induce the 

bond forces, which result in diagonal tension stress in the core. However, with 

well-anchored horizontal and vertical reinforcing bars, truss mechanism 

would be developed to resist the tension in the reinforcement within the joint. 

With the truss mechanism, the core concrete supplies the necessary diagonal 
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compression field with a capacity of Ds in Figure 2-3. It is necessary to 

maintain horizontal and vertical compression forces at the boundaries of the 

core to sustain a diagonal compression field within the joint. To maintain 

compression forces, horizontal and vertical reinforcement should be well 

anchored and distributed in the joints. External compression forces such as 

compression on the column or prestressing tendons in the beams would also 

improve the compression forces (Paulay et al., 1978). 

  

(a) Concrete strut mechanism (b) Truss mechanism 

Figure 2-3 Mechanisms of joint shear resistance (Paulay et al., 1978) 

 

The shear resistance capacity of joints is expressed as the sum of horizontal 

shear forces by concrete strut mechanism and truss mechanism (Paulay et al., 

1978). Under cyclic loading, plastic hinges would occur at the critical section 

of beam after yielding. After the development of many flexural cracks, the 

beam forces are transmitted only by reinforcement. Thus, in terms of 

nonlinear behavior after yielding, the resistance capacity of the concrete strut 

would significantly decrease unless there is no axial force applied.  
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2.2.2 Seismic behavior of knee joints 

There are many experimental studies on the seismic behavior of beam-column 

exterior joints. However, most of them are focused on the interstory joints and 

there are only limited data relating to knee joints. Unlike interstory joints, 

knee joints do not have a continuous upper column to confine the joint so 

there are additional design considerations such as vertical stirrups which make 

details of joint more complicated and arise steel congestion in the joint area. 

Headed bars for anchorage to alleviate steel congestion would be more 

effective for knee joints. Studies on the seismic behavior of knee joints are 

reviewed in this section. 

The first seismic tests on knee joints were conducted by Mazzoni et al. (1991) 

in the 1990s. Two small-scale knee joints (Unit 1, Unit 2) were designed and 

constructed according to ACI 318-83 and ACI 352-85. The width and depth of 

the beam and column were 10 in. (254 mm) and 12 in. (304.8 mm), 

respectively. Three No. 6 (D19) reinforcing bars were placed at the top and 

bottom sides of the beam. Conventional 90 degree hooked bars were used for 

anchorage. The major difference between the two specimens was the amount 

of transverse reinforcement. One specimen (Unit 1) had two No. 3 (D10) 

hoops within the joint region as recommended by ACI 352, while another 

specimen (Unit 2) had four No. 3 (D10) hoops, which was twice the 

recommended amount. Figure 2-4 shows the details of specimens and test 

setup. 
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(a) Details of joints (b) Test setup 

Figure 2-4 Details of joints and setup plan (Mazzoni et al., 1991) 

 

Both specimens showed the lower joint shear capacity compared to nominal 

shear strength by ACI 352 (Unit 1: 54% and 78% for opening and closing, 

Unit 2: 60% and 79% for opening and closing). This result indicated that the 

nominal shear strength of knee joints by ACI 352 was overestimated, which 

were the same as that of interstory joints. Though two specimens reached their 

maximum moment at a similar drift, Unit 2 showed much more ductile 

behavior because of sufficient transverse reinforcement. Unit 1 lost its lateral 

load resistance after the maximum moment. Failure mainly occurred in the 

joint region in both specimens, resulting in splitting of the joint’s concrete 

cover. Load-displacement curves for both specimens are shown in Figure 2-5. 

  

(a) Unit 1 (b) Unit 2 

Figure 2-5 Load-displacement curve (Mazzoni et al, 1991) 
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Cote and Wallace (1994) conducted a seismic test of four half-scale knee 

joints. All four specimens (KJ1~KJ4) had a 9 in. (229 mm) wide by 16 in. 

(406 mm) deep beam and a 16 in. (406 mm) square column. There were four 

No. 5 (D16) top bars and two No. 5 (D16) bottom bars as beam re-bars. 

Furthermore, four No. 6 (D19) bars and four No. 5 (D16) bars were used for 

column reinforcement. A 90 degree hooked bar was used for anchorage into 

the joints. Difference between the specimens was the amount of transverse 

reinforcement. There was one more No. 3 vertical bar in KJ3. In the case of 

KJ2, two additional diagonal No. 3 (D10) bars were placed in the corner. After 

this experiment, Wallace and McConnell (1995) continued similar tests with 

knee joints. Further 14 knee joint specimens with almost the same size 

member were constructed and tested. Three specimens (KJ16~18) were 

designed using headed bars to anchor with sufficient development length by 

ACI 352R-91 report. The detailed seismic behavior of 18 knee joint 

specimens, including four previously tested, was investigated. Figure 2-6 

shows the reinforcing plan for specimens with hooked bars and headed bars. 

 

 

(a) Schematic plan of reinforcing bars (b) Specimens with headed bars 

Figure 2-6 Reinforcing plan (McConnell and Wallace, 1995) 

 

Wallace et al. (1998) summarized the various conclusions of previous 

experimental studies on knee joints. Headed bars would be the proper solution 
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to improving the disadvantages of hooked bars without degradation of seismic 

performance. However, additional transverse reinforcement for the head-

restraining reinforcement should be put in place to avoid pull-out failure when 

the concrete cover is insufficient. In addition, there was difference between 

knee and exterior joints regarding horizontal shear stress of the joints. Based 

on the results of their tests, Wallace et al. (1998) suggested that the shear 

stress capacity of knee joints is less than that of exterior joints, and it should 

be limited to 6 '
c

f  psi (0.5 '
c

f  MPa). ACI 352R-02, the latest version of 

the ACI 352R report, recommended that nominal shear strength of knee joint 

should be 8 '
c

f  psi (0.667 '
c

f  MPa) which is generally in agreement 

with this suggestion. Unlike interstory joints, additional U-stirrups were 

placed within the joint area. Although it hardly affected the joint shear 

strength, it improved the overall ductile performance of the joints. 

Megget (2003) evaluated the seismic performance of 14 knee joints. Eleven 

half-scale specimens (1~10, 14) and three full-scale specimens (A, B, C) were 

tested in 1998 (Megget, 1998) and 2003, respectively. All specimens were 

designed according to the NZS (1995), except two specimens (5, 8) designed 

based on the NZS (1965). The half scale specimens consisted of 200 mm wide 

by 250 mm deep beams and 250 mm square columns, whereas the full-scale 

specimens consisted of 200 mm wide by 300 mm deep beams and 520 mm 

wide by 300 mm deep columns. Conventional hooked bars and continuous U-

bars were used for anchorage. Extra diagonal bars across the joint corner were 

added to some specimens to improve the opening moment performance. For 

the specimens with the NZS (1995), sufficient internal moment capacity 

above the nominal moment was attained and ductile behavior was shown 

(ductility factor = 4) in both directions. There was a small degradation of 

internal force, but the behavior at the opening direction was improved by 

placing an additional diagonal bar in the corner area. The seismic performance 

of the specimens made to the NZS (1965) was relatively poor.  
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(a) Joints 3 and 4 (b) Joints 6 and 9 (with extra diagonal bars) 

  

(c) Joints 5 and 8 (1960’s design) (d) Joints A and B (full-scale) 

Figure 2-7 Beam moment-displacement curve (Megget, 2003) 

 

Figure 2-7 shows the load-displacement curve for tested specimens. From the 

results of the seismic test, several conclusions were made. The knee joints 

using a continuous U-bar for anchorage exhibited more ductile seismic 

behavior than the joints with conventional hooked bars. Transverse 

reinforcement not only resisted against the horizontal joint shear force, but 

also prevented the tails of hooked bars from straightening. In the case of the 

small-scaled specimens, the maximum shear strength was about half of the 

nominal shear strength of joints proposed by the NZS code due to bond loss of 

longitudinal bars. On the other hand, full-scale specimens had sufficient 

concrete cover and longer development length, and were well confined by 

transverse reinforcement so that larger maximum shear strength was observed. 

The importance of transverse reinforcement within the joint region was 

confirmed by the seismic performance of specimens designed to the NZS 

(1965) which had only one hoop in the joint. 
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Chun et al. (2007) conducted several seismic tests on five full-scale knee 

joints. The specimens consisted of 450 mm wide by 505 mm deep beams and 

the 750 mm wide by 480 mm deep columns. Two D36 reinforcing bars were 

placed on the top and bottom sides of the beams. One specimen (JCT-No.11-1) 

used 90 degree hooked bars for anchorage. Due to the limited space within the 

joint region and relatively large diameter of the bars, the bottom bars were 

bent towards the column side. Four specimens (JMT-No.11-1a, -1b, -2a, -2b) 

used headed bars. The main difference between the No.11-1 series and the 

No.11-2 series was the location of the heads on the column bars. In the case of 

the No.11-2 series, the heads on the column bars were located above the top 

beam bars so that one more transverse hoop could be placed within the joint 

core than No.11-1 series. Figure 2-8 contains the details of knee joint 

specimens. 

   

(a) JCT-No.11-1 (b) JMT-No.11-1 (c) JMT-No.11-2 

Figure 2-8 Details of knee joint specimens (Chun et al., 2007) 

 

From the test results, the seismic behavior of the knee joints with headed bars 

was as good as that of the knee joints with conventional hooked bars. Using 

smaller head than currently recommended was sufficient to anchor the re-bars 

within the joint region. This result was very practical when a large-diameter 

reinforcing bar was needed. Among the specimens with headed bars, better 

performance was observed when the head on the column bars was located 

above the beam bars and an additional transverse reinforcement was placed 

within the joint region. Figure 2-9 shows the moment at critical section and 
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drift ratio curve for knee joint specimens. 

  

(a) JCT-No.11-1 

 

(b) JMT-No.11-1 

 

 

(c) JMT-No.11-2 

Figure 2-9 Beam moment–drift ratio curve (Chun et al., 2007) 
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2.2.3 High-strength materials and unbonded tendons 

Ehsani et al. (1987) compared the inelastic behavior of beam-column 

interstory joints with normal-strength concrete and high-strength concrete. 

Four specimens using 66 MPa concrete were constructed and tested (Unit 

1~4). Two specimens consisted of 300 mm wide by 480 mm deep beams and 

340 mm square columns, and the other two specimens consisted of 260 mm 

wide by 440 mm deep beams and 300 mm square columns. The amount of the 

longitudinal bars of each specimen was different for various joint shear 

demands (0.63 '
c

f ~1.07 '
c

f ). The experimental data was compared to that 

of a previous study of specimen using 41 MPa conducted by Ehsani and 

Wight (Unit 5). Figure 2-10 shows the load-displacement curve for each 

specimen. 

 

 
 

(a) Unit 4 (b) Unit 5 

Figure 2-10 Load-displacement curve (Ehsani et al., 1987) 

 

Through the test result, Ehsani et al. (1987) reached several conclusions. The 

beam-column joints using high-strength concrete exhibited ductile behavior 

similar to that for normal-strength concrete joints. The joint shear stress for 

the high-strength concrete joint was less than the nominal shear strength of the 

joint specified by the current code (about 87%). Thus, the nominal shear 

strength of joints should be modified considering the concrete strength. 

Following the above studies, Ehsani et al. (1991) also conducted similar 
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seismic tests for beam-column exterior joint with much higher concrete 

strength. A total of 12 specimens were constructed including four specimens 

with 56 MPa concrete (8 series), four specimens with 74 MPa concrete (11 

series), and four specimens with 94 MPa concrete (14 series). All specimens 

consisted of 317.5 mm wide by 508 mm deep beams and 355 mm square 

columns. The variable for each specimen group was maximum joint shear 

stress (the first letter in the specimen; L for 7.6 MPa, H for 9.7 MPa) and 

amount of transverse reinforcement (the second letter in the specimen; L for 4 

sets, H for 6 sets of stirrups and cross ties). The relations of load-displacement 

for several specimens are shown in Figure 2-11. 

  

(a) HL11 (b) HH14 

Figure 2-11 Load-displacement curve (Ehsani et al., 1991) 

 

From the test results, all high-strength specimens showed degradation of 

internal strength because of concrete deterioration and slip of longitudinal 

reinforcing bars. It is obvious that more transverse reinforcement should be 

placed on the joint with high-strength concrete. The maximum joint shear 

stress of specimens with high-strength concrete was less than the nominal 

shear strength specified by the current code. Only specimens with low joint 

shear stress and sufficient transverse reinforcement exhibited proper seismic 

performance (Figure 2-11). Based on these results, Ehsani et al. (1991) 

proposed a modified equation considering the concrete strength for the 

nominal shear strength of joints with over 41.3 MPa concrete strength (Eq. (2-

9)). Figure 2-12 shows proposed permissible shear stress based on test result. 
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3( 41.3 0.43 ' 41.3)
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j c
v f


                  (2-9) 

 

Figure 2-12 Proposed permissible shear stress (Ehsani et al., 1991) 

 

Also, new recommendation for the amount of transverse reinforcement was 

proposed (Eq. (2-10)). Unlike current recommendation, the yield strength of 

transverse reinforcement, the size of confined area and concrete strength were 

considered in the equation. 
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(for fc’ > 41.3 MPa)      (2-10) 

where tis the required transverse steel ratio, tmis the modified transverse 

steel ratio, fmis the magnification factor considering concrete strength, and 

tmiis the proposed increased ratio. 

Lee et al. (2014) compared the seismic behavior of beam-column exterior 

joints with normal-strength concrete and high-strength concrete. Eight full-
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scale specimens were constructed with varying concrete strengths (37.7 MPa, 

98.3 MPa), different anchorage methods (conventional hooked bars, MS 

specimens and headed bars, HB specimens), and differently expected failure 

modes of joint (BJ and J). In the case of failure mode, BJ and J indicated 

beam flexural failure prior to joint shear failure and joint shear failure, 

respectively. The failure mode was related to maximum joint shear stress. 

Specimens with BJ and J failures were designed with maximum joint shear 

stress of 0.8 and 1.3 times the nominal shear strength of the joint, respectively. 

Figure 2-13 shows the details of specimens. 

  

(a) MS specimens (b) HB specimens 

Figure 2-13 Details of specimens (Lee et al., 2014) 

 

From the test results, Lee et al. (2014) reached several conclusions. The 

specimen with high-strength concrete and low joint shear stress showed 

relatively larger diagonal strain and less ductility factor compared to the 

specimens with normal-strength concrete, but the behavior was overall ductile. 

At the same displacement, severe deterioration was observed in the specimen 

with high-strength concrete and high joint shear stress compared to that in the 

normal-strength concrete specimen. Under high level of joint shear stress, the 

nominal shear strength of joint specified by ACI 352 was a little 

underestimated (about 20%) regarding high-strength concrete which 
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corresponded to previous research. Figure 2-14 shows the load-displacement 

curves for several specimens. 

 

(a) BJ-H-HB 

 

 

(b) J-H-HB 

Figure 2-14 Load-displacement curve (Lee et al., 2014) 

 

Hwang et al. (2014) conducted experimental research on the seismic behavior 

of beam-column exterior joint with high-strength reinforcement. Using high-

strength reinforcement with normal-strength concrete has critical 

disadvantage in the design process as it increases splice length and anchorage 

length. If sufficient anchorage length was not obtained, bond-slip could occur 

and it would affect the hysteretic energy dissipation and shear strength of the 
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joint. Hwang et al. (2014) constructed three full-scale specimens. The SD600 

reinforcement was used for two specimens while the other specimen used SD 

400 for comparison. All three specimens consisted of 350 mm wide by 500 

mm deep beams and 500 mm square columns, and conventional hooked bars 

were used for anchorage. 

Figure 2-15 shows the load-displacement curve for each specimen. In the 

curve, internal strength in the positive direction was larger than that in the 

negative direction because the amount of top re-bars was larger than the 

amount of bottom re-bars. As mentioned above, pinching was shown in the 

curve due to bond-slip and internal strength degradation also occurred. At the 

end of the test, concrete crushing occurred at the bottom of the beam end. For 

the specimens with high-strength reinforcement, concrete cover spalling and 

punching was observed due to insufficient compressive development length. 

Thus, the minimum development length for hooked bars should meet 

compressive length and tension length requirements in the current code. 

However, if high-strength reinforcement is used with high-strength concrete, a 

minimum development length would be easier to obtain. 
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(a) T1-400 

 

 

(b) T2-600 

Figure 2-15 Beam moment-drift ratio curve (Hwang et al., 2014) 

 

There were relatively a few experimental studies on the seismic behavior of 

beam-column joints with prestressing applied by post-tensioned method. 

Specially, few experiments have been done on exterior joints with prestressing. 

Paulay et al. (1975) reported that axial force applied to beam-column joints 

such as prestressing force could improve the seismic performance of joints, 

and this was proved by a previous experiment (Park and Thompson, 1977). 

Figure 2-16 shows the crack pattern of reinforced concrete specimens and 
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specimen fully prestressed by three tendons at the end of the tests (Park and 

Thompson, 1977). From the figure, it is obvious that the damage in the 

prestressed specimen was significantly less than that of the RC specimen. 

  

(a) RC specimen (b) PT specimen 

Figure 2-16 Seismic test result (Park and Thompson, 1977) 

 

Hawkins and Ishizuka (1988) conducted seismic tests for beam-column 

exterior joints. Three specimens were constructed including two prestressed 

specimens with unbonded tendons (PPC, FS) and one non-prestressed 

specimen (RC). Only specimen FS was full scale, and the other two 

specimens were 2/3 scale. Concrete strength was about 40 MPa, and 

reinforcement with 414 MPa of yield strength was used. Grade 270 steel was 

used as the unbonded tendon, and average effective stress of tendons was 2.3 

MPa. The anchorage method was hooked bar. Figure 2-17 shows final 

drawings for RC and PPC. 

 

 

(a) RC and PPC (b) PPC 

Figure 2-17 Final drawings (Hawkins and Ishizuka, 1988) 
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At the end of the tests, diagonal cracks were more clearly observed in the RC 

and PPC specimens than in the FS specimen, which was full scale. Both 

flexural cracks and shear cracks of the RC specimen were larger than those of 

the PT specimens. Figure 2-18 shows the load displacement curve for RC and 

PPC. 

 

(a) RC 

 

 

(b) PPC 

Figure 2-18 Load displacement curve (Hawkins and Ishizuka, 1988) 
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2.3 Discussion 

In this section, ACI 352R-02 report for seismic design of RC beam-column 

joints was reviewed comparing to current code ACI 318-11. Also, previous 

studies on conceptual seismic behavior of beam-column joints, seismic 

behavior of knee joints and joints with high-strength materials conducted by 

many researchers were reviewed. The primary contents are summarized as 

follows: 

1) ACI 352R-02 guideline based on various experimental results is 

widely used for seismic design of beam-column joints. Also, current 

code ACI 318-11, which is similar to Korea design code (KCI 2012) 

also deal with details of joints subjected seismic loading. The main 

considerations are column longitudinal bars, amount of transverse 

reinforcement, joint shear strength, flexure of members, development 

length of beam bars, and beam stirrups. 

2) External forces applied to beam-column joints under seismic loading 

cause beam bar yielding and associated joint shear force. There are 

two resistance mechanisms for joint shear force, concrete strut and 

truss mechanism. To improve this mechanism, horizontal and vertical 

reinforcement should be well anchored and distributed in the joints. 

Additional compression forces on the joints also contribute to seismic 

performance of joints. 

3) Several researchers conducted seismic tests of knee joints. From the 

results of tests, several conclusions were brought. For ductile 

behavior, sufficient amount of transverse reinforcement should be 

placed within joint core. The nominal shear strength of knee joints is 

less than that of interstory joints. Using headed bars for anchorage 

was as good as conventional hooked bars and also reduces steel 

congestion. 
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4) The seismic behavior of beam-column joints with high-strength 

materials was investigated by various researchers. When using high-

strength concrete to joints, the nominal shear strength of joint 

decreased specially under high shear demand, which is not 

considered in the current code. Furthermore, additional transverse 

reinforcement is needed. When using high-strength reinforcing bars 

with normal-strength concrete, slippage occurred during the test due 

to the increase of required development length.  
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Chapter 3. Specimens Program 

3.1 Specimens dimension 

In this chapter, design process of specimens according to design code and 

previous studies reviewed in Chapter 2 are presented. All specimens are 

designed according to ACI 352R-02, except several subjects that consider 

results of previous studies. Unbonded tendons are designed according to 

conventional design code where possible, because of the lack of experimental 

data or related code. Eight full-scale specimens were designed and 

constructed according to ACI 352R-02 recommendations. Five of them are 

roof exterior joints or knee joints (K-joints), and three of them are interstory 

exterior joints (E-joint). Table 3-1 contains the dimension of specimens. 

Table 3-1 Dimension of specimens 

Specimen 
Column Beam 

Size (mm) Main bar Size (mm) Main bar 

K-RC-N 500×750 
12-D29 

4-D22 
400×560 4-D22 

K-RC-H 500×750 
12-D29 

4-D22 
400×560 4-D22 

K-PT-N-1 500×750 
12-D29 

4-D22 
400×560 

3-D22 

4-15.2ø tendons 

K-PT-N-2 500×750 
12-D29 

4-D22 
400×560 

5-D22 

4-15.2ø tendons 

K-PT-N-3 500×750 
12-D29 

4-D22 
400×560 

7-D22 

4-15.2ø tendons 

E-PT-H-1 500×500 12-D32 400×650 
5-D29 

6-15.2ø tendons 

E-PT-H-2 500×500 12-D32 400×650 
6-D29 

6-15.2ø tendons 

E-PT-H-3 500×500 12-D35 400×650 
8-D29 

6-15.2ø tendons 
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The size and dimension specimens of the five K-joints were the same. The 

distance from end of the beam to center of the joint is 4000 mm, and from end 

of the column to center of the joint is 2060 mm. The width and depth of beam 

section are 400 mm and 560 mm, respectively. The width and depth of column 

section are 750 mm and 500 mm, respectively. Reinforcing bars with 22 mm 

(D22) were used for beam longitudinal reinforcements. Column longitudinal 

bars were D29. Both beam and column reinforcements were anchored into 

joints by headed bars. At the end of the member, 90-degree hooked bars were 

used for development. U-stirrups and head-restraining bars were properly 

placed in the knee joint area according to design code. At the end of the beam, 

depth is increased from 560 mm to 710 mm to prevent beam damage prior to 

joint failure while the actuator applies horizontally to the specimen and to 

have enough space for both post-tensioning anchor, and actuator. 

The K-RC-N is an index specimen, where ‘K’ and ‘RC’ represent knee joint 

and reinforced concrete, respectively; ‘N’ indicates that the specimen was 

made of normal-strength concrete (35 MPa) and SD400 reinforcement (fy = 

400 MPa). The K-RC-H is a specimen made of high-strength materials, where 

‘H’ represents that high-strength materials such as high-strength concrete (80, 

100, or 120 MPa) and SD600 reinforcement (yield strength fy = 600 MPa) 

were used. Although ACI 352R-02 limits the yield strength of reinforcement 

to 420 MPa, the details of specimen with high-strength concrete would be 

more reasonable by using high-strength reinforcement. The K-PT-N-1, K-PT-

N-2, and K-PT-N-3 are specimens with unbonded tendons. In the specimens 

ID, ‘PT’ indicates that post-tensioning is applied to the member. The three 

specimens are classified by the number at the end of ID, which indicates the 

level of joint shear strength ratio. The details of joint shear strength ratio will 

be discussed in the next chapter. Figure 3-1 shows the drawing of K-PT-N-1. 
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Figure 3-1 Elevation section (K-PT-N-1) 

 

 

  
 

Figure 3-2 Beam/column cross section (K-PT-N-1) 

 

The sizes among the three E-joints were the same. The distance from loading 

point to center of the joint is 4050 mm, and between pin supports of the 

column was 3500 mm. The width and depth of beam section were 400 mm 

and 600 mm, respectively. The width and depth of column sections were each 

500 mm. Reinforcing bars with a diameter of 29 mm (D29) were used for 

beam longitudinal reinforcements. In addition, column longitudinal bars were 

D32 reinforcement. Beam reinforcements were anchored into joints by headed 

bars. At the end of the beam and column, 90 degree hooked bars were used for 
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development.  

The E-PT-H-1, E-PT-H-2, and E-PT-H-3 were made of high-strength concrete 

(80, 100, or 120 MPa) and SD600 steel. At the same time, post-tensioning was 

applied to the member by unbonded tendons. Like knee joints, joint shear 

strength ratio will be discussed in the next chapter. Figure 3-2 shows the 

drawing of E-PT-H-1. 

 

 
 

Figure 3-3 Elevation section (E-PT-H-1) 
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Figure 3-4 Beam/column cross section (E-PT-H-1) 

3.2 Development length 

In every specimen, longitudinal bars that should be properly anchored into the 

joint were headed bars. As reviewed in the previous chapter, two different 

equations for required development length are proposed by ACI 352R-02 and 

ACI 318-11. In case of K-joint, a conservative development length was 

proposed in each case (1.1 times the required development length by ACI 

318-11, 1.4 times required development length by ACI 352R-02). This was 

because specimens that applied high-strength materials and prestressing 

tendons could fail due to unexpected factors. In addition, column depth was 

determined to locate the end of developed bars at 50 mm from the column 

core to avoid over-estimating the seismic performance of joint, as ACI 352R-

02 recommends. Column longitudinal bars from the K-joint were also 

developed into joint. However, this study is mainly focused on connection 

between beam and joint; thus, development length for column bars is not 

issued. Column bars were extended above the beam top bars. 

The size of K-joint specimens and diameter of anchored reinforcing bars were 

the same so that required development length would be also the same. Despite 

different properties of high-strength materials, anchorage length of K-RC-H is 

almost the same as that of the other K-joints because the ratio of materials in 
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the equation is similar. Each E-joint specimen has different concrete strength 

so that required development length is different. If concrete strength is 

increased, required development length is decreased. Not only for uncertainty 

of concrete target strength, but also comparing seismic behavior on the same 

condition, development length was equally applied to three E-joint specimens. 

Each proposed development length for every specimen is listed in Table 3-2 

comparing required length by ACI 318-11 and ACI 352R-02. 

 

Table 3-2 Development length 

Specimen 
ldt_ACI318 (db) ldt_ACI352 (db) 

pro (a) req (b) (a)/(b) pro (c) req (d) (c)/(d) 

K-RC-N 18 13.7 1.3 17.2 10.8 1.6 

K-RC-H 18 12.6 1.4 17.2 10.0 1.7 

K-PT-N-1 18 13.7 1.3 17.2 10.8 1.6 

K-PT-N-2 18 13.7 1.3 17.2 10.8 1.6 

K-PT-N-3 18 13.7 1.3 17.2 10.8 1.6 

E-PT-H-1 12.8 12.0 1.1 12.9 9.5 1.4 

E-PT-H-2 12.8 13.6 0.9 12.9 10.7 1.2 

E-PT-H-3 12.8 12.4 1.0 12.9 9.8 1.3 

 

When headed bars are used for anchorage, push out failure may occur at the 

edge of concrete beyond compressive reinforcement. Push-out failure, which 

is spalling out of concrete cover, leads to bond slip of the reinforcing bar. 

Although the concrete cover itself contributes the resistance mechanism, 

development length for compressive reinforcement is important. In this study, 

reversal loading is planned to investigate seismic performance so that 

reinforcing bars would behave as both compressive and tensile reinforcement. 

As a result, reinforcing bars anchored into the joint should meet tensile 

development length, which is longer that compressive development length. 
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Development lengths of longitudinal bars for each specimen are listed in 

Table 3-2 compared to required length of ACI 318 and ACI 352. In the table, 

ldt_ACI318 is required development length for tensile headed bars by ACI 318-11, 

and ldt_ACI352 is that by ACI 352R-02 based on actual materials properties. Also 

‘pro’ and ‘req’ indicate the provided development length and required 

development length, respectively. 
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3.3 Shear strength of joint 

One of the most important factors in the design of specimens is “joint shear 

strength ratio.” In this study, joint shear strength ratio indicates maximum 

shear demand by external force to nominal shear strength by ACI 352R-02 

ratio. Joint shear demand (Vu) by external force is determined by equilibrium 

condition in the free-body diagram. Figure 3-1 and Figure 3-2 show the free-

body diagrams of roof joint and interstory joint, respectively. 

 

 
 

Figure 3-5 Free-body diagram of K-joint 
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Figure 3-6 Free-body diagram of E-joint 

 

From the Figures 3-1 and 3-2, maximum joint shear demand is expressed as 

tensile force at the critical section of the beam (i.e., the beam–column 

interface). In case of reinforced concrete member, the tensile force is assumed 

as tension force of reinforcement, but it would be more complex when 

unbonded tendons are applied. In this study, the tensile force was calculated as 

the beam moment divided by the same moment arm length of 0.9d for all 

specimens including PT specimens, where d is the effective depth of tensile 

reinforcing bars, though tendons had the smaller effective depth. This was 

done for convenience of comparison. Nominal joint shear strength can be 

calculated according to the ACI 352R-02 equation, which classifies joint type 

in more detail than ACI 318-11 does. 

Shear strength ratio is basically similar to the concept of classification factor, 

, because nominal shear strength would be different according to type of 

connection. Though ACI 352R-02 recommends the factor  as 8 for knee joint, 

6 was chosen for K-RC-N, K-RC-H, and K-PT-N-1. This is for preventing 

early failure under small drift-ratio based on previous test results conducted 

by Wallace et al. (1995). To investigate the effect of high-strength concrete 

and prestressing, shear strength of K-RC-H and K-PT-N-1 were designed 
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similar to that of K-RC-N. Furthermore, a prestressed concrete specimen 

would show better seismic performance than reinforced concrete specimen; 

thus, K-PT-N-2 and K-PT-N-3 are designed with relatively high shear demand 

to make the effect of prestressing on the seismic behavior of specimen 

specified. Both high-strength concrete and unbonded tendons are applied to E-

joint specimens. In the same manner, shear strength ratio of E-joints are 

designed higher than required strength factor  from ACI 352R-02. Table 3-3 

contains the information of joint shear strength, where “design” indicates that 

the value is calculated based on design material properties, where “actual” is 

based on actual material properties. 

 

Table 3-3 Joint shear strength 

Specimen 
Mpr (kN-m) Vu (kN) Vn (kN) Vu / Vn 

design actual design actual design actual design actual 

K-RC-N 358.8 345.5 803.8 774.0 1129.4 1127 0.71 0.69 

K-RC-H 551.1 502.7 1234.5 1126.2 1707.5 1941.2 0.72 0.58 

K-PT-N-1 382.8 281.3 857.5 630.1 1129.4 1127 0.76 0.51 

K-PT-N-2 509.0 419.9 1140.3 989.4 1129.4 1127 1.01 0.81 

K-PT-N-3 649.5 560.1 1535.9 1324.6 1129.4 1127 1.36 1.18 

E-PT-H-1 1542.7 1377.9 2442.5 2181.6 2004.4 2278.8 1.22 0.96 

E-PT-H-2 1743.6 1773.4 2913.6 2963.4 2241.0 2004.4 1.30 1.48 

E-PT-H-3 2174.8 1979.5 3736.5 3401 2454.9 2195.7 1.52 1.55 

Mpr: probable moment (considering stress multiplier α =1.25 for longitudinal reinforcement)  
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3.4 Joint transverse reinforcement 

A sufficient amount of transverse reinforcement in the joint area is important 

to maintain the ductility under large deformation. Especially, seismic behavior 

of beam-column joint designed according to the 1960s ACI design code, 

which contains a little transverse reinforcement, is very poor (Megget, 2003). 

Hoop/cross tie type was selected for transverse reinforcement for convenient 

fabrication. Amount of reinforcing bars and spacing of hoop were determined 

based on the equation from ACI 352R-02. The SD600 bars were also used for 

transverse reinforcement of high-strength concrete specimens. However, the 

minimum size of SD600 was D16, so that both SD400 and SD600 bars were 

placed in the K-RC-H to achieve reasonable design. Table 3-3 presents 

information of transverse reinforcement. 

Table 3-4 Transverse reinforcement of specimens 

Specimen Hoop/tie 
Ash_pro 

(mm2) 

Ash_req 

(mm2) 
s (mm) 

K-RC-N 
x axis D13×4 516 410.8 

125  
y axis D13×6 774 674.9 

K-RC-H 
x axis D16×4* 398,000† 378,000† 

125 
y axis D16×6** 636,800† 621,000† 

K-PT-N-1 
x axis D13×4 516 386 

125 
y axis D13×6 774 615.8 

K-PT-N-2 
x axis D13×4 516 386 

125 
y axis D13×6 774 615.8 

K-PT-N-3 
x axis D13×4 516 386 

125 
y axis D13×6 774 615.8 

E-PT-H-1 D16×4 796 911.6 147.5 

E-PT-H-2 D13×4 796 690 115 

E-PT-H-3 
D13×2 

D19×2 
972 662.4 115 

*: D16×2 (SD400) and D16×2 (SD600); **: D16×2 (SD400) and D16×4 (SD600); †: area of 

transverse reinforcement times fy (unit: MPa·mm2) 
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3.5 U-stirrups and head-restraining bars 

Unlike interstory joints, additional U-stirrups and head-restraining bars should 

be placed in the knee joint because of the absence of a continuous column to 

confine the joint core. In this paper, the head-restraining bar was a U-stirrup 

right beneath the head to constrain headed bars. Figure 3-3 shows U-stirrups 

and head-restraining bars. Amount of U-stirrups and spacing were determined 

based on ACI 352R-02. In addition, concrete cover of 40 mm from top edge to 

longitudinal bars was less than 3 times the bar diameter (66 mm) in the K-

joint so that all head-restraining bars should be placed. These head-restraining 

bars are to be provided such that the strength of the stirrup is equal to 1/2 of 

the yield strength of the bar (1/2 of Asfy) being developed for Type-2 joints. A 

smaller amount (about 1/3 of Asfy) than required is provided in the specimens. 

The information of U-stirrups and head-restraining bars are listed in Table 3-5. 

 

Figure 3-7 U-stirrups and head-restraining bars (ACI 352R-02) 
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Table 3-5 U-stirrups and head-restraining bars 

Specimen U-stirrup Head-restraining bar sh (mm) Yield strength (Asfy) 

K-RC-N 
D16⨯2 

D10⨯2 
D13⨯4 98.5 0.33 

K-RC-H D16⨯4 D19⨯2 95 0.37 

K-PT-N-1 
D16⨯2 

D13⨯1 
D13⨯3 90 0.33 

K-PT-N-2 
D16⨯2 

D13⨯1 

D19⨯2 

D13⨯1 
90 0.36 

K-PT-N-3 D13⨯4 
D19⨯2 

D16⨯2 
90 0.36 
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3.6 Unbonded tendons 

The effects of prestressing member on the seismic behavior of joints are rarely 

considered in the current design codes. In addition, relevant previous studies 

are very insufficient. In this study, unbonded tendons for post-tensioning are 

placed in the beam sections to evaluate the behavior of prestressed joint. Four 

strands were placed on the K-joints, and six strands were placed on the E-

joints. Tendons were located symmetrically to the center line considering 

reversal loading, and close to the neutral axis to secure the space for tendons. 

Figure 3-4 shows the locations of tendons. In case of E-PT-H-1, the distance 

between tendon layers was a little small because of joint details. 

   

(a) K-PT-N-1,-2,-3 (b) E-PT-H-1 (c) E-PT-H-2,-3 

Figure 3-8 Location of tendons 

 

Stress in prestressing steel at nominal flexural strength (fps) could be 

calculated by the equation from ACI 318-11, and the equation is as follows: 
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   (3-1) 

where fse is the effective stress in prestressing steel, ρp is the ratio of area of 

prestressing steel to bdp, and dp is the distance from extreme compression 

fiber to centroid of prestressing steel. Eq. (3-1) is valid only for the members 

with unbonded tendons and with a span-to-depth ratio of 35 or less. In 

addition, fps should not be taken greater than the lesser of specified yield 

strength of prestressing steel (fpy) and (fse + 420).  
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3.7 Discussion 

In this section, the detail design process of specimens is introduced. All eight 

full scale specimens were basically designed according to ACI 352R-02 

guideline. And some design points that were not mentioned in the guideline 

were determined according to the current U.S. code, ACI 318-11. Headed bars 

were used for the longitudinal bars that were embedded within the joints. 

High-strength reinforcing bars (SD600) were placed for reinforcement of 

specimens with high-strength concrete. Unlike E-joints, the proposed 

development length of K-joints was longer than the required development 

length specified by current code based on the results of previous studies. All 

specimens had different joint shear demand to nominal shear strength ratio. 

Especially, several post-tensioned specimens were designed with high joint 

shear strength ratio. Lastly, the amount of head-restraining bars for K-joints 

was less than the required amount specified by ACI 352R-02.  
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Chapter 4. Construction, Test Setup and Testing 

4.1 Specimen construction 

All specimens were constructed by PETRATEC Co., Ltd., in Hwaseong-si, 

Gyoenggi-do, from July to October, 2014. Due to the limit of the construction 

space, eight specimens were constructed step by step according to concrete 

strength. Construction procedure was equal for all test specimens. In the 

process, each specimen was laid for convenience. First, hoop and tie for beam 

and column were fabricated and placed on the longitudinal bars as calculated 

spacing. After that, beam and column reinforcement were connected, and 

heads for anchorage equipped. For K-joints, additional U-stirrups and head-

restraining bars were placed. After finishing steel fabrication, wood formwork 

was constructed with plywood around reinforcement cages. At the same time, 

strain gauges were attached to measure strain of reinforcement. 

Concrete pouring for specimens with the same concrete strength was done on 

the same day. The 35 MPa concrete for “K-RC-N,” “K-PT-N-1,-2,-3” was 

poured in 2014. 7. 31. The 80 MPa concrete for “K-RC-H,” “E-PT-H-1” was 

poured in 2014. 9.20. The 100 MPa concrete for “E-PT-H-2,” and 120 MPa 

concrete for “E-PT-H-3” were poured on 2014. 10. 14. and 2014. 10. 2., 

respectively. Cylinders (100 × 200 mm) for each compressive strength and 

tensile strength of concrete were also made. The date of concrete pouring was 

determined to be over 4 months before the test data to ensure a sufficient 

curing period for high-strength concrete. Construction processes of K-joints 

and E-joints are shown in Figure 4-1 
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(a) Reinforcing bar fabrication (K-joint) (b) Reinforcing bar fabrication (E-joint) 

  

(c) Formwork (K-joint) (d) Formwork (E-joint) 

  

(e) Concrete pouring (K-joint) (f) Concrete pouring (E-joint)  

  

(g) Finishing (K-joint) (h) Finishing (E-joint) 

Figure 4-1 Manufacturing process 
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4.2 Material properties 

4.2.1 Concrete 

Concrete strengths of beam and column were equal for all specimens. To 

make high-strength concrete (over 80 MPa), the concrete mixtures developed 

by SILKROAD and KICT were used. In the concrete mixture, zirconium was 

included to reduce concrete heat of hydration and make long-term strength. 

Final mixture was determined based on the trial mixture result, condition of 

site, and ready-mixed concrete facility. For long-term strength, concrete 

curing without heat was conducted. Vinyl curtain was used to retain heat and 

prevent evaporation. Although over 4 months of curing was secured for 

sufficient strength development of the concrete, only strength of 80 MPa 

concrete was over the design strength. Final concrete mixture is listed in 

Table 4-1. 

Table 4-1 Concrete mixtures 

Target 

strength 

(MPa) 

W/B 

(%) 

S/a 

(%) 

Unit weight (kg/m3) 

W C 
Slag 

powder 
Zr G S 

35 42 47 96 210 95 - 942 576 

80 18.8 40 150 400 280 120 882 578 

100 14.9 36 140 470 329 141 876 484 

120 13.5 35 130 432 384 144 892 473 

 

In Table 4-1, W/B is the water binder ratio, S/a is the fine aggregate 

percentage, W is the water, C is the cement, Zr is the zirconium, G is the 

coarse aggregate, and S is the fine aggregate. A total of 30 cylinders with 100 

mm diameter and 200 mm height for design strength were molded to measure 

concrete strength. Compressive strength at 28, 90, and 120 days from curing, 

and tensile strength at 120 days were measured at the laboratory of Seoul 

National University. The pictures of concrete cylinder are shown in Figure 4-
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2. The results of material properties are listed in Table 4-2. 

Table 4-2 Results of material test of concrete (Unit: MPa) 

Design 

strength 
date 

fc’ 

(at 28 day) 

fc’ 

(at 90 day) 

fc’ 

(at 120 day) 
ft ft / fc’ 

35 14.07.31. 37 38.3 41.3 5.4 0.13 

80 14.09.20. 87.3 85 103.4 9.2 0.09 

100 14.10.14. 71.7 75.5 80.6 9.4 0.12 

120 14.10.02. 69.7 97 96 7.5 0.08 

ft: tensile strength for concrete 

 

  

(a) Concrete cylinder (b) Coring 

Figure 4-2 Concrete cylinder 

4.2.2 Reinforcing bars 

Reinforcing bars used for specimens were SD400 steel of 400 MPa yield 

strength (D10, D13, D16, D19, and D22) and SD600 steel of 600 MPa yield 

strength (D16, D19, D22, D29, D32, and D35). Both types of reinforcing bar 

were products of Hyundai Steel. The same material of steel was used for 

beam/column longitudinal bars and transverse reinforcement. The SD400 

steel was used in the specimens with normal-strength concrete (35 MPa). 

Specimens with high-strength concrete (80, 100, 120 MPa) used SD600 steel 

because high-yield strength has the benefit of reducing the amount of 

reinforcement. In addition, reasonable design details according to equations 
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from ACI 352R-02 or ACI 318-11 could be possible. Some of equations 

include ratio of concrete-to-steel material properties such as required 

development length or amount and spacing of transverse reinforcement. 

Tensile tests for each size of reinforcing bar were conducted in Seoul National 

University laboratory: 60 cm of specimens were used. The properties of 

reinforcing bars are listed in Table 4-3. 

Table 4-3 Properties of reinforcing bars (Unit: MPa) 

Bar fy_design fy fu Es 

D10 400 559 676 189381 

D13 400 492 611 188497 

D16 400 545 650 191050 

D19 400 515 622  

D22 400 463 631 185576 

D29 400 541 617 200556 

D16 600 668 791 198137 

D19 600 645 775 187700 

D22 600 675 786 194295 

D29 600 642 739 184897 

fy_design: nominal yield strength of reinforcing bar; fy: yield strength of reinforcing bar; fu: tensile 
strength of reinforcing bar; Es: elastic modulus of reinforcing bar 

4.2.3 Headed bars for anchorage 

The performance of headed bars in the joints under seismic loading was 

proved by many experimental data (Kang, 2008, Kang et al., 2009). Due to 

the various advantages of headed bars as mentioned in the previous chapter, 

beam and column longitudinal bars anchored into joint used headed bars. 

There are several ways to manufacture headed bars, but this does not affect 

the performance of the head. The head was assembled to longitudinal bars 

with thread. The head was made of SM45C steel round bar by WINWIN Co., 

Ltd. Based on material test, the yield strength and tensile strength of SM45C 
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were 552 MPa and 743 MPa, respectively. The shape was round, and the size 

and dimension of the head was determined based on previous studies (Wallace 

et al. 1998, Chun et al. 2007, Kang et al. 2010) The thickness of the head (th) 

is the same as the diameter of the longitudinal bars, and the diameter of the 

head was determined to make Anb/Ab about 4, where Anb is the net head area 

and Ab is the bar head area. Furthermore, clear spacing between headed bars 

was designed less than 4db, which is in accordance with the current code, 

according to the result of previous research (Kang et al. 2012). The smallest 

clear spacing was 1.5db in E-PT-H-1. Dimension of head is listed in Table 4-4, 

and pictures of heads for D22, D29 are shown in Figure 4-3. 

Table 4-4 Dimension of heads 

 db (mm) Ab (mm2) dhead (mm) th (mm) Anb (mm2) Anb/Ab 

D22 22 380 49 22 1506 3.96 

D29 29 661 65 29 2657 4.02 

 

  

(a) Diameter (D22) (b) Thickness (D22) 

  

(c) Diameter (D29) (d) Thickness (D29) 

Figure 4-3 Size for D22, D29 
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4.2.4 Unbonded tendons and anchorage 

Unbonded tendons for post-tensioning the member were placed in the center 

of beam sections for convenient prestressing. Type of strand was SWPC-7B, 

which has 15.2 mm diameter and 1860 MPa nominal tensile strength. Actual 

measured tensile strength of strand was 1776 MPa. Just before specimens 

were tested, all tendons were prestressed so that both the initial and effective 

stresses of prestressing steel were 60% of nominal tensile strength. Self-

developed anchorages by Seoul National University were used, and fixed ends 

were constructed by push-in method for convenient prestressing. Figure 4-4 

shows the tendons with anchorage. 

  

(a) Unbonded tendon with anchorage (b) Unbonded tendons in the specimen 

Figure 4-4 Tendons 

 

Because there is no domestic anchorage product in Korea, Cho et al. (2015) 

developed the “monostrand anchorage” based on finite element method. The 

anchorage is streamlined shape and the performance of anchorage was 

verified according to the result of static load test and load transfer test (Cho et 

al., 2015). Figure 4-5 shows the drawing and picture of anchorages.  
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(a) Self-developed anchorage 

 

(b) Drawing 

Figure 4-5 Self-developed anchorage (Cho et al., 2015) 
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4.3 Prestressing 

All unbonded tendons were prestressed right before the test began. Thus, the 

effective stress of prestressing steel (fse) is assumed to be equal to initial stress 

(fpi). Tendons of K-joints were prestressed first because of the test schedule. 

For K-joints, effective force of tendons was design to be 50% of tensile force 

of tendons (fpu), so that about 140 kN of jacking force was applied. That was a 

little higher than 130 kN (50% of tensile force) considering initial loss. 

However, relatively large initial loss due to anchorage slip occurred. As a 

result, about 15–25 kN of initial prestressing force remained, which is about 

7.5% of tensile force. In case of E-joints, effective force of tendons was 

designed to be 63% of maximum tensile force of tendons, and jacking force 

was about 90% of tensile force considering initial loss. As a result, initial 

force remained was 90–105 kN, which is about 38% of tensile force. Figure 

4-6 contains pictures of prestressing process, and the information of 

prestressing force is listed in Table 4-5. 

  

(a) Jacking machine (b) Placing 

Figure 4-6 Prestressing of tendon 

 

Table 4-5 Information of prestressing force 

Type Fpj (kN) Fpi (kN) Aps (mm2) fse (MPa) fps (MPa) fse/fpu 

K-joint 136.8 18.3 141 130 314.7 0.07 

E-joint 218 99.6 141 706.8 937 0.4 

Fpj: Jacking force; Fpi: Initial force; Aps: area of prestressing tendon; fps: stress in prestressing 

steel at nominal flexural strength (ACI 318-11); * All data are average value of tendons.  
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4.4 Test setup 

4.4.1 Setup for roof joints 

All knee joint specimens were tested in upright position. Column was placed 

on the hinge-support, and beam was connected to the actuator through pin-

support. Because the beam was relatively long, two ball jigs were placed at 

the middle of the member to prevent over-turning due to unexpected 

eccentricity. In addition, large deflection could occur, which hinders the 

horizontal direction of force transferring. To prevent this, pin-supports were 

placed between the specimen and actuator. Figure 4-7 and Figure 4-8 shows 

test setup plan for K-joints and picture of setup. 

 

Figure 4-7 Test setup plan for K-joint (unit: mm) 

 

 

 

Figure 4-8 Test setup for K-joint 
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4.4.2 Setup for interstory joints 

Unlike the K-joint setup, the column of E-joint specimen was laid while the 

beam was stood upright. At the ends of the column, hinge supports were 

located, and the distance between hinge supports was 3500 mm. The actuator 

was directly connected to 500 mm away from the edge of the beam. From the 

actuator to the center of joint was 4050 mm. Two ball jigs to prevent the over-

turning were placed 2050 mm away from the edge of the beam. Test setups 

plan and picture of setup for E-joints are shown in Figure 4-9 and Figure 4-

10, respectively. 

 

Figure 4-9 Test setup for E joint (unit: mm) 

 

 

 

Figure 4-10 Test setup for E joint   

7
0
0

4
0
5
0

3500
5
0
0

2000 kN Actuator

Strong wall

Strong floor

Pin
Pin



 

58 

4.5 Loading History 

For K-joints, a hydraulic actuator with capacity of 1000 kN and maximum 

stroke length of ± 250 mm was used. Loading history was determined 

according to ACI 374.2-13 report and carried out in a displacement-control 

method. Loading velocity was 0.2–1.3 mm/sec based on maximum 

displacement of drift. In each drift, loading was applied reversely for two 

cycles. A hydraulic actuator with capacity of 2000 kN and maximum stroke 

length of ± 250 mm was used for E-joints. Loading history was determined 

according to ACI 374.1-05 report and carried out in a displacement-control 

method. Loading velocity was 0.2–1.3 mm/sec based on maximum 

displacement of drift. In each drift, loading was applied reversely for three 

cycles. In low drift phase, drift was increased by 0.25% or 0.5%. After 2% 

drift, drift was increased by 1% up to the maximum 5% drift ratio. Loading 

history for K-joints and E-joints are shown in Figure 4-11 and Figure 4-12, 

respectively. Also, maximum displacements for each drift ratio are 

summarized in Table 4-6. 

 

Figure 4-11 Seismic loading plan (K-joint) 
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Figure 4-12 Seismic loading plan (E-joint) 

 

Table 4-6 Loading plan for specimens 

K-joint E-joint 

Number of 

cycle 

Story drift 

(%) 

Displacement 

(mm) 

Number of 

cycle 

Story drift 

(%) 

Displacement 

(mm) 

2 0.35 7.9 3 0.5 20.3 

2 0.7 15.8 3 0.75 30.4 

2 1.4 31.5 3 1 40.5 

2 2.1 47.3 3 1.5 60.8 

2 2.8 63 3 2 81 

2 3.5 78.8 3 3 121.5 

2 4.2 94.5 3 4 162 

2 4.9 110.3 3 5 202.5 

2 5.6 126    

 

  

0.5% 0.75% 1.0%
1.5%

2.0%

3.0%

4.0%

5.0%
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4.6 Instrumentation plan 

Several instruments were used to measure the deformation and displacement 

of the specimens. In case of measuring horizontal and vertical displacements, 

Linear Variable Differential Transformers (LVDTs) and wire potentiometers 

were placed on the specimens. Strain gauges were attached to the several 

points on the reinforcement to measure the strain value. Lastly, any reactions 

and loading such as force in the unbonded tendons were measured by attached 

load cell. The detailed locations of instruments are described in this chapter.  

4.6.1 Instrumentation for roof joints 

For measuring horizontal and vertical displacements, LVDTs and wire 

potentiometer were placed around the specimens. First, two wire 

potentiometers were attached to joint at the height and half height of actuator 

to measure joint horizontal displacement. The capacity of potentiometer is 

1000 mm, because expected maximum displacement is much higher than the 

capacity of LVDT. A total of 12 LVDTs were used to get the joint shear 

deformation, curvature of beam, crack causing slip of reinforcing bars, angle 

between beam and column, beam deflection, and displacement of hinge 

support. Four LVDTs of 50 mm capacity for the joint shear deformations were 

diagonally placed to front and back surface of joint. (LVDT1~LVDT4)  

Shear deformation (G) could be calculated by the following equation: 

 

2 2

1 2
( )

2

a b
G

ab

   
                   (4-1) 

where 1 and 2 are the measured displacements from each LVDT on the 

same surface, and a and b are the width and depth of square that LVDTs are 

placed on, respectively. In the specimens, a and b are each 300 mm. At the 

critical section of beam and at 50 mm away from adjacent section to joint, 

four LVDTs were placed up and down to measure curvature at the critical 
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section of beam and crack causing bond slip of reinforcing bar 

(LVDT5~LVDT8), which is not discussed due to insufficient quality of the 

data in this study (only curvatures are represented in Appendix D). Curvature 

could be calculated by the following equation: 

3 4
( )

h


  
                     (4-2) 

where 3 and 4 are the measured displacement from each LVDT and h is the 

depth of beam. In addition, the appearance of a crack causing bond slip could 

be checked by the difference between displacements from each LVDT. The 

capacity of four LVDTs for measuring curvature and slip was 10 mm. In 

between beam and column, one LVDT of 50 mm was placed diagonally 

(LVDT9). From this instrument, the angle between beam and column could be 

found. The deformation from joint center to LVDT was ignored. Though this 

angle may better represent actual drift ratio of specimen, drift ratio from the 

wire potentiometer was used in this study for convenience because there is no 

significant difference. At the end of the beam section where the actuator was 

connected, one LVDT of 50 mm was vertically placed to measure deflection 

of beam (LVDT10). In addition, two LVDTs of 25 mm were horizontally 

placed to measure unexpected movement of hinge support (LVDT 11, 

LVDT12). In the PT specimens, unbonded tendons were placed which were 

hard to attach strain gauges, so that 20 kN capacity load cells were placed at 

the prestressed section to measure the load on the prestressing strands of post-

tensioned specimens during the experiments. Strain gauges were attached on 

the critical section of beam longitudinal bars and the point beneath the head. 

In the joint area, strains of transverse reinforcement and U-stirrup were also 

measured. The locations of measuring instruments are shown in Figure 4-13 

to Figure 4-15. 
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Figure 4-13 LVDT plan – 1 (K-joint) 

 

 

 

 
 

Figure 4-14 LVDT plan – 2 (K-joint) 
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(a) Joint section 

 

(b) V1 

 

   

(c) H1 

 

(d) H2 

 

(e) H3 

 

   

(f) H4 

 

(g) H5 

 

(h) H6 

 

   

(i) H7 (j) H8 (k) H9 

Figure 4-15 Location of strain gauge (K-PT-N-3) 
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4.6.2 Instrumentation for interstory joints 

In case of E-joints, the locations of measuring instruments were determined in 

the similar way to K-joints. One 1000 mm stroke wire potentiometers were 

placed to measure the displacement of beam, and total four LVDTs of 50 mm 

capacity were diagonally placed on the joint surface for measuring joint 

deformation (LVDT1~LVDT4). Each two LVDTs were located front and rear. 

And four LVDTs of 10 mm capacity were placed on the critical section of 

beam to measure flexural deformation of beam and slip behavior of 

reinforcement (LVDT5~LVDT8). Like K-joints, two LVDTs of 50 mm stroke 

were placed diagonally in each corner (LVDT9, 10) to attempt to obtain more 

accurate drift angle. Another four LVDTs were used to measure unexpected 

horizontal and vertical displacement of column (LVDT11~LVDT14). Load 

cells with 20 kN capacity were placed at the prestressed end to measure the 

load on the prestressing strands during the experiments. A 50 kN capacity load 

cell was placed at the end of the column to measure the reaction. Strain 

gauges were attached on the beam reinforcement, and transverse 

reinforcement in the joint and column. Figure 4-16 to Figure 4-18 shows the 

locations of measuring instruments.  
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Figure 4-16 LVDT plan – 1 (E-joint) 

 

 

 

 

 

Figure 4-17 LVDT plan – 2 (E-joint) 
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(a) Joint section 

 

   

(b) H1 

 

(c) H2 

 

(d) H3 

 

   

(e) H4 

 

(f) H5 

 

(g) H6 

 

   

(h) H7 (i) H8 (j) H9 

Figure 4-18 Location of strain gauge (E-PT-H-3)  
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4.7 Discussion 

In this section, construction of specimens as well as materials properties and 

prestressing are described. Also, test setup and test plan including seismic 

loading history and instrumentation plan for K-joints and E-joints are 

discussed. And the primary considerations are summarized as follows: 

1) All specimens were constructed by PETRATEC Co., Ltd. and the 

concrete mixtures were developed by SILKROAD and KICT. For 

high-strength concrete, 80 MPa concrete reached target strength, 

while 100 MPa and 120 MPa concrete failed. Reinforcing bars used 

for normal-strength concrete and high-strength concrete were SD400 

and SD600, respectively. Both types of reinforcement showed 

sufficient yield strength and tensile strength. 

2) The head was assembled to longitudinal bars with thread. The 

material for head was SM45C with 552 MPa of yield strength and the 

shape and dimension of head were determined according to results of 

previous researches. The type of unbonded tendons for post-

tensioning was SWPC-7B which has 1776 MPa of yield strength. 

Self-developed anchorages were used, and fixed ends were 

constructed by push-in method.  

3) Due to anchorage slip, relatively large initial loss of prestressing 

force occurred. In case of K-joints, effective stress of about 7.5% of 

tensile strength remained while about 38% of tensile strength 

remained for E-joints. 

4) All K-joints specimens were tested in upright position, and the 

actuator was directly connected to the beam section. On the other 

hand, the column of E-joint specimen was laid and the beam stood 

upright. Also, actuator was connected to the upper side of beam. 

Different seismic loading plans for K-joints and E-joints were 
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determined according to ACI 374.2-13 and ACI 374.1-05, 

respectively. 

5) To measure the deformation and displacement of the specimens, 

several instruments were placed. Linear Variable Differential Trans 

formers and wire potentiometers used for measuring horizontal and 

vertical displacements, as well as local deformations. To measure the 

strain of reinforcement, strain gauges were attached. Lastly, any 

reactions and loading were measured by attached load cells. 
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Chapter 5. Global Test Result and Analysis 

In this chapter, global test results for eight specimens are discussed. Herein, 

global test results indicate overall seismic performance such as load-

displacement relationship, crack pattern, and energy dissipation capacity. For 

load-displacement relationship, the measured moment at the critical section 

(beam-joint interface) and drift ratio are investigated. Dissipated energy was 

found by calculating the area of hysteresis curve for actual load and actual 

displacement. 

5.1 Moment-drift relation 

5.1.1 Moment-drift relation for roof joints 

The relationship between beam moment at critical section (beam-joint 

interface) and drift ratio for K-joints are discussed. Beam moment at critical 

section (M) was determined as the moment by external force minus moment 

by reaction of column based on equilibrium conditions. Drift ratio () was 

calculated as the measured beam displacement divided the length column. In 

the moment–drift ratio curves, dotted lines stand for nominal moment value 

(Mn) calculated based on ACI 318-11 with measured material properties. 

Unlike E-joints, nominal moments of K-joint differ according to direction of 

external force because the lateral force was applied directly to the end surface 

of beams. Based on interaction between axial load and moment, nominal 

moment of joint closing when compressive force is applied (positive direction) 

is larger than nominal moment of joint closing when tensile force is applied 

(negative direction). Thus, behavior of positive direction is relatively better 

than that of negative direction. Test results regarding measured moment are 

summarized in Table 5-1. 
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Table 5-1 Moment results of roof joints 

Specimen My (kN-m) Ppeak (kN) Mn (kN-m) Mpeak (kN-m) Mpeak/Mn 

K-RC-N (P) 282 189 379 402 1.06 

K-RC-N (N) 212 146 310 310 1.00 

K-RC-H (P) - 277 570 589 1.03 

K-RC-H (N) 258 216 469 460 0.98 

K-PT-N-1 (P) 307 208 352 443 1.26 

K-PT-N-1 (N) 205 150 278 320 1.15 

K-PT-N-2 (P) 355 273 504 579 1.15 

K-PT-N-2 (N) 224 236 405 502 1.24 

K-PT-N-3 (P) 507 318 652 675 1.04 

K-PT-N-3 (N) 400 272 541 578 1.07 

My: moment at first yielding; Ppeak: measured peak force; Mpeak: measured peak moment; P: 

closing direction; N: opening direction 

 

To evaluate the ductility capacity of specimens, drift ratio was measured at 

several points during the test. Ductility capacity is represented as ductility 

factor (), which indicates the deformability from the point when the 

longitudinal reinforcement yields to the point when specimens fail. It could be 

calculated as the ratio of peak drift ratio to yield drift ratio (peak/y). Yield 

drift ratio (y) is the drift ratio at the point when longitudinal reinforcement 

first yields and maximum drift ratio (max) is the drift ratio at the maximum 

moment. Peak drift ratio (peak) is the drift ratio at the maximum. For K-joints, 

ductility factors for both directions were a little different. Test results of 

measured drift ratio are summarized in Table 5-2. 
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Table 5-2 Drift ratio results for roof joints 

Specimen y (%) max (%) peak (%)  (peak /y) 

K-RC-N (P) 1 6.2 8.8 8.8 

K-RC-N (N) 0.8 4.6 5.5 6.9 

K-RC-H (P) - 4.6 8.4 - 

K-RC-H (N) 1.4 4.7 5.6 4 

K-PT-N-1 (P) 1.3 5.3 8.7 6.7 

K-PT-N-1 (N) 1.0 5.0 5.8 5.8 

K-PT-N-2 (P) 1.2 8.8 9.4 7.8 

K-PT-N-2 (N) 0.8 7.6 8.4 10.5 

K-PT-N-3 (P) 1.9 3.6 9.4 4.9 

K-PT-N-3 (N) 1.8 7.5 8.2 4.5 

 

For K-RC-N, internal moment reached nominal moment at the 1.4% drift ratio, 

and maximum moment of about 1.04 times to nominal moment was shown in 

positive direction. As drift ratio increased, excellent seismic performance was 

observed without decreasing of internal moment. The test ended at the 8.4% 

drift ratio with little degradation of internal moment. Although there was no 

special failure of specimen, the stroke of the actuator reached the limit length. 

In the negative direction, maximum internal moment of each cycle was 

steadily increasing. Yield drift ratio (y) was measured at the moment at first 

yielding of longitudinal bars. Ductility factor was calculated with yield drift 

ratio and maximum drift ratio. Because K-RC-N did not fail until the test 

ended, actual ductility capacity would be larger than measured ductility factor 

(8.8). On the other hand, at least 6.9 of ductility capacity was measured in the 

negative direction. Figure 5-1 shows the beam moment-drift ratio relationship 

curve.  
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Figure 5-1 Beam moment-drift curve (K-RC-N) 

 

For K-RC-H, the same amount of high-strength reinforcing bars as K-RC-N 

was used, so that much larger internal moment was observed compared to K-

RC-N. Similarly, internal beam moment reached nominal moment at the 1.4% 

drift ratio, and maximum moment of about 1.05 times to nominal moment was 

shown at the 2.1% drift ratio. Like K-RC-N, K-RC-H performed very well 

with no decreased internal moment at the next drift ratio, except a little 

degradation at the final drift ratio of 8.4%. Only K-RC-H failed at the last 

drift ratio, due to fracture of beam longitudinal bars. The material property of 

high-strength reinforcement, which has low ductility, might affect this 

behavior. In the negative direction, similar behavior to K-RC-N was shown, 

and maximum internal moment reached to the nominal moment. Yield drift 

ratio for positive direction was not measured because of failure of strain gauge 

attached to longitudinal bars. Ductility factor for negative direction was 4. 

Due to high-strength reinforcement, measured yield drift ratio was relative 

large; also, it is assumed that ductility factor for positive direction was smaller 

than that of K-RC-N. Despite that, K-RC-H showed sufficiently ductile 

performance. Figure 5-2 shows beam moment-drift curve of K-RC-H. 
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Figure 5-2 Beam moment-drift curve (K-RC-H) 

 

For K-PT-N-1, four prestressed unbonded tendons were applied to the beam 

member to achieve similar moment strength to that of K-RC-N. At the 1.4% 

drift ratio, internal moment reached nominal moment. Unlike RC specimens, 

maximum moment of each drift ratio was increasing until 4.9% drift ratio. At 

the 4.9% drift ratio, maximum internal moment of 1.26 times to nominal 

moment was shown, and there was little degradation of internal moment at the 

final drift ratio. The material properties of prestressing strands (relatively 

high-yield strength and strain) would affect the behavior of K-PT-N-1. For 

negative drift, yield drift ratio from the strain gauge was 1.3% drift, which is 

larger than that of K-RC-N. The test of K-PT-N-1 also finished by the limit of 

stroke, so that the maximum drift ratio was equal to that of K-RC-N. In 

addition, the specimen could have resisted to lateral force at the large drift 

ratio if the stroke was larger. Ductility capacity of K-PT-N-1 would be larger 

than the measured ductility factor (6.7). Figure 5-3 shows moment-drift curve 

of K-PT-N-1. 
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Figure 5-3 Beam moment-drift curve (K-PT-N-1) 

 

For K-PT-N-2, the same amount of unbonded tendons were placed in the 

beam member, but the lateral capacity was better and internal moment was 

higher than K-PT-N-1 due to the larger number of longitudinal bars. The 

shape of behavior was very similar to that of K-PT-N-1. Internal moment 

reached nominal moment at the 1.4% drift ratio, and after nominal moment, 

the maximum internal moment of each drift ratio was steadily increased until 

the 5.6% drift ratio. At the final drift ratio (9.4%), a little degradation of 

internal moment occurred. Maximum moment was 1.24 times nominal 

moment in the negative direction, and yield drift ratio was 1.2%. Figure 5-4 

shows moment-drift curve of K-PT-N-2. 
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Figure 5-4 Beam moment-drift curve (K-PT-N-2) 

 

For K-PT-N-3, there were more longitudinal bars on the beam section than for 

K-PT-N-2, so that a much larger internal moment was shown. Unlike other PT 

specimens, the shape of behavior of K-PT-N-3 was similar to RC specimens 

in that there was no increasing of internal moment after nominal moment. 

However, it still showed very ductile performance without degradation of 

internal moment. At the 2.1% drift ratio, internal moment reached nominal 

moment, and at the last drift ratio, there was little degradation of lateral 

capacity. Maximum internal moment was 1.04 times nominal moment. In 

addition, yield drift ratio was 1.9%, so that measured ductility factor was 

relatively small. Figure 5-5 shows moment-drift curve of K-PT-N-3. 
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Figure 5-5 Beam moment-drift curve (K-PT-N-3) 

 

To compare the seismic behavior of each specimen that was discussed before, 

backbone curves were used (Figure 5-6). Backbone curve is plotting of the 

maximum value at each cycle. Similar behavior was shown in K-RC-N and 

K-RC-H. Because of using high-strength reinforcing bars, K-RC-H showed 

maximum internal moment of 1.5 times larger than that of K-RC-N. Though 

fracture of bars occurred, it happened at very large drift ratio of 8.4%. Thus, 

application of high-strength materials could be a reasonable option for various 

advantages. In comparison of K-RC-N and K-PT-N-1, similar internal 

moment was observed because both were designed with almost same joint 

shear ratio. In PT specimens, there was increase of internal moment after yield 

moment due to the properties of high-strength unbonded tendons. In case of 

K-PT-N-2 and K-PT-N-3 with large joint shear demand, ductile behavior 

without strength degradation like other specimens was shown. All specimens 

showed excellent behavior with sufficient ductility and little strength 

degradation. According to the maximum internal moment larger than the 

nominal moment of specimens and little strength degradation, bond between 

concrete and reinforcement was not lost and beam flexural failure occurred 
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prior to joint shear failure. Ductile behavior was observed with forming 

plastic hinge in the critical section. Figure 5-6 shows the backbone curves for 

each specimen. 

 

Figure 5-6 Backbone curve for K-joints 

 

5.1.2 Moment-drift relation for interstory joints 

Beam moment was calculated as the external force times the length from 

actuator to beam-joint interface. Drift ratio was determined as the 

displacement of beam divided by the length from actuator to center of joint. 

Due to the specimens setting, external force was not directly applied to the 

beam section, so that the direction of forcing (push/pull) did not affect the 

nominal moment. When the actuator pushed the specimens, the direction of 

external force was positive, while negative indicates pulling in this study. For 

all specimens, the maximum internal moment at the positive direction was 

smaller than when the actuator pulled the specimens. Measured negative 

maximum moment was 5% higher than positive maximum moment. In both 

directions, peak moment was over the nominal moment. Ductility factor (μ) of 
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all specimens was also very good, but it could be larger because the 

specimens did not fail until the tests ended. Test results regarding measured 

moment and drift ratio are summarized in Table 5-3 and Table 5-4, 

respectively. 

Table 5-3 Moment results of interstory joints  

Specimen My (kN-m) Mn (kN-m) Mpeak (kN-m) Mpeak/Mn 

E-PT-H-1 (P) - 1360 1582 1.16 

E-PT-H-1 (N) 1390 1360 1666 1.23 

E-PT-H-2 (P) 1562 1485 1689 1.14 

E-PT-H-2 (N) 1507 1485 1740 1.17 

E-PT-H-3 (P) 1468 1846 1941 1.12 

E-PT-H-3 (N) 1696 1846 2061 1.19 

 

 

Table 5-4 Drift ratio results of interstory joints 

Specimen y (%) max (%) peak (%)  (= peak /y) 

E-PT-H-1 (P) - 4.6 5.5 - 

E-PT-H-1 (N) 1.9 4.8 5.0 2.6 

E-PT-H-2 (P) 2.4 3.6 5.6 2.3 

E-PT-H-2 (N) 2.3 4.7 4.7 2.0 

E-PT-H-3 (P) 1.8 3.6 5.6 3.1 

E-PT-H-3 (N) 2.2 4.8 4.9 2.2 

 

For E-PT-H-1, at the 1.5–2% drift ratio, internal moment reached nominal 

moment. After nominal moment, internal moment hardly decreased and 

overall behavior was stable and ductile. In the negative direction, maximum 

moment was 1.3 times the nominal moment. In addition, the shape of 

behavior of negative direction was similar to that of positive direction. Yield 

drift ratio for negative direction and maximum drift ratio were 1.9% and 5.5%, 
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respectively. The test of E-PT-H-1 ended due to the limits of stroke, so that 

ductility capacity would be larger than measured ductility factor (2.9). Figure 

5-7 shows moment-drift curve of E-PT-H-1.  

 

Figure 5-7 Beam moment-drift curve (E-PT-H-1) 

 

Specimen E-PT-H-2 had more longitudinal bars for beam than E-PT-H-1, so 

that maximum internal moment was higher, though overall seismic behavior 

was similar. At a 2% drift ratio, internal moment reached the nominal moment. 

In the negative direction, maximum moment was 1.25 times the nominal 

moment. Yield drift ratio and maximum drift ratio were 2.3% and 5.5%, 

respectively. Specimen E-PT-H-2 also showed excellent seismic performance 

without degradation of internal moment, and ductility was reasonably good 

(ductility factor = 2.4). Figure 5-8 shows moment-drift curve of E-PT-H-2. 
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Figure 5-8 Beam moment-drift curve (E-PT-H-2) 

 

Specimen E-PT-H-3 had more longitudinal bars for beam than E-PT-H-1 or -2. 

Similarly, nominal moment was reached at the 2% drift ratio, and maximum 

moment of 1.2 times the nominal moment was shown in the negative direction. 

Yield drift ratio was 2.2%. Though relatively large lateral force was applied, it 

hardly failed until the test ended, which means ductility capacity would be 

larger than the measured ductility factor (2.8). Unlike other post-tensioned E-

joints, at the final drift ratio, there was significant degradation of internal 

moment. Figure 5-9 shows moment-drift curve of E-PT-H-3. 
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Figure 5-9 Beam moment-drift curve (E-PT-H-3) 

 

 

 

Figure 5-10 Backbone curve for E-joints 

 

The seismic behavior of each specimen is compared in the backbone curve 

(Figure 5-10). All specimens with high-strength materials and unbonded 
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tendons including specimens with relatively large joint shear demand showed 

excellent behavior with sufficient ductility and little strength degradation. 

Like K-joints, bond strength was maintained until the test ended and beam 

flexural failure occurred prior to joint shear failure.  

In the moment frame, post-tensioning to the member not only could make the 

member length longer, but also appears to improve the seismic performance 

of joint. Furthermore, the ratio of unbonded tendons to reinforcing bars 

mainly affects the overall behavior of joint. When the ratio is high such as in 

K-PT-N-1 (Aps/As = 0.48), the overall behavior is governed by the material 

properties of unbonded tendons. On the other hand, in E-PT-H-3 which has 

the low value of ratio (Aps/As = 0.16), the material properties of reinforcing 

bars affect the behavior of joints. Additional studies are needed for the 

detailed prestressing effects on the seismic behavior of the joints under large 

shear demand and drift ratio. 
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5.2 Energy dissipation capacity 

5.2.1 Energy dissipation for roof joints 

Based on force–displacement curve, energy dissipation capacity under cyclic 

loading could be found. At each drift ratio, the area of curve indicates the 

amount of dissipated energy. Table 5-5 contains the result of energy 

dissipation of K-joint.  

Table 5-5 Dissipated energy of roof joints (Unit: kN-m) 

Specimen 2.8% 3.5% 4.2% 4.9% 5.6% Max Total 

K-RC-N 16.532 26.367 36.172 47.576 57.928 41.5 197.742 

K-RC-H 12.343 23.810 37.425 53.243 71.089 - 211.020 

K-PT-N-1 16.642 26.041 36.622 48.374 61.251 61.987 203.630 

K-PT-N-2 17.414 28.045 40.597 54.754 69.162 143.718 225.889 

K-PT-N-3 12.419 24.843 39.105 55.026 72.398 160.661 217.125 

 

Total dissipated energy until 5.6% drift ratio is compared because K-RC-H 

failed at the final drift. There was no significant difference in the result of 

each specimen. Until 2.8% drift ratio, the lateral strength of K-joints increased. 

After 2.8% drift ratio, the stiffness of specimens started to decrease 

significantly. In case of K-RC-H, internal strength and stiffness were higher 

than the normal-strength concrete specimen, but the overall behavior was less 

ductile. As a result, total dissipated energy was almost identical. At the last 

drift ratio, K-RC-N was able to behave without failure, so that it would have 

better energy dissipation capacity than K-RC-H. The load-displacement 

relations at each drift level for K-RC-H was presented in Figure 5-11.  
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(a) 2.8% drift 

 

(b) 3.5% drift 

 

(c) 4.2% drift 

 

   

(d) 4.9% drift (e) 5.6% drift (f) max 

Figure 5-11 Load-displacement curve (K-RC-H) 

 

PT specimens also show a similar amount of dissipated energy to RC 

specimens until 5.6% drift ratio. At the low drift ratio, the areas of K-PT-N-1 

and K-PT-N-2 were slightly larger than that of K-PT-N-3, but K-PT-N-3 

showed better capacity after 4.9% drift ratio. Specimen K-PT-N-2 and K-PT-

N-3 designed with large joint shear demand showed high internal force and 

stiffness so that seismic behavior similar to K-RC-H was shown. All PT 

specimens showed more elastic behavior at each drift level than RC specimen. 

And the smaller residual displacement at zero force was observed, which in 

self-centering effect. The reason of these results was the different material 

properties of prestressing tendons and reinforcing bars. However, the test was 

ended due to the limits of stroke length without failure of specimens, so that 

additional researches are needed to investigate the seismic performance of 

prestressed specimens under larger lateral force and displacement. Figure 5-

12 contains the load-displacement relations at each drift level for K-PT-N-3. 
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(a) 2.8% drift 

 

(b) 3.5% drift 

 

(c) 4.2% drift 

 

   

(d) 4.9% drift (e) 5.6% drift (f) max 

Figure 5-12 Load-displacement curve (K-PT-N-3) 

5.2.2 Energy dissipation for interstory joints 

Dissipated energy of E-joint specimens was calculated in the same way used 

for K-joints. Table 5-6 contains the result of energy dissipation of E-joints at 

each drift ratio. For E-joints, total dissipated energy from 1.5% to 5.6% drift 

ratio (maximum drift) was compared because no E-joint specimens failed 

until the test ended. Similar to K-joints, there was no significant difference in 

the results of E-joints. Until 3.0% drift ratio, elastic behavior was shown, so 

that amount of dissipated energy was relatively small. Though maximum 

internal force at each cycle was maintained, the stiffness of specimens started 

to decrease and the amount dissipated energy increased after 3.0% drift ratio. 

In case of E-PT-H-3, there was relatively large degradation of internal force 

and stiffness of specimen. Overall, energy dissipation capacity of E-PT-H-1 

was superior. Similar to K-PT-N-1, -2, and -3, elastic behavior and self-
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centering effects were also observed. The load-displacement relations at each 

drift level for E-PT-H-3 was shown in Figure 5-13. 

Table 5-6 Dissipated energy of interstory joints (Unit: kN-m) 

Specimen 1.5% 2.0% 3.0% 4.0% 5.0% Max Total 

E-PT-H-1 9.462 14.170 52.040 123.901 217.746 264.27 693.037 

E-PT-H-2 8.282 11.918 35.337 108.715 192.942 231.091 597.225 

E-PT-H-3 9.512 14.332 40.820 117.262 211.645 234.579 639.571 

 

   

(a) 1.5% drift 

 

(b) 2% drift 

 

(c) 3% drift 

 

   

(d) 4% drift (e) 5% drift (f) max 

Figure 5-13 Load-displacement curve (E-PT-N-3) 
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5.3 Failure mode and crack pattern 

5.3.1 Damage in roof joints 

All specimens failed in ductile flexure manner and the flexure failure was 

focused on the critical section of the beam member without or prior to joint 

failure. Until the end of test, the beam–column joints maintained their lateral 

resistance capacity without apparent loss, though severe cracks occurred 

around the beam near the beam–column interface at 2.8–3.5% drift levels. 

Except for “K-RC-H,” concrete cover at the critical section was substantially 

spalled off at the final stage of the experiment. Compared to K-RC-N (having 

low shear strength ratio), some cracks occurred on the backside of joint after 

2.8% drift levels. Figure 5-3 shows the final crack patterns of K-RC-N, K-

RC-H, and K-PT-N-1,-2,-3. 

For K-RC-N, there was no crack on the specimen until 0.7% drift ratio. From 

1.4% drift ratio, several micro cracks appeared on the underside of the beam–

joint interface. At the 2.1% drift ratio, other micro cracks started to occur at 

the critical section 150 mm away from the interface and under/upper side of 

beam member. In addition, the cracks appeared at 1.4% became more clear at 

that ratio. Crack width became larger still at a 2.8% drift ratio. At a 3.5% drift 

ratio, cracks at about 350 mm away from interface became severe and 

connected to other cracks 150 mm away from the interface. During 4.2–5.6% 

drift ratio, existing cracks became more severe, and significant cracks across 

the beam side repeated opening and closing. Finally, the concrete upper cover 

at the critical section spalled off, and the lower side cover was also severely 

damaged at the end of the test. At the same time, no cracks appeared on the 

joint surface or back side of the column. Figure 5-3 shows the crack pattern 

of K-RC-N at each drift ratio. 
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(a) Crack at 2.1% 

 

(b) Crack at 2.8% 

 

  

(c) Crack at 3.5% (e) Crack at 5.6% 

Figure 5-14 K-RC-N crack pattern 

 

For K-RC-H, the first crack appeared on the beam-joint interface at a 0.7% 

drift ratio. Unlike K-RC-N, many micro cracks occurred on the overall beam 

surface at a 2.1% drift ratio. At the 2.8% drift ratio, diagonal cracks started to 

appear from the upper side of beam (150 mm away from interface) to 

interface. In addition, cracks from the lower side of beam (200 mm away from 

interface) across the beam side occurred. On the back side of the column, 

micro cracks appeared, and width of existing cracks on the critical sections 

increased. More cracks occurred on the beam-joint interface, back side of 

joint and column, and lower side of beam at the 3.5% drift ratio. Further 

cracks occurred on the upper side of joint and lower side of beam during 4.2–

4.9% drift ratio. Finally, cracks on the critical section of beam (150 mm away 

from interface) repeated opening and closing widely until the test ended. 

Unlike K-RC-N, there was no significant spalling of concrete cover. During 
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the test, there was no crack on the joint surface. Figure 5-3 shows the crack 

pattern of K-RC-H at each drift ratio. 

  

(a) Crack at 2.8% 

 

(b) Crack at 3.5% 

 

  

(c) Crack at 4.2% 

 

(d) Crack at 4.9% 

 

  

(e) Crack at 5.6% (f) Final crack 

Figure 5-15 K-RC-H crack pattern 

 

For K-PT-N-1, the first crack occurred on the bottom edge of the beam at the 

1.4% drift ratio. At the 2.1% drift ratio, cracks across the beam side appeared 

on the critical section (150 mm away from interface) and beam-joint interface. 
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In addition, these cracks extended to the cracks on the upper side of beam. 

There were many cracks on the upper side of the joint and beam at the 2.8% 

drift ratio. During the 3.5–4.2% drift ratio, additional cracks occurred, and 

concrete lower cover started to spall off. At the 4.9% drift ratio, the width of 

crack on the critical section became much clearer, and concrete cover was 

spalled off so that the bottom longitudinal bars were exposed at the 5.6% drift 

ratio. Unlike the RC specimens, upper side concrete cover on the critical 

section got significantly exposed. In addition, there was no crack on the joint 

surface until the test ended. Figure 5-3 shows the crack pattern of K-PT-N-1 

at each drift ratio. 

  

(a) Crack at 3.5% 

 

(b) Crack at 4.2% 

 

  

(c) Crack at 4.9% 

 

(d) Crack at 5.6% 
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(e) Final crack (f) Final crack-2 

Figure 5-16 K-PT-N-1 crack pattern 

 

For K-PT-N-2, at the 0.7% drift ratio, the first crack appeared on the beam-

joint interface, and micro cracks occurred on the upper side of the beam and 

joint at the 1.4% drift ratio. In addition, cracks across the beam side appeared 

on the critical section of beam (250 mm away from interface). At the 2.1% 

drift ratio, several additional cracks occurred on the beam side and upper side 

of joint. At the same time, there were several cracks horizontally across the 

column on the back side of the joint. Furthermore, additional cracks across the 

column occurred on the back side of the joint. At the 2.8% drift ratio, existing 

cracks developed across the bottom side of the beam, and additional cracks 

appeared on the top side of the beam. During 3.5–4.2% drift ratio, micro 

cracks occurred on the surface of the joint, and additional concrete cover was 

spalled off. At the end of the test, concrete cover at the bottom side of beam 

was removed, so that stirrup was exposed. Similarly to K-PT-N-1, upper side 

concrete cover on the critical section got significantly exposed, and 200 mm 

length of diagonal cracks occurred 150 mm away from the beam–joint 

interface. There was no crack on the joint surface until the test ended. Figure 

5-3 shows the crack pattern of K-PT-N-2 at each drift ratio. 
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(a) Crack at 3.5% 

 

(b) Crack at 4.2% 

 

  

(c) Crack at 4.9% 

 

(d) Crack at 5.6% 

 

  

(e) Final crack (f) Final crack 

Figure 5-17 K-PT-N-2 crack pattern 

 

For K-PT-N-3, the first crack occurred on the beam-joint interface at the 0.7% 

drift ratio. Micro cracks appeared on the bottom of the beam at the 1.4% drift 

ratio, and then, at the 2.1% drift ratio, appeared at the upper side of joint, back 

side of column, and edge. Another micro cracks occurred on the upper side of 

the beam and beam-joint interface at the 2.8% drift ratio. At the same time, 
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cracks across the side of the beam occurred on the critical section 150 mm 

away from the interface. At the 3.5% drift ratio, additional cracks appeared on 

the surface and back side of the joint and upper side of the beam. During 4.9–

5.6% drift ratio, substantial concrete bottom cover of the beam was spalled off, 

so that beam re-bar was exposed. After final drift ratio, upper concrete cover 

on the critical section became exposed, like other PT specimens. Similar to K-

PT-N-2, 200 mm length of diagonal cracks occurred on the critical section 150 

mm away from the interface. There were few cracks in the joints. Figure 5-3 

shows the crack pattern of K-PT-N-3 at each drift ratio. 

  

(a) Crack at 3.5% 

 

(b) Crack at 4.2% 

 

  

(c) Crack at 4.9% 

 

(d) Crack at 5.6% 
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(e) Final crack (f) Final crack 

Figure 5-18 K-PT-N-3 crack pattern 

 

5.3.2 Damage in interstory joints 

For E-PT-H-1, the first micro cracks appeared on the joint surface and column 

side at the 0.5% drift ratio. Before 1.5% drift ratio, no significant cracks 

occurred. During 1.5–2.0% drift ratio, many cracks across the beam side 

occurred, and micro cracks started to be shown on the top side of column and 

joint. Cracks on the critical section 400 mm away from the beam-joint 

interface occurred at the 2.0% drift ratio. During 3.0–4.0% drift ratio, cracks 

on the critical section repeated opening and closing, and concrete cover 

started to be spalled off. At the 5.0% drift ratio, more concrete cover was 

removed, but longitudinal bars were not exposed. Existing diagonal cracks on 

the joint surface became more visible, and horizontal cracks across the critical 

section 150 mm away from the interface appeared. In addition, large cracks 

occurred 300–400 mm away from the interface. Though diagonal cracks on 

the joint became visible, the concrete cover was hardly spalled off on the joint 

at the final drift ratio. In addition, concrete cover of top/bottom side of beam 

was spalled off. Figure 5-3 shows the crack pattern of E-PT-H-1 at each drift 

ratio. 
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(a) Crack at 2.0% 

 

(b) Crack at 3.0% 

 

  

(c) Crack at 4.0% 

 

(d) Crack at 5.0% 

 

  

(e) Final crack (f) Final crack 

Figure 5-19 E-PT-H-1 crack pattern 

 

For E-PT-H-2, the first cracks appeared on the column–joint interface at the 

0.5% drift ratio. Several micro cracks occurred on the critical section of the 

beam at the 0.75% drift ratio. During 1.0–1.5% drift ratio, there were many 

micro cracks throughout the beam and column. At the 2.0% drift ratio, the 

first diagonal crack was appeared on the joint surface. Cracks on the joint and 
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critical section of beam were extended, and concrete cover on the critical 

section started to be spalled off at the 3.0% drift ratio. At the 4.0% drift ratio, 

additional cracks on the critical section of beam appeared, and diagonal cracks 

across the joint repeated opening and closing. Concrete top/bottom cover of 

critical section of beam was removed, and width of diagonal cracks within the 

joint increased at the 5.0% drift ratio. Compared to E-PT-H-1, diagonal cracks 

on the joint surface were clearer, but still there was hardly any concrete cover 

spalling. Figure 5-3 shows the crack pattern of E-PT-H-2 at each drift ratio. 

   

(a) Crack at 2.0% 

 

(b) Crack at 3.0% 

 

  

(c) Crack at 4.0% 

 

(d) Crack at 5.0% 
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(e) Final crack (f) Final crack 

Figure 5-20 E-PT-H-2 crack pattern 

 

For E-PT-H-3, first crack was appeared on the beam-joint interface at the 0.75% 

drift ratio, and micro cracks occurred on the joint surface and top side of 

column at the 1.0% drift ratio. There were additional cracks on the edge of the 

beam and additional diagonal cracks at the 1.5% drift ratio. Several cracks 

across the beam and column side appeared at the 2.0% drift ratio. In addition, 

many diagonal cracks from the bottom side to center joint occurred at the 3.0% 

drift ratio, and existing cracks on the beam side were extended. At the 4.0% 

drift ratio, concrete cover on the critical section of beam was spalled off, some 

cover of column was eliminated, and the width of existing cracks was 

increased. There were relatively many cracks on the bottom, and cracks across 

the critical section (200 mm from interface) occurred. At the 4.0% drift ratio, 

diagonal cracks on the joint surface developed and repeated opening and 

closing with larger crack width compared to E-PT-H-2. In addition, cracks on 

the bottom side of joint extended to the top side, and they became large. At 

the final drift ratio, most of the concrete cover on the joint was removed, so 

that transverse reinforcement was exposed. Figure 5-3 shows the crack 

pattern of E-PT-H-3 at each drift ratio. 
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(a) Crack at 2.0% 

 

(b) Crack at 3.0% 

 

  

(c) Crack at 4.0% 

 

(d) Crack at 5.0% 

 

  

(e) Final crack (f) Final crack 

Figure 5-21 E-PT-H-3 crack pattern 
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5.4 Discussion 

In this chapter, overall seismic performance for eight specimens was 

investigated. The main results are summarized as follows: 

1) The relation between moment at the critical section (beam to joint 

interface) and drift ratio was investigated. For comparison, the 

nominal moment was determined according to ACI 318-11. Unlike E-

joints, external force was directly applied to the beam section so that 

the nominal moment value was different depending on the direction 

of force. The peak moment was at least 1.03 times the nominal 

moment at both closing (pushing) and opening (pulling), but the 

moment at the closing was larger than that at the opening for K-joints. 

Until the tests end, little internal strength degradation for both K-

joints and E-joints. Thus, ductility capacity was also high (at least 4 

for K-joints and about 2.3 for E-joints).  

2) Energy dissipation capacity for all specimens was excellent. In case 

of PT specimens, more elastic behavior was shown due to the 

properties of tendons. Thus, dissipated energy of PT specimens was 

similar to that of RC specimens even with higher internal strength. 

3) In case of K-joints, flexural failure at the critical section of beam 

occurred prior to joint deterioration, which is the proper failure mode. 

Many flexural and shear cracks occurred at the critical section, while 

little diagonal cracks were observed within the joint, even with 

relatively large joint shear force applied. The similar failure mode 

was shown for E-joints, but there were more severe diagonal cracks 

at the joint area.   
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Chapter 6. Local Test Result and Analysis 

In this chapter, local test results for eight specimens are discussed. Herein, 

local test results indicate seismic performance from local measurement such 

as joint shear behavior, strain of reinforcement, and behavior of unbonded 

tendons. The joint shear stress determined by external force was investigated 

in accordance with the joint shear distortion. The strain of reinforcement was 

measured to check the proper seismic behavior of reinforcing bars (proper 

anchorage, confinement). The stress of unbonded tendons was measured by an 

attached load cell on each tendon. 

6.1 Joint shear behavior 

Lateral forces like seismic loads induce joint shear stress on a joint. Because 

of this joint shear stress, brittle joint shear failure may occur. If the joint 

failure is prior to beam flexural failure, it would be dangerous. Thus, joint 

shear behavior is very important to the overall seismic performance of the 

member, and the joint shear distortion should be well controlled. The joint 

shear force is determined according to the tensile force on the beam member. 

As noted in Chapter 3, some of specimens in this study used the post-

tensioning method so that the tensile force was complicated to calculate. For 

reasonable comparison to PT specimens, tensile force on the beam member 

for joint shear force (Vj) was calculated by applied moment at the critical 

section (M) due to the external force divided by lever arm (0.9d), where d is 

effective depth of beam. The measured joint shear force was normalized by 

nominal shear strength of joint (Vn) according to ACI 352R-02. Joint shear 

distortion was obtained using the measured data from LVDTs, which were 

diagonally placed on the joint surface. 



 

101 

6.1.1 Joint shear force and distortion for roof joints 

In case of K-joints, tensile force is equal to joint shear force because of the 

absence of an upper column. Because the axial force was directly applied to 

the beam section, the maximum applied moment at the critical section (Mpeak) 

was different according to the direction. In this section, only the larger value 

is discussed, which is critical to the joint shear behavior. Maximum joint shear 

force (Vj_max) and nominal shear strength of joint for K-joints are listed in 

Table 6-1. 

Table 6-1 Joint shear force and shear distortion for roof joints 

Specimen Mpeak (kN-m) Vj_max (kN) Vn (kN) Vj_max/Vn 

K-RC-N 401.6 952 1232 0.77 

K-RC-H 588.6 1396 1950 0.72 

K-PT-N-1 442.9 992.1 1232 0.80 

K-PT-N-2 579.1 1297.3 1232 1.05 

K-PT-N-3 675.4 1512.9 1232 1.23 

 

In the same manner, joint distortion is larger when the applied moment of the 

joint is larger. Thus, only data from one direction with larger shear distortion 

of joint, which is more critical to the behavior of joints, is discussed in this 

section. The maximum joint shear distortions at each drift ratio for K-joints 

are listed in Table 6-2. 

Table 6-2 Maximum joint shear distortion for roof joints 

Specimen G2.8% G3.5% G4.2% G4.9% G5.6% Gmax 

K-RC-N 0.00017 0.00034 0.00048 0.00055 0.00057 0.00053 

K-RC-H 0.00062 0.00092 0.00103 0.00112 0.00117 0.00122 

K-PT-N-1 0.00050 0.00071 0.00093 0.00110 0.00117 0.00117 

K-PT-N-2 - - - 0.00259 0.00273 0.00291 

K-PT-N-3 0.00298 0.00369 0.00400 0.00423 0.00433 0.00444 

G: joint shear distortion 
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In case of K-RC-N, K-RC-H, and K-PT-N-1, the maximum subjected joint 

shear force was about 70~80% of the nominal shear strength specified by ACI 

352 so the joint shear distortion was relatively small. The behavior was almost 

elastic and stable. This is slightly different from the results of previous 

research. Wallace et al. (1998) concluded that the limits of knee joint shear 

stress should be half of that of an interstory joint which is equal to 75% of 

current design method. This difference may occur due to the size of specimens 

(full scale) and sufficient development length (~ 1.4ldt). The shear distortion at 

each cycle of K-RC-H and K-PT-N-1 is twice that of K-RC-N. This may be 

the results from using high-strength concrete and unbonded tendons. However, 

total distortion was still relatively small at the end of the test. The relationship 

between joint shear force-distortion for K-RC-N, K-RC-H, and K-PT-N-1 are 

plotted in Figure 6-1 to Figure 6-3. 

 

 

Figure 6-1 Joint shear force–distortion curve (K-RC-N) 
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Figure 6-2 Joint shear force–distortion curve (K-RC-H) 

 

 

 

Figure 6-3 Joint shear force–distortion curve (K-PT-N-1) 

 

In the case of K-PT-N-2 and K-PT-N-3, larger joint shear force was applied 

compared to the nominal shear strength specified by ACI 352. There was a 
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little shift of data at the 2.1~4.2% drift ratio for unknown reasons in K-PT-N-2, 

possibly due to LVDT’s slip itself. Though maximum joint shear distortion at 

each drift ratio was unclear, the result at the final drift ratio was still valid. 

Unlike other specimens, the joints of K-PT-N-2 and K-PT-N-3 were subjected 

to joint shear forces larger than the nominal joint shear strengths and 

experienced larger joint shear distortions, which were still modest and did not 

adversely affect the overall joint performance. This indicates that the post-

tensioning would have improved the joint shear strength as mentioned in the 

previous study (Paulay et al., 1978), and actual joint shear strength of PT knee 

joints would be larger than that of comparable reinforced concrete knee joints. 

Additional experimental studies are needed to investigate the joint shear 

strength of RC specimens under larger joint shear forces. Figure 6-4 and 

Figure 6-5 show the relationship between the joint shear force and the shear 

distortion of K-PT-N-2 and K-PT-N-3, respectively. 

 

 

Figure 6-4 Joint shear force–distortion curve (K-PT-N-2) 
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Figure 6-5 Joint shear force–distortion curve (K-PT-N-3) 

 

Joint shear distortion is one of the factors that contribute to the total drift ratio 

of frame. Through the ratio of joint shear distortion to total drift ratio, 

contribution of joint shear distortion could be found. The joint shear distortion 

at each drift and their contribution ratio are plotted according to the drift in 

Figure 6-6. In the graph, only maximum drift from 2.8% to 5.6% drift levels 

are discussed for proper comparison. Specimen K-PT-N-2 and K-PT-N-3 were 

subjected relatively large shear force on the joint, and the contribution of joint 

shear distortion to total drift ratio was three times that of other specimens. As 

drift ratio increased, joint shear distortion was also increased but contribution 

ratio was decreased. About 10% of contribution to drift ratio was shown in K-

PT-H-3, which had the highest ratio of joint shear force to nominal shear 

strength of joint. This result indicates that the rotation at the plastic hinge of 

critical section contributes more to the total drift ratio than joint shear 

distortion. 
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(a) Joint shear distortion at each drift 

 

 

 

 

(b) Contribution to total drift 

Figure 6-6 Joint shear distortion 
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6.1.2 Joint shear force and distortion for interstory joints 

Unlike K-joints, direction of external force hardly had effects on the joint 

shear force and distortion, but there was a small difference in the result. In this 

section, only data from one direction with larger value are discussed. 

Maximum joint shear force (Vj_max) and nominal shear strength of joint (Vn) 

for E-joints are listed in Table 6-3. Maximum joint shear distortions at each 

drift ratio for E-joints are listed in Table 6-4. 

Table 6-3 Joint shear force and shear distortion for interstory joints 

Specimen Mpeak (kN-m) Vj_max (kN) Vn (kN) Vj_max/Vn 

E-PT-H-1 1666 2637.72 2287.93 1.15 

E-PT-H-2 1740 2754.92 2019.99 1.36 

E-PT-H-3 2061 3263.43 2204.54 1.48 

 

 

Table 6-4 Joint shear force and shear distortion for interstory joints 

Specimen G1.5% G2.0% G3.0% G4.0% G5.0% Gmax 

E-PT-H-1 0.00275 0.00348 0.00545 0.00776 0.0133 0.0145 

E-PT-H-2 0.00275 0.376 0.0058 0.00703 0.00892 0.01166 

E-PT-H-3 0.00377 0.005 0.00728 0.00945 0.01534 - 

 

All E-joint specimens resisted lateral force inducing joint shear force larger 

than joint shear strength. Maximum joint shear distortion at each drift of E-

PT-H-3 was larger than that of other specimens during the test. Until 4.0% 

drift level, shear distortion of E-PT-H-1 was almost the same as that of E-PT-

H-2, but it became much larger after the 4.0% drift level. At the 5.0% drift 

ratio, E-PT-H-1 and E-PT-H-3 showed significant increasing of shear 

distortion so that the contribution of shear distortion also increased. 

Comparing to previous test results for the RC specimen (Kang and Lee, 2013; 

Kang et al., 2013), the shear distortion of the post-tensioned specimen was 



 

108 

better controlled than that of the RC specimen. The relations between shear 

force on the joint and the joint shear distortion of E-PT-H-1, E-PT-H-2, and E-

PT-H-3 are plotted in the Figure 6-7 to Figure 6-9. The maximum shear 

distortion and contribution at each drift are plotted in Figure 6-10. 

 

Figure 6-7 Joint shear force–distortion curve (E-PT-H-1) 
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Figure 6-8 Joint shear force–distortion curve (E-PT-H-2) 

 

 

 

 

Figure 6-9 Joint shear force–distortion curve (E-PT-H-3) 

 

 



 

110 

 

(a) Joint shear distortion at each drift 

 

 

 

 

(b) Contribution to total drift 

Figure 6-10 Joint shear distortion 
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6.2 Reinforcement strain 

Through strain gauges attached to the reinforcement, strain at each point of 

reinforcement was measured. As mentioned in the previous chapter, the yield 

strength of each reinforcing bar was determined by the result of material tests. 

The strain of beam re-bars, transverse reinforcement, and U-stirrups are 

discussed in this section. 

6.2.1 Strain of beam re-bars 

In all specimens, the strain of every beam longitudinal bar was measured at 

the point of critical section and beneath the head. This was to check the proper 

development of headed bar into the joint. Figure 6-11 shows the strain of 

longitudinal bars at the critical section and in front of head during the 

experiment. 

 

 

 

(a) K-RC-N 
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(b) K-RC-H 

 

 

(c) K-PT-N-3 

 

 

(d) E-PT-H-3 

Figure 6-11 Strain of longitudinal bars 
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High-strength reinforcement (SD600) was used for specimens with high-

strength concrete, which has larger yield strain than SD400. There were 

several strain gauges damaged during concrete curing, so that they failed to 

measure strain. In Figure 6-11, dashed lines and solid lines indicate the strain 

value at the critical section of longitudinal bars and at the point in front of the 

head, respectively. Also, horizontal dashed line indicates the yield strain of 

longitudinal bars. In all specimens including specimens with high-strength 

materials, strain at the critical section reached the yield strain around 1.4~2.0% 

drift for K-joints and 3.0% drift for E-joints. On the other hand, strain at the 

point in front of the head did not reach to yield strain until test ends. This 

result indicates that provided development length was quite sufficient for 

seismic behavior without bond slip, and headed bars were well anchored 

during the test. Also, high-strength reinforcing bar was properly used in the 

specimen with high-strength concrete. 

6.2.2 Strain of joint transverse hoops and ties 

Strain gauges were attached to the same locations on the transverse 

reinforcement for each layer within the joint to figure out the stress 

distribution within the joint. The behavior of transverse reinforcement in the 

joint for all specimens was proper without reaching the yield strain until the 

test ended. There was no tendency of strain gauge locations. But the strain at 

the JT6 (see Figures 4-15 and 4-16) was larger than any other point for both 

K-joints and E-joints. The results of strain at the JT6 are plotted in the Figure 

6-12. 
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(a) K-joints 

 

 

(b) E-joints 

Figure 6-12 Strain at JT6 

 

In case of K-joint, strain at the JT6 of all specimens except K-RC-N hardly 

reached to the yield strain during the test. There was large increasing of strain 

around 1.4~2.1% drift level. And the strain kept increasing steadily and 

slightly. On the other hand, strain at the JT6 of all E-joint specimens reached 

to the yield strain. The strain kept increasing constantly but yielding occurred 

at the different drift ratio. At 3~4% drift ratio, transverse reinforcement of E-

PT-H-1 at JT6 started to yield. In case of E-PT-H-2, strain reached to yield 

strain at 5.0% drift level (almost end of the test). Strain of transverse 

reinforcement of E-PT-H-3 reached to yield strain at 3.0% drift level. Unlike 

K-joints, there was apparent difference of strains at the JT6 between 
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specimens. The change ratio of strain was the highest in E-PT-H-3, and the 

lowest in E-PT-H-2.  

Comparing the strain at the same point in different layer, stress distribution of 

confined concrete within the joint could be found. There were total 9 strain 

gauges attached on the transverse reinforcement within joint for all specimens. 

But some of them failed to measure the strain due to unknown reason. In case 

of K-joints, there was no specific tendency of strain to determine stress 

distribution except the strain at the JT6 was larger than other points. This is 

because the shear force applied on the joint was relatively small. In case of E-

joints, strains at the same location but within different layer in JT6 (or JT3, 

JT9) were also larger than other points. The layers of JT3 and JT9 are 

symmetrical to centroid line, so that the strains at the JT3 and JT9 were 

similar, and the strain at the JT6 which was located in the center of joint was 

mostly larger than other points. This indicates that stress at the center of joint 

is the largest. Strains at the JT3, JT6, and JT9 of E-PT-H-2 and E-PT-H-3 are 

plotted in Figure 6-13. In case of E-PT-H-3, strains at the JT1, JT4, and JT7 

were also increased to reach to yield strain at the end of testing because of 

largely applied joint shear force. 

 

 

(a) K-PT-N-2 
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(b) E-PT-H-3 

Figure 6-13 Strain of transverse reinforcement 

 

6.2.3 Strain of U-stirrups and head-restraining bars 

Unlike E-joints, there is no continuous column to confine the joint top in K-

joints, so that additional U-stirrups and head-restraining bars were placed in 

the joints to resist joint shear force. The behavior of U-stirrups is very 

important to K-joints, and the stress on the U-stirrups could be found by the 

strain of the U-stirrup. Figure 6-14 shows the strain of U-Stirrups. 

 

 

(a) K-RC-N 
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(b) K-RC-H 

 

 

(c) K-PT-N-3 

Figure 6-14 Strain of U-stirrups 

 

From the measured strain of U-stirrups including K-PT-N-2 and K-PT-N-3 to 

which relatively large shear force was applied, there was no significant 

difference depending on the location, but the strain of stirrup located center of 

the joint (U3, U4) showed relatively large. And U-stirrups located the edge of 

joints and head-restraining bars (U1, U2, U5) showed behavior with low 

change of strain. Only K-RC-H specimen with high-strength materials showed 

similar strain regardless of location. At any rate, all strain values of U-stirrups 

and head-restraining bars were beneath the yield strain even in the joint 

subjected to high shear force (K-PT-N-2, K-PT-N-3), so that the amount of 

vertical reinforcement was appropriate. Though less amount of head-
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restraining bars was placed compared to ACI 352R-02 recommendation, there 

was no special degradation of seismic performance of knee joint with headed 

bars, and the recommendation of head-restraining bars by ACI 352R-02 may 

be relaxed. But the larger stress occurred on the head-restraining bars when 

using high-strength concrete and reinforcing bars, so that more studies should 

be needed for the knee joints with headed bars and high-strength materials 

subjected to lateral force inducing high joint shear force. 
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6.3 Behavior of unbonded tendons 

As mentioned in Chapter 3, four equally prestressed unbonded tendons for K-

joints and six equally prestressed unbonded tendons for E-joints were placed 

in the beam section. Applied load on the tendons during the experiments was 

measured by 20 kN capacity of load cells located at the section of the 

prestressed member. From the data, stress on the tendons could be calculated. 

Figure 6-15 shows applied stress on the tendons for each specimen during the 

test. Applied load on the unbonded tendons for E-PT-H-1 was not measured 

because of malfunction. In the figure, dotted line indicates the change of stress 

from the effective force (fse) to the nominal force (fps) of unbonded tendons 

according to the Eq. (3-1). Before the test started, zero adjustment of the load 

cell was done because the capacity of instruments was limited. In the case of 

K-joints, stress on the tendons reached fps at 2.1~2.8% drift ratio. After that, 

stress kept increasing without fracture until the test ended. However, the 

initial loss was relatively large and effective stress in prestressing tendon was 

very small (0.07fpu). Thus, it would be inappropriate to evaluate the behavior 

of tendons comparing to nominal stress specified by ACI 318-11. On the other 

hand, the effective stress was about 40% of the tensile strength of tendon for 

E-joints. From 4% drift ratio, stress on the tendons was over fps. The 

maximum stress on the tendons of E-PT-H-3 was less than that of E-PT-H-2. 

Similar behavior was observed in the tendons of K-joints. The stress on the 

tendons of K-PT-N-3 was less than that of other PT specimens. These results 

indicated that contribution ratio to moment resist capacity of tendons was 

proportional to the behavior of tendons. Though all tendons for K-joints and 

E-joints did not reach the yield strength, the seismic behavior of tendons with 

more than fps value of tendons was shown. Overall, the reasonably 

performance of anchorage and unbonded tendons was stable and the post-

tensioning method appeared to contribute to maintaining the structural 

integrity of beam-column joints. 
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(a) K-PT-N-1 

 

 

(b) K-PT-N-3 

 

 

(c) E-PT-H-2 

 



 

121 

 

(d) E-PT-H-3 

Figure 6-15 Applied stress on tendon 
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6.4 Discussion 

In this chapter, seismic performance regarding local measurement for eight 

specimens was investigated. The main results are summarized as follows: 

1) Due to relatively small joint shear stress comparing to nominal shear 

strength (about 0.75Vn), RC specimens showed almost elastic 

behavior of the joint shear distortion. In case of PT specimens with 

high shear stress (1.15~1.5Vn), relatively large joint shear distortion 

(0.01~0.015 rad.) was observed, but it hardly affected to the overall 

seismic performance. Compared to previous studies, post-tensioning 

method contributed to improve the joint shear strength. 

2) The strain of longitudinal bars, transverse hoop and U-stirrups were 

measured. In case of longitudinal headed bars, strain at the critical 

section reached yield strain, while strain in front of the head did not. 

It indicates that headed bars were properly anchored into the joint and 

bond loss between concrete and reinforcing bars did not occur. The 

strain at the transverse reinforcement did not reach yield strain or 

reached at large drift level. Also, U-stirrups and head-restraining bars 

for K-joints showed strain less than yield strain during the tests. 

These results indicate that proper confinement was observed and the 

amount of reinforcement was reasonable. 

3) The behavior of unbonded tendons was investigated by the load cells 

attached to the end of each tendon. In case of K-joints, due to 

relatively small effective stress in tendons, comparison with nominal 

stress was inappropriate. Though larger stress than nominal stress 

was applied to the tendons in E-joints, overall stable behavior of 

anchorage and unbonded tendon was observed without yielding or 

fracture. These results indicate that post-tensioning method appeared 

to contribute to improve the seismic performance of joints.  
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Chapter 7. Conclusion 

The seismic behavior of eight full-scale beam-column exterior joints was 

experimentally investigated. Five of them were roof-level knee joints 

including one with high-strength concrete (80 MPa) and high-strength 

reinforcing bar (SD600) and three with unbonded tendons. And three of them 

were interstory level joints with high-strength concrete (80, 100, 120 MPa), 

high-strength reinforcing bars (SD600), and unbonded tendons. All specimens 

were designed and constructed according to ACI 352R-02, and tested under 

the seismic loading plan based on ACI 374R.1-05 or ACI 374.2R-13. And the 

test results are summarized as follows: 

1) All beam-column knee joints showed desired failure pattern (beam 

flexural failure followed by modest joint deterioration) and excellent 

seismic performance such as little degradation of lateral-resistance 

capacity, sufficient ductility (at least 4.0) and energy dissipation. All 

beam-column exterior joints with high-strength concrete and 

unbonded tendons also showed excellent seismic performance 

including little degradation of internal force until 5.5% drift under 

relatively high joint shear demand (joint shear demand to shear 

strength ratio: 1.5). Also joint shear failure pattern with sufficient 

ductility capacity (at least 2.4) and enough dissipated energy indicated 

that seismic performance of joint specimens was equivalent to or 

better than that of conventional RC beam-column joints. 

2) High-strength reinforcement (SD600) was used for specimens with 

high-strength concrete (80~100 MPa). The seismic performance of K-

RC-H with high-strength materials was equivalent or comparable to 

that of K-RC-N. And E-joints with high-strength concrete also showed 
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superb behavior without any bond loss between concrete and re-bars 

until the test ended. Although it is beyond the material scope of 

current codes, overall results of tests were very good. Also reasonable 

seismic details based on ACI 352R-02 could be possible by using 

high-strength reinforcing bars. This indicates that the use of SD600 

steel would be promising when used with 80~100 MPa concrete as 

special moment frames. 

3) Joint shear distortion of K-PT-N-2 and K-PT-N-3 (0.003~0.004 rad.) 

was controlled quite well at the 3.5% drift, though their maximum 

shear force was relatively high (Vj_max/Vn = 1.23). Also, joint shear 

distortion of E-PT-H-2, -3 (0.01~0.015 rad.) was controlled quiet well 

at the 5.5% drift, though they were designed with (Vj_max/Vn = 1.48). 

Under relatively small distortion of joint, all specimens hardly failed. 

That indicates that overall seismic performance was very excellent 

until the test end. This was likely the result of improvement joint 

quality by prestressed unbonded tendons, which means the joint shear 

strength of post-tensioned joints could be larger than that of 

conventional reinforced concrete joints. 

4) Strain measured at the critical section (interface beam to joint) reached 

yield strain around 1.4~2.1% drift (K-joint) and 2.0~3.0% drift (E-

joint), while strain measured at the point beneath the head did not 

reach the yield strain until the tests ended. This indicates that bonding 

between concrete was not deteriorated during the test, and headed bars 

were well anchored into the joints. Through the measured strain at the 

transverse reinforcement and U-stirrup for K-joint, stress distribution 

was investigated and proper confinement was shown. Strain of 

transverse reinforcement and U-stirrup hardly reached the yield strain 

except some points. In case of E-joints using high-strength 

reinforcement, similar result was observed. This indicates that the 

proper confinement effect was shown in the joints, and the joint details 
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regarding transverse reinforcement by ACI 352R-02 was validated 

when using high-strength reinforcement. 

5) Through the prestressed unbonded tendons, the post-tensioning 

method was applied to PT specimens. Though larger stress than the 

nominal stress according to ACI 318-11 was applied on tendons, 

tendons did not fracture or yield and showed sufficient restoring force 

until the test ended. This behavior indicates that the post-tensioning 

method could contribute to not only deflection/crack control but also 

improvement of the seismic performance of beam-column joints, even 

with high-strength concrete. Further studies are needed to investigate 

the detailed behavior of tendons when the moment contribution of 

tendons is large. 
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Appendix A : Stress–strain curve for materials 
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(a) 35 MPa 

 

 

(b) 80 MPa 

 

 

(c) 100 MPa 
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(d) 120 MPa 

Figure A-1 Strain-stress curve for concrete 

 

 

(a) SD400 D10 

 

 

(b) SD400 D13 
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(c) SD400 D16 

 

 

(d) SD400 D19 

 

 

(e) SD400 D22 
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(f) SD400 D29 

 

 

(g) SD600 D16 

 

 

(h) SD600 D19 
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(i) SD600 D22 

 

 

(j) SD600 D29 

 

Figure A-2 Strain-stress curve for reinforcing bars 
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(a) SM45C (Head) 

 

 

(b) SWPC 7B (Tendons) 

 

Figure A-3 Stress-strain curve for other strands 
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Appendix B : Final drawings 
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Figure B-1 Elevation section (K-RC-N) 

 

 

 

 

 
 

Figure B-2 Beam/column cross section (K-RC-N) 
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Figure B-3 Elevation section (K-RC-H) 

 

 

 

 

 
 

Figure B-4 Beam/column cross section (K-RC-H) 
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Figure B-5 Elevation section (K-PT-N-2) 

 

 

 

 

 
 

Figure B-6 Beam/column cross section (K-PT-N-2) 
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Figure B-7 Elevation section (K-PT-N-3) 

 

 

 

 

 
 

Figure B-8 Beam/column cross section (K-PT-N-3) 
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Figure B-9 Elevation section (E-PT-H-2) 

 

 

 

 

  
 

Figure B-10 Beam/column cross section (E-PT-H-2) 
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Figure B-11 Elevation section (E-PT-H-3) 

 

 

 

 

 
 

Figure B-12 Beam/column cross section (E-PT-H-3) 
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Appendix C : Lateral load vs. displacement curve 
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(a) 2.8% drift 

 

(b) 3.5% drift 

 

(c) 4.2% drift 

 

   

(d) 4.9% drift 

 

(e) 5.6% drift 

 

(f) max 

 

Figure C-1 Load-displacement curve (K-RC-N) 
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Figure C-2 Load-displacement curve (K-RC-H) 
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(a) 2.8% drift 

 

(b) 3.5% drift 

 

(c) 4.2% drift 

 

   

(d) 4.9% drift 

 

(e) 5.6% drift 

 

(f) max 

 

Figure C-3 Load-displacement curve (K-PT-N-1) 
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(a) 2.8% drift 

 

(b) 3.5% drift 

 

(c) 4.2% drift 

 

   

(d) 4.9% drift 

 

(e) 5.6% drift 

 

(f) max 

 

Figure C-4 Load-displacement curve (K-PT-N-2) 
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Figure C-5 Load-displacement curve (K-PT-N-3) 

 

 

 

 

 

 

 

 



 

149 

 
 

   

(a) 1.5% drift 

 

(b) 2% drift 

 

(c) 3% drift 

 

   

(d) 4% drift 

 

(e) 5% drift 

 

(f) max 

 

Figure C-6 Load-displacement curve (E-PT-H-1) 
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(a) 1.5% drift 

 

(b) 2% drift 

 

(c) 3% drift 

 

   

(d) 4% drift 

 

(e) 5% drift 

 

(f) max 

 

Figure C-7 Load-displacement curve (E-PT-H-2) 
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Figure C-8 Load-displacement curve (E-PT-H-3)  
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Appendix D : Beam moment vs. curvature curve 
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(a) K-RC-N (2.8% drift) 

 

(b) K-RC-H (5.6% drift) 

 

  

(c) K-PT-N-1 (5.6% drift) 

 

(d) K-PT-N-2 (3.5% drift) 

 

  

(e) K-PT-N-3 (4.9% drift)  

Figure D-1 Moment-curvature curve (K-joint) 
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(a) E-PT-H-1 (3% drift) 

 

(b) E-PT-H-2 (3% drift) 

 

  

(c) E-PT-H-3 (3% drift)  

Figure D-2 Moment-curvature curve (E-joint)  
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국 문 초 록 

 

고강도 재료와 비부착 강연선을 적용한  

보-기둥 외부접합부의 내진거동에 관한 실험적 

연구 
 

 

두 개 이상의 부재가 만나는 접합부로서 보-기둥 접합부의 거동은 

구조적으로 특히 강진 지역에서 매우 중요하다. ACI-ASCE 352 

위원회에서는 다양한 관련 연구들을 바탕으로 보-기둥 접합부 상세 

설계를 위한 ACI 352R-02 지침을 출간하였다. 그러나 이는 

한정된 실험결과를 바탕으로 개발되었고 특히 철근의 과밀 문제를 

해결할 수 있는 확대머리 철근을 사용한 지붕 접합부와 고강도 

재료를 사용한 접합부에 관한 결과가 반영되지 않았기 때문에 

보완할 필요가 있다. 이 연구의 주요 목적은 현재 ACI 352R-02 

지침에서 다루지 않은 몇 가지 특징들(고강도 재료, 포스트 텐션 

공법)과 확대머리 철근이 적용된 실물 크기의 보-기둥 외부 접합부 

실험체들(지붕 접합부 포함)의 내진거동을 분석 및 비교하는 것 

이다. 이를 위하여 총 8 개의 실물대 실험체가 제작되었다. 그 중 

5 개는 지붕층 접합부로 일반강도 콘크리트로 제작된 실험체 한 개, 

고강도 콘크리트로 제작된 실험체 한 개, 비부착 강연선으로 
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포스트텐션 공법을 적용한 실험체 세 개였다. 그리고 나머지 3 개는 

중간층 접합부로 고강도 콘크리트로 제작되고 비부착 강연선으로 

포스트텐션 공법이 적용된 실험체였다. 또한 접합부 전단강도비가 

실험체별로 각각 다르게 설계되었다. 이 실험체들에 대하여 

강지진을 가정한 반복가력 준정적실험을 수행하였다. 모든 

실험체들은 매우 연성적인 거동을 보여주었고 특히 포스트텐션이 

적용된 실험체들은 실험이 끝날 때까지 횡저항 강도를 유지하였다. 

또한 실험체들은 에너지 소산 능력도 비교적 우수하였고 특히 

설계전단강도가 큰 포스트텐션 실험체들은 상대적으로 큰 접합부 

전단변형을 보였으나 이는 전체적인 횡저항 능력과 연성거동에 큰 

영향을 끼치지 않았다. 본 연구의 결과 및 결론은 향후 ACI 352 

지침을 수정하는데 있어 유용하게 쓰일 것으로 예상되며 콘크리트 

구조의 내진설계에 있어 다양성을 부여할 것으로 판단된다.  

 

핵심용어: 보-기둥 외부 접합부, 확대머리 철근, 고강도 콘크리트, 

비부착 강연선, 반복 가력 

학번: 2014-20515 
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